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Abstract

The utilization of hydrogen-rich fuels in premixed and undiluted combustion
systems faces a particular type of operational instability, which is flame prop-
agation against the mean flow direction inside the wall boundary layer. This
process, also known as wall flashback, has been investigated in a generic com-
bustion experiment for laminar and turbulent flow conditions and different
fuels using optical measurement techniques. The results have revealed that
the existing physical model of wall flashback is inadequate. A static pressure
rise upstream of the flame causes the boundary layer to separate and the flame
to propagate upstream inside the associated backflow region. Based on these
experimental findings and numerical simulation with a reduced kinetic mech-
anism, a new physical model for wall flashback and an according correlation
method is presented.

Zusammenfassung

Die Verwendung wasserstoffreicher Brennstoffe ruft in vorgemischten und
unverdünnten Verbrennungssystemen eine Instabilität hervor, bei der sich
die Flamme entgegen der Hauptströmung in der Wandgrenzschicht ausbre-
itet. Dieser Prozess, der als Grenzschichtrückschlag bezeichnet wird, wurde
in einem generischen Verbrennungsexperiment für laminare und turbulente
Strömungen sowie unterschiedliche Brennstoffe mittels optischer Messtech-
niken untersucht. Die bisherige physikalische Modellvorstellung wurde durch
die experimentellen Ergebnisse widerlegt. Ein statischer Druckanstieg stro-
mauf der Flamme führt zu einem Ablösen der Grenzschicht. Die Flamme
propagiert innerhalb der resultierenden Rückströmzone stromauf. Basierend
auf den experimentellen Daten und numerischen Simulationen mit einem
reduzierten kinetischen Mechanismus wird ein neues physikalisches Modell
für Grenzschichtrückschläge und eine entsprechende Korrelationsmethode
vorgestellt.
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1 Introduction

In recent years, Carbon Capture and Storage (CCS) processes have become a
realistic option as an interim solution towards sustainable power generation
with a minimized carbon footprint [REC08]. Before CO2 can be stored safely
under the ground at the end of the CCS chain, it must be efficiently separated
at some stage of the power generation process. In each of the two principal
routes, either pre-combustion separation of CO2 by fuel reforming or post-
combustion separation from CO2-rich exhaust gases, the resulting combus-
tion processes have to be carefully designed to guarantee safe and reliable op-
eration. Pre-combustion reforming of hydrocarbons mainly into H2 and CO2

allows a separation of CO2 with well-established gas scrubbing technologies,
leaving H2-rich fuel for the combustion process. In the light of regulations on
power plant emissions, undiluted and stable combustion of such H2-rich fu-
els with low NOx production, which implies premixed burning technology, can
be regarded as an enabling technology for the realization of pre-combustion
CCS. Looking at post-combustion separation, the CO2 fraction in the exhaust
gases of gas turbines has to be raised as high as possible to increase capture ef-
ficiency. This can be achieved by the Oxyfuel process, where fuel is burned in
O2-rich atmosphere, or by exhaust gas recirculation. While both processes are
applicable to combustion of hydrocarbon fuels in their original form, such as
natural gas or coal powder, there is a tendency in the energy sector to utilize
Syngas as fuel, which emerges from coal gasification and mainly comprises
H2 and CO. This trend implicates that proper burner designs to cope with
the peculiarities of H2-rich combustion are important for any CCS system that
should be prepared for future market demands.

The major difficulty in designing safe and reliable premixed H2-rich fuel bur-
ners is to achieve a stable mean flame position. While lean blow-out limits are
shifted to leaner operation points by H2 chemistry, the danger of flame flash-
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Introduction

back into the premixing zone becomes a dominant failure type. Per definition,
flame flashback designates the propagation of a flame against the mean flow
as seen by an external observer. In practice, flame flashback in gas turbine
combustors is usually assigned to four mechanisms:

1. Flashback in the core flow: The flow velocity falls below the burning ve-
locity in the core area of the flow [KKW85, KL88, WK92, WOK93]. This
mechanism plays a negligible role during regular gas turbine operation
as the freestream velocity in the fuel-air supply commonly exceeds tur-
bulent burning velocities.

2. Flashback due to combustion instabilities: The interaction of acous-
tic modes, flow structure and the energy release of the flame can lead
to acoustic velocities in the order of the flow velocity. In such a sit-
uation, the flow effectively stagnates during each acoustic cycle, al-
lowing for an upstream propagation of the flame into the fresh gases
[MS68, Coa80, KVK+81, BBZ+93, TC98, GPW+05]. The use of H2-rich fu-
els instead of hydrocarbons does not necessarily worsen thermoacoustic
pulsations, though.

3. Combustion Induced Vortex Breakdown (CIVB): This mechanism
specifically relates to swirl-stabilized burners. A typical configuration
comprises a swirl generator, followed by a straight or conical duct which
opens into the combustion chamber with a sudden area change. During
normal operation, the flame stabilizes due to a breakdown of the duct
vortex on exiting the duct, sometimes supported by a center body, which
leads to a recirculation zone just downstream of the duct outlet. An in-
crease in the fuel rate eventually leads to an upstream propagation of the
recirculation zone, induced by a pressure rise on the symmetry line of the
burner. This upstream propagation causes the vortex inside the duct to
break down, and the flame propagates further upstream in four distinc-
tive phases. Experiments at atmospheric and pressurized conditions, us-
ing H2 as fuel amongst others, as well as numerical simulations have led
to a detailed understanding of the involved physics along with guidelines
for a safe design [FKS01,KKS07,Bur08,KS09]. Generally, CIVB propensity
increases with increasing H2 content of the fuel.
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4. Flashback in the wall boundary layer: The no-slip condition leads to
continuously reducing flow velocities close to the wall, even for high
freestream velocities. Accordingly, there is a potential for the burning ve-
locity to outbalance the flow velocity at a particular height from the wall.
While this mechanism, termed wall flashback in the following, is usually
negligible for turbulent combustion of natural gas, it becomes important
for H2-containing fuels.

A review [PM78] of reported combustor flashbacks revealed that apart from
the flashback mechanisms described above, there may be other reasons for
upstream flame stabilization. These emerge from flow separations or retarda-
tions upstream of the main flame in the premixing section or supply duct. If
the stable combustor flame comes into contact with these regions of flow dis-
turbance, or if the flow residence time exceeds the mixture ignition delay time
in high temperature regions, combustion will be displaced upstream as well.
Such processes rather represent accidental flame holding than flame flash-
back in its proper sense. As a conclusion, there are two flashback mechanisms
of increasing concern for the design of gas turbine burners which utilize H2 as
fuel. While CIVB has been investigated thoroughly using state-of-the-art mea-
surement techniques and advanced numerical models, this has not been the
case for wall flashback, as will be shown further below.

The flow and flame configuration which is associated with the term wall flash-
back in this work shall be defined clearly at this point. For this purpose, four
typical wall flashback situations in gas turbine burners are shown in Fig. 1.1.
Configuration (a) represents flashback inside a mixing duct with unswirled
flow. The flow profile close to the wall corresponds to a ’classical’ boundary
layer or internal flow situation as usually observed in straight ducts, tubes or
on a flat plate. Only this configuration will be considered in this work since it
is the most general one. Configuration (b), where the flame flashes back in the
wall-near wake of transverse fuel jets, as well as (c) and (d), which represent
wall flashback in swirl burners, feature boundary layers which are influenced
by distinct flow properties such as wake vortices or large-scale vortex dynam-
ics. For such cases, wall flashback behavior is probably different from situation
(a), such that they require separate investigation (e.g., [HGT+10, MSS+11]). In
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(a) (b)

(c) (d)

Figure 1.1: Wall flashback scenarios in gas turbine burners.

the following, the state of knowledge concerning wall flashback is summarized
based on a literature survey, which will reveal still unresolved issues to be in-
vestigated in this project.

1.1 State of Knowledge

Due to its fundamental role in the design of premixed combustion devices,
wall flashback has been investigated since the early days of combustion re-
search. For the literature review presented here, only publications which ex-
plicitly cover wall flashback are considered. Please note that there exists a large
body of literature on combustion in boundary layers without flame motion
against the main flow direction (e.g., [Gro55,Tur58,CS83,CN85,TnSP90,VT04,
Law06]) which will not be included in the following discussion.

1.1.1 Wall Flashback in Laminar Flows

The first detailed discussion of laminar wall flashback was given by Lewis and
von Elbe [LE43]. Their experimental setup is representative for most of the
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1.1 State of Knowledge

y

x

u(y)
u
y

T1, p1

Tw

Sf (y)

δb δq

δf (y)

6
6 y=0

Figure 1.2: Critical velocity gradient model for the correlation of laminar wall flashback.

subsequent experimental studies. A tube burner with a free atmosphere outlet
was used. The flame stabilized on top of the tube similar to a Bunsen burner
arrangement. The tubes were made of Pyrex glass and had rather small di-
ameters, ranging from 3mm to 16mm, a wall thickness of 1mm and a length
of 1m to ensure fully developed laminar tube flow. In order to obtain repro-
ducible flashback limits, it was important to control the temperature of the
burner rim. While in [LE43] the tube was just left to cool down after each flash-
back, water cooling was applied to the rim in successive experiments [EM45].
For the initial studies [LE43], natural gas and air were mainly used as mix-
ture components. Flashback was provoked by either reducing the flow rate,
thus decreasing the flow velocities in the boundary layer, or by approaching
more stoichiometric conditions. Lewis and von Elbe observed that the lumi-
nous combustion zone did not touch the wall during wall flashback. More-
over, the part of the flame next to the wall trailed behind the leading part of
the flame. Based on these observations, they developed the idea of a critical
velocity gradient at the wall, which has become a widely adopted model for the
quantification of wall flashback and appears in many textbooks on combus-
tion today. Figure 1.2 illustrates the critical velocity gradient model of Lewis
and von Elbe. On the left hand side, the axial velocity profile u(y) of a laminar
boundary layer is sketched. The streamwise velocity gradient at the wall,

g = ∂u

∂y

∣∣∣∣
y=0

= |τw |
µ1

, (1.1)
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is marked as a straight line tangential to the linear part of the velocity profile.
In Eq. (1.1), τw is the wall shear stress of the two-dimensional boundary layer
and µ1 is the dynamic viscosity of the unburnt mixture at pressure p1 and pre-
heat temperature T1. The wall is assumed isothermal at Tw . On the right hand
side of the figure, a flame with thickness δ f (y) is sketched which burns inside
the premixed boundary layer flow. From the wall up to a distance δq , the re-
action is completely quenched. This region has been called dead space above
the wall [Woh53,Dug55]. Further above, the absolute value of the flame speed
S f (y) develops towards its freestream value under the influence of quench-
ing by the wall and stretch effects by the gradient flow. At the limit of wall
flashback, the flame velocity at a certain balancing distance δb above the wall
equals the flow velocity of the boundary layer velocity at the same height:

S f (δb) = gc δb , (1.2)

where gc is the critical velocity gradient at the flashback limit. According to
Eq. (1.2), the gc-concept is limited to linear regions of the boundary layer
profile. The distance δb is also called the penetration distance in the litera-
ture [Woh53, Dug55]. For the evaluation of gc in Eq. (1.2), Lewis and von Elbe
assumed an isothermal flow profile, hence the hydrodynamic interaction be-
tween flame and flow is not taken into account by the model. From Eq. (1.2),
the wall distance δb at the onset of flashback can be approximated by

δb = SL

gc
(1.3)

if S f (δb) is approximated by the laminar, adiabatic and one-dimensional
flame speed SL.

The velocity gradient g is sometimes interpreted as a stretch rate (see Sec. 2.3)
which tends to decrease the flame velocity of angled parts of the flame due to
convective heat losses to the unburnt gases. Then at the flashback limit, gc is
small enough to allow for sufficiently fast flame propagation at the height δb.
However, this interpretation does not correspond to the model concept of Fig.
1.2 since the flame surface is perpendicular to the streamlines at wall distance
δb, such that stretch losses only occur above and below that height.

After all, the critical gradient concept can be considered as an explanation of
the validity of g as a sensible choice of correlation parameter. It is not pre-
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1.1 State of Knowledge

Figure 1.3: Critical velocity gradients for laminar natural gas-air flames in cylindrical, uncon-
fined tubes at room temperature and pressure ( [LE87], with permission).

dictive for gc , though, since the flame speed S f (y) close to the wall, which
is influenced by quenching and stretch effects, cannot be evaluated without
considerable effort. Figure 1.3 shows wall flashback limits obtained by Lewis
and von Elbe [LE43, LE87] for natural gas-air mixtures at atmospheric condi-
tions in Pyrex tubes without active cooling. For their laminar experiments, the
gradient at the wall was calculated from the Poiseuille paraboloid according
to

∂u

∂r

∣∣∣∣
r=R

= 4u

R
. (1.4)

In Eq. (1.4), r is the radial coordinate, R is the radius of the tube and u des-
ignates the bulk flow velocity. The authors state that for an increase in wall
temperature of up to 100 °C, the results were little affected. Between stable

7



Introduction

Figure 1.4: Critical velocity gradients for laminar H2-air flames in cylindrical, water-cooled,
unconfined tubes at room temperature and pressure ( [LE87], with permission).

flames and full flashback, heating of the burner rim by an irregular flame mo-
tion sometimes caused the flame to penetrate partly into the tube, while the
expanding gases compressed the unburnt gases. The resulting distortion of
the flow profile can lead to reduced values of g in front of the flame tip which
promotes flashback. This phenomenon was termed a tilted flame in a follow-
up investigation [EM45]. The curves for different tube diameters and varying
mixture composition in Fig. 1.3 coincide well except for very small tube di-
ameters, which was explained by the fact that the flow profile is not linear at
δb anymore for small diameters. The offset of the largest diameter (1.550cm)
around stoichiometry was caused by the occurrence of tilted flames which de-
veloped into flashback.

In a later study of the same research group, von Elbe and Mentser [EM45]
used a water-cooled burner and investigated H2-air mixtures, amongst oth-
ers. Figure 1.4 shows critical velocity gradients obtained for H2-air mixtures
at atmospheric conditions. The solid curve designates the limit for flashback

8



1.1 State of Knowledge

along the full length of the tube, while the dashed curves border the regions
where flashback was preceded by tilted flames. By comparing Figs. 1.3 and
1.4, it becomes clear that critical velocity gradients strongly increase when hy-
drogen is used instead of natural gas. Further elaborating on the tilted flame
phenomenon, the authors stated [EM45,LE87] that tilted flames can be stable
for configurations with cooled walls, small diameters and mixtures with low
burning velocity. However, for the H2-air mixtures shown in Fig. 1.4, a tilted
flame was always followed by flashback except for very lean or very rich mix-
tures. The authors explained these observations by comparing the pressure
loss along the tube due to wall friction with the pressure difference across a
one-dimensional flame.

The fundamental studies of Lewis, von Elbe and Mentser were extended by
several researchers. Wohl [Woh53] derived expressions for quenching dis-
tances, based upon which he deduced the pressure dependence of gc for lam-
inar flow to be between square-root and directly proportional for atmospheric
or higher pressures.

Dugger [Dug55] conducted experiments using preheated propane-air mix-
tures and heated tube walls at the same temperature as the fresh gases. He
argued that critical velocity gradients are expected to raise with increasing
temperature for two reasons:

• The laminar burning velocity increases.

• For a given increase in the preheat temperature, the flame temperature
changes by a smaller degree. Thus, the heat loss to the wall effectively de-
creases, which causes decreasing penetration distances δb with increas-
ing temperature of the unburnt mixture and the wall.

Dugger compared experimental penetration distances δb for laminar flash-
back, as approximated by Eq. (1.3), with half the value for experimental
quenching distances in tubes. The resulting ratio is

2δb

dq
< 0.5 . (1.5)
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Other studies revealed similar ratios between 0.4 to 0.8 for a wide range of fuels
[BP57], which were shown to depend on the actual value of gc . The question
arises why the approximated penetration distancesδb are only less than half of
the according distance at full quenching. Dugger considered the back pressure
of the flame to be a possible explanation, which is likely to decrease the local
velocity gradient in front of the flame during flashback such that the true value
for δb is increased.

Fine [Fin59] presented a similar study in which he experimentally evaluated
the temperature dependence of the critical velocity gradient for H2-air mix-
tures at sub-atmospheric pressures to

gc,H2−air ∼ T 1.5 . (1.6)

Equation (1.6) was nearly independent of pressure within the measured range.
Furthermore, the proportionality is the same for laminar and turbulent tube
flows. The presentation of results in [Fin59] suggests that Eq. (1.6) is based on
results at a single equivalence ratio of Φ = 1.5. However, since studies of the
same author on pressure dependencies [Fin58] explicitly considered several
equivalence ratios while presenting results in the same way, this interpretation
may not be correct.

Another study [KMSS65] on the dependence of laminar wall flashback on pre-
heat temperature at atmospheric pressure interpreted the data in terms of the
dependence of gc on SL for methane-oxygen mixtures. Their result,

gc ∼ S2
L for varying composition at T=const. (1.7a)

gc ∼ SL for varying temperature atΦ=const. (1.7b)

was explained by reasoning that the thermal diffusivity of the methane-
oxygen mixture stays essentially constant for changes in stoichiometry at con-
stant preheat temperature, but increases simultaneously with SL if the preheat
temperature raises.

A study on the dependence of wall flashback on the wall temperature of the
burner rim for constant preheat temperatures and H2-O2 mixtures was car-
ried out by Bollinger and Edse [BE56]. Most of their results are specific for
their tube burner arrangement and shall not repeated here. On the whole,
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they showed that flashback propensity increases at higher wall temperatures,
which have to be controlled properly in order to obtain reproducible critical
velocity gradients. The influence of preheated walls is also covered in [SY05],
who confirm the trend of rising gc with increasing Tw .

Fine [Fin58] conducted experiments on the pressure dependence of critical
velocity gradients for various fuel types. He considered sub-atmospheric to
atmospheric pressures at room temperature. The experimental setup com-
prised a water-cooled burner tube. Flow velocities and diameters were chosen
to provide laminar as well as turbulent flow conditions. The measurements re-
vealed a pressure dependence of the critical velocity gradient of about

gc,H2−air ∼ p1.35 (1.8)

for laminar H2-air mixtures between Φ = 0.95 to 2.25 within the measured
pressure range. However, the equation becomes inaccurate for equivalence
ratiosΦ considerable less than unity (no specific value is given by the author).
Moreover, Eq. (1.8) was shown to be approximately valid for both, laminar and
turbulent flow conditions. The results for gc were independent of the tube di-
ameter except forΦ> 2.

Up to this point, all studies presented were limited to fully developed, lami-
nar tube flow. However, mixture supply ducts in practical geometries usually
do not have a sufficiently large length/diameter ratio L/d in order to allow a
fully developed internal flow assumption. In order to investigate the influence
of L/d on flashback, France [Fra77] looked at water-cooled tube and mono-
port burners with ratios L/d = 0.1 to 100 and various fuel-air mixtures. He
observed that the flow velocities at wall flashback decreased if the flow was
not fully developed. This observation can be explained by the fact that wall
friction is maximum at the inlet section and subsequently drops towards the
fully developed value in downstream direction.

Fuel flexibility and variability have become important issues for gas turbine
operators [PMSJ07, LMSS08]. Therefore, studies which determine the flash-
back characteristics of typical alternative fuels are of increasing interest. Fox
and Bhargava [FB84] measured adiabatic flame speeds and critical velocity
gradients for gas-air mixtures representing biomass gasification products on
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water-cooled tube burners with a diameter of 7mm. The resulting values for
gc lay roughly in the same range as those for natural gas. Davu et al. [DFC05]
generated maps of gc for various hydrocarbon and hydrogen fuel blends (Syn-
gas) using uncooled tube burners with three different diameters (6mm, 7mm
and 10.6mm). They conclude that SL as well as the Lewis number Le of the dif-
ferent mixtures determine gc . The influence of external acoustic excitation on
flashback was also investigated, but this topic is beyond the scope of this work.
Another recent publication [Mis07] reported atmospheric flashback measure-
ments for Compressed Natural Gas (CNG)-air flames, using an uncooled tube
burner arrangement with diameters of 12mm and 15mm.

Experiments on laminar wall flashback using optical measurement tech-
niques are rare in literature. Sogo and Yuasa [SY05] used Particle Image Ve-
locimetry (PIV) to study the velocity field of a stationary flame just before
flashback at the exit of a burner with rectangular cross section for lean CH4-
air mixtures at atmospheric conditions. They tried to estimate the influence
of the heat flux from the flame to the burner rim, the dilution with ambient air
and flame stretch at the flame base at conditions close to flashback. The au-
thors calculated a stretch rate based on the observed flame curvature and the
velocity distribution just above the burner rim in two dimensions. The result-
ing maximum increase of the burning velocity of lean CH4-air mixtures due to
flame stretch effects was quite low, only within a few percentage points from
the undisturbed value for SL. However, it was argued that the influence proba-
bly increases if mixtures with Lewis numbers considerably different than one
are used.

Although chances to observe laminar flow in gas turbine combustors are ac-
tually very low, the examination of laminar wall flashback experiments above
has provided an insight in the basic mechanisms, influential factors and ex-
perimental procedures, which provides the basics for a review of wall flash-
back in turbulent flow to be presented now.

12
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1.1.2 Wall Flashback in Turbulent Flows

An early experiment on wall flashback in turbulent flows was conducted by
Bollinger [Bol52]. He investigated H2-oxygen mixtures in tube burners of dif-
ferent materials and cooling configurations at atmospheric pressures and
temperatures as well as at elevated pressures of 14.6bar. Bollinger transferred
the concept of a critical velocity gradient for laminar wall flashback to the tur-
bulent case. In that case, the wall shear stress has to be calculated from a suit-
able expression for turbulent flow instead of Eq. (1.4). For tube flow, the resis-
tance concept of Blasius leads to the following equation [Sch82]:

τw = 0.03955ρu7/4ν1/4 d−1/4 , (1.9)

where ρ is the density and ν is the kinematic viscosity of the flow. In combina-
tion with Eq. (1.1), the critical velocity gradient for fully developed turbulent
tube flow can be calculated. It is evident from Eq. (1.9) that the tube diameter
d only plays a minor role, while u has a high influence on the value of g . Thus
on the one hand, the exact determination of the flow rate is a critical issue for
turbulent wall flashback experiments. On the other hand, higher flow veloci-
ties also cause substantially higher velocity gradients as opposed to the lami-
nar situation described by Eq. (1.4), where g ∼ u. Bollinger showed that criti-
cal gradients for turbulent flames are larger than for laminar flames and that
higher pressures strongly increase flashback propensity. Furthermore, the tip
temperature of the burner was again found to have a large effect on flashback
tendency. However, the author did not derive a scaling law for the pressure
influence on flashback limits.

Wohl [Woh53] cited two publications which report flashback measurements
in tube burners which used H2-iso-octane-air and propane-air mixtures as
fuels. Inner diameters lay between 0.46cm to 2.0cm and Reynolds numbers
were between Red = 2790 to 5550. In both studies, wall flashback took place
at significantly higher flow velocities than for laminar conditions. Ratios of
gc,t /gc,l ≈ 3 at Φ ≈ 1.1 were reported for atmospheric propane-air mixtures.
Wohl interpreted the higher velocity gradients to be an indication that tur-
bulent wall flashback takes place outside the laminar region of the velocity
profile, where turbulence increases the flame speed. As will be shown below,
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however, most successive researchers adopted the interpretation that flash-
back takes place in the laminar sublayer, where SL is a measure for the flame
velocity, at the compromise of doubtfully small penetration distances δb (see
Eq. (1.3)).

Bollinger and Edse [BE56] investigated the influence of several experimen-
tal factors on turbulent wall flashback in partly cooled tube burners using
H2-O2 mixtures. Burner diameters were between 0.2cm to 1.4cm. Critical ve-
locity gradients for atmospheric conditions lay roughly between 200001/s to
700001/s. The authors approximated the depth of penetration δb by using Eq.
(1.3). A comparison with the approximate laminar sublayer thickness showed
that δb is much smaller than this thickness. This fact has been further ex-
plained in a follow-up paper of Bollinger [Bol58].

Some of the results of Fine [Fin58, Fin59] regarding temperature and pressure
influence on turbulent flashback limits have already been discussed in the
laminar section. His turbulent data for H2-air mixtures ranged up to Reynolds
numbers of about 5500. Fine suggested that turbulent flames are stabilized in
the laminar sublayer during wall flashback, using the same calculation proce-
dure as in [BE56]. The ratio gc,t /gc,l ≈ 3 was shown to hold for H2-air mixtures
at atmospheric conditions andΦ≈ 1.5.

Grumer [Gru58] used tube burners of considerably larger diameters than his
predecessors, 5.08cm and 7.62cm, in combination with natural gas-air mix-
tures. From the observation of the turbulent flame shape above the tube,
which was short and wide-angled, he deduced that flashback could also take
place outside of the laminar sublayer. However, Grumer did not include a de-
tailed analysis of this hypothesis.

Khitrin et al. [KMSS65] provided a comprehensive data base for turbulent wall
flashback of H2-air flames. Their tube burners with temperature-controlled
rims had diameters between 18mm to 38mm. Wall flashback was observed
at Reynolds numbers up to Red = 20000. Since only flow velocities at flash-
back were given in the paper, the critical velocity gradients have been derived
from their data for the present work using Eq. (1.9). Dynamic viscosities of
the pure components were taken at 300K and 1bar. The dynamic viscosi-
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Figure 1.5: Critical velocity gradients at wall flashback for laminar and turbulent hydrogen-
air flames in unconfined tube burners at atmospheric conditions [KMSS65,Fin58,
EM45].

ties of the H2-air mixture were calculated according to the method of Wilke
[Whi05]. The results are illustrated in Fig. 1.5 together with a comparable data
point of Fine [Fin58] and laminar H2-air flashback limits [EM45]. Again, a ra-
tio of gc,t /gc,l ≈ 3 can be determined from the graphs at maximum flashback
propensity around Φ= 1.5. However, this ratio varies at other equivalence ra-
tios, especially towards rich mixtures. While the turbulent data shows good
consistency at lean and rich conditions, relatively large scatter exists around
stoichiometric conditions. The authors made no statement on the observa-
tion of tilted flames for turbulent experiments.

A more recent investigation partly concerned with wall flashback was pub-
lished by Schäfer et al. [SKW01]. The propagation of turbulent, premixed
kerosene-air flames was investigated at atmospheric conditions in a test rig
providing optical access. Flashback was observed in the premixing duct of a
combustion chamber which comprised a center body for flame stabilization.
The annular premixing duct had a diameter of 4.1cm and a length of 55cm.
The axial velocity distribution at the entrance to the combustor was measured
by Laser Doppler Anemometry (LDA). The authors reported critical Reynolds
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numbers between 3000 to 6500. Their data for critical velocity gradients sug-
gests that again, the penetration distance according to Eq. (1.3) is smaller than
the respective thickness of the laminar sublayer.

On the whole, there are considerably less publications on turbulent wall flash-
back than for the laminar case. The next subsection gives an overview on nu-
merical investigations of wall flashback.

1.1.3 Numerical Work

Lee and T’ien [LT82] were probably the first to present numerical simulations
of laminar wall flashback. They considered premixed methane-air flames at
Φ = 1 confined in a circular duct. Their simulation was two-dimensional us-
ing cylindrical coordinates, assuming constant heat capacity of the mixture,
ideal gas behavior and a Lewis number of unity. The transport coefficients
of the mixture were functions of temperature. The chemical reaction was as-
sumed to be a single-step global reaction with an Arrhenius-type rule for the
production rate. The velocity profile at the inlet was prescribed as parabolic
and the wall temperature was constant at the inlet temperature of the mix-
ture. The simulation assumed steady final conditions since the solver used
a false transient method. Thus, the simulation converged to the flow condi-
tion at which the flame was barely stable just before flashback. The simula-
tion predicted the deviation of critical velocity gradients of tubes with small
diameters from flashback limits of larger tubes for which critical gradients be-
come approximately independent of the diameter (see Fig. 1.3). The flame had
a two-dimensional structure and its curvature was in the order of the flame
thickness, which marks the general importance of non-equidiffusion effects
on such flames. At the bottom of the flame close to the wall, unburnt mix-
ture diffused into the reaction zone. The expansion of gases behind the flame
caused a high-pressure field in front of the flame such that streamlines were
divergent. Tests with another prescribed inlet velocity profile showed that the
shape of the stabilized flame differs clearly from the parabolic case, and it was
concluded that not only the velocity gradient at the wall, but also the curvature
of the velocity profile is an important factor for wall flashback. The authors
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generally questioned the critical gradient concept due to obvious influence of
the flame backpressure on the velocity field.

Mallens and de Goey [MDG98] combined experimental and numerical ef-
forts for the determination of critical velocity gradients for laminar CH4-air
mixtures. Water-cooled rectangular burners and uncooled tube burners were
used in the experiments. They checked the assumption of a fully developed
velocity profile at burner exit by LDA. Their numerical simulations comprised
a two-dimensional domain with a parabolic velocity profile at the inlet and
isothermal walls at the temperature of the entering mixture. The domain in-
cluded the outlet of the burner, a part of the burner rim and extended a certain
distance into the environment. A one-step Arrhenius-type reaction was used
as chemical model. The calculation procedure differed from [LT82] in that the
critical velocity of the mixture at wall flashback was taken at the point when
the steady-state solver did not converge any more. The comparison between
experiment and numerics revealed deviations of about 10 %. The authors con-
cluded from this reasonable accuracy that the quenching phenomenon is gov-
erned by heat loss to the wall and not by radical recombination or surface
chemistry, both of which were not modeled in the simulations.

Kurdyumov et al. [KFTT+07] compared experimental and numerical investiga-
tions, too. For their experiments, they used propane and methane as fuels in
an uncooled tube burner setup. The simulated domain was similar to the one
described in [LT82]. The specific heat of the mixture was taken as constant,
while the viscosity, thermal conductivity and mass diffusivity changed with
temperature. Thermal expansion is included as opposed to an earlier publi-
cation of the same group [KFL00]. The Prandtl number was taken constant as
0.72 and the Lewis number was also assumed to be constant, but not neces-
sarily unity. The chemistry was assumed as irreversible one-step using an Ar-
rhenius law. The boundary condition at the wall could be switched smoothly
between adiabatic and isothermal by a heat loss parameter. The main non-
dimensional parameter describing wall flashback was given by the authors in
the form of a critical Damköhler number,

Dac =
S2

L

D gc
, (1.10)
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where D is the fuel diffusivity at a reference temperature. It turned out that the
critical velocity at wall flashback was extremely sensitive to Dac . Therefore, a
precise calculation of Dac in an unsteady simulation was very hard to achieve.
The steady simulations revealed that the most influential factors on Dac were
the Lewis number and the heat loss to the wall. The numerical model gave the
right order of magnitude for Dac when compared to the experiments.

Turbulent wall flashback has not been studied numerically in the open liter-
ature until the start of the work presented here. However, a recent Direct Nu-
merical Simulation (DNS) of Andrea Gruber [Gru10] shall be mentioned here,
who is the first to simulate this very complex flame phenomenon with detailed
H2-O2 chemistry.

1.1.4 Nondimensional Form of the Critical Gradient Model

It has been shown that the velocity gradient g at the wall represents the in-
fluence of the bulk flow velocity u and a characteristic length of internal flow
for a given mixture (Eqs. (1.4) and (1.9)). However, according to Eq. (1.2) and
the experimental results for laminar and turbulent flows, correlations of wall
flashback by critical velocity gradients depend at least on the following pa-
rameters:

gc = f (T1, p1,Tw ,Φ, fuel, oxidizer, turbulence) . (1.11)

It was already shown that the burner diameter has an influence on critical gra-
dients within a certain range (see Fig. 1.3). Furthermore, a strong influence of
the flame holder geometry prior to flashback will be demonstrated in a later
chapter, such that the variables in Eq. (1.11) only constitute a minimum pa-
rameter set for similar geometrical conditions.

In order to reduce the number of parameters in Eq. (1.11), a dimensionless
form of Eq. (1.2) was introduced by Putnam and Jensen [PJ49]. They made the
fundamental assumption that the penetration distance is a fixed multiple of
the laminar flame thickness:

δb = K
a

SL
, (1.12)
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where K is a constant and a is the thermal diffusivity of the mixture. Using this
definition, the following set of equations was derived specifically for laminar,
fully developed tube flow:

Peflow = 1

8K
Pef

2 , (1.13a)

Peflow = u d

a
Pef = SL d

a
K = const. . (1.13b)

where Peflow and Pef are Peclet numbers of the tube flow and the flame, respec-
tively. Equation (1.13a) compares the ratio of advection of fluid to thermal dif-
fusion with the ratio of advection of the flame surface to thermal diffusion. For
both diffusive terms, the burner diameter appears as a characteristic length in
Eqs. (1.13b), which is a somewhat questionable assumption in the limit of di-
ameter independence and for the microscopic scales involved in the critical
gradient concept.

As will be shown now, Eqs. (1.13) can be reduced to a universal criterion
independent of burner geometry and flow regime. The derivation results
in a critical Damköhler number Dac similar to Eq. (1.10), which compares
the timescale of the linear velocity profile with the flame transit time and a
quenching Peclet number Peq, which is a measure of the ratio between pene-
tration distance δb and flame thickness. From the definitions

Dac =
S2

L

a gc
, (1.14)

Peq = SLδb

a
, (1.15)

By simply multiplying with SL/a on both sides, Eq. (1.3) can be expressed as

Dac = Peq . (1.16)

By using Eq. (1.4) to replace gc in Eq. (1.16) and rearranging, Eq. (1.16) can
be converted to Eq. (1.13a) and the constant K is shown to be identical to Peq.
The interpretation of Eq. (1.16), i.e. why the critical Damköhler number should
be equal to the quenching Peclet number at the flashback limit, is not obvi-
ous. Therefore this equation should be regarded as a formal reduction of the
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original Peclet number criterion of Eq. (1.13a) without adding further phys-
ical insight. The aim of correlating data by Eq. (1.16) should be a universal
curve which is independent of Φ, pressure, temperature and fuel of the un-
burnt mixture. This has been partly confirmed by various plots of experimen-
tal data [PJ49,KMSS65] for laminar flashback data using Eq. (1.13a) and K as a
free parameter to fit the data set.

For turbulent tube flow, a conversion of Eq. (1.16) towards dependence on u
instead of g can be made by using Eq. (1.9) and (1.1), which leads to an expres-
sion of the form

Pe f low Re3/4
d = 1

0.03955Peq
Pe2

f . (1.17)

Again, Eq. (1.17) is only an algebraic conversion of the Damköhler-Peclet
model in Eq. (1.16) to the variables Peflow and Pef which were used by Putnam
and Jensen. Compared to their original correlation for laminar conditions (Eq.
(1.13a)), the Reynolds number with respect to the tube diameter, Red , appears
as a further nondimensional variable at turbulent conditions.

1.2 Scope of the Project

The literature review has revealed several interesting facts. First, wall flash-
back has almost been neglected in combustion research since the 1970’s. This
can probably be explained by the fact that this type of flashback is not relevant
for most turbulent burners running on hydrocarbon fuels, such that research
and development was focused on other types of flashback once that the basics
were believed to be understood. Furthermore, the process is rather difficult to
assess experimentally or numerically due to the presence of the wall and the
small scales involved. Second, the critical gradient concept of Lewis and von
Elbe was the first and still is the only model for laminar wall flashback which
has been proposed in the literature. It has become the accepted standard and
has been used for numerical and experimental studies until today. Third, the
critical gradient concept has been adopted for turbulent flows in spite of the
fact that arguably small penetration distances are the consequence. Fourth,
the experimental data basis is limited to burners which held the flame in free
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atmosphere or in a chamber with considerable jump in cross section prior
to flashback. These configurations can be characterized as unconfined flame
holding. In contrast, if the flame is stabilized already inside the duct prior to
flashback, such as in the laminar flashback simulations of [LT82, KFTT+07], a
confined flame holding takes place.

Conclusively, several questions remain unresolved from the available litera-
ture, which can be categorized by the degree of complexity needed to answer
them. For the first set of open issues, a simple determination of flashback lim-
its is sufficient:

• Is there a difference between unconfined and confined flame holding
regarding wall flashback limits? This question has not been addressed
by an experiment so far.

• Is the shape of the duct cross-section an influential parameter? Only
tube burners have been used to obtain turbulent wall flashback limits up
to now.

• What is the influence of adverse global pressure gradients on wall flash-
back limits for a given velocity gradient? This issue is important for the
layout of diverging fuel ducts and has not been treated so far.

For the second set of open questions, detailed observation of the flame during
wall flashback is necessary:

• What is the true wall distance of flame propagation during turbulent
wall flashback? All results in the literature are based on indirect estima-
tions.

• How does the propagation path of a flame in a turbulent boundary
layer look like in detail? This question is important for modeling tur-
bulent wall flashback.

• How strong is the coupling between boundary layer flow and flame
backpressure? Again this question is important for model development.
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The aim of the work presented here is to address these open issues by a suit-
able generic experiment, using state-of-the-art measurement techniques with
high spatial and temporal resolution. At the end, the critical gradient concept
will be critically compared with the findings and a new model for wall flash-
back will be proposed.
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2 Premixed Flame Propagation in
Proximity to Walls

The process of wall flashback in fully premixed fuel-oxidizer mixtures com-
bines premixed flame propagation influenced by spatial (laminar and turbu-
lent) and temporal (turbulent) velocity gradients and heat losses with the dy-
namics of boundary layer flow. The first two sections in this chapter introduce
basic principles separately for each subject area which are important for the
understanding of the observed phenomena during wall flashback. The third
and fourth section discuss specific aspects of reacting boundary layer flow.

2.1 Laminar and Turbulent Boundary Layers

The boundary layer concept was introduced by Prandtl [Pra04] to concep-
tually separate the thin layer close to the wall, which is affected by viscous
retardation due to the no-slip condition at the wall, from the surrounding
fluid, called the freestream, which can effectively be described by inviscid flow
equations for high Reynolds numbers. Historically, this separation was favor-
able since it enabled efficient calculation of many flow situations by treat-
ing the viscous layer with a simplified set of partial differential equations,
called the boundary layer equations, and the outer flow by inviscid Euler or
potential flow equations. A comprehensive treatment of laminar and turbu-
lent boundary layer theory has been provided by Schlichting [Sch82], while
White [Whi05] gives a very useful overview on the subject. Both texts form the
basis of the following review, for which only non-swirling main flow with con-
stant time-averaged massflow will be considered.

It is important at the beginning to clarify the concept of boundary layers for
internal flows. The definition of a boundary layer only makes sense if a well-
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defined freestream exists which is not appreciably affected by viscous forces.
For internal flows, this situation is typically found at the entrance of a device,
where boundary layers are thin with respect to the duct cross-section. As the
boundary layer thickness grows in downstream direction, the core flow is ac-
celerated, which in turn causes a slower growth of the boundary layer as com-
pared to a flat plate geometry. At some point, however, the ’boundary layer’
fills the whole duct, and a developed duct velocity profile is formed. The defi-
nition of a boundary layer is not sensible anymore in this situation. However,
the term boundary layer will also be used in the following for the near-wall
region of turbulent flow in closed geometries, since a strong similarity exists
between external and internal wall-bounded flow close to the wall for turbu-
lent conditions.

2.1.1 Boundary Layer Approximations

The derivation of boundary layer equations for the momentum equation will
be conducted in the following to illustrate the inherent assumptions (similar
approximations can be introduced in the energy equation, which will not be
shown here for brevity). The basis is formed by applying momentum conser-
vation according to Newton’s second law to a compressible, isotropic, New-
tonian fluid element and using Stoke’s equations for the shear stress tensor
and volume viscosity, which results in the Navier-Stokes equations. Neglect-
ing body forces and using tensor notation, the resulting expression is

∂

∂t
(ρui )+ ∂

∂x j
(ρui u j ) =−∇p + ∂

∂x j

[
µ

(
∂ui

∂x j
+ ∂u j

∂xi
− 2

3
δi j

∂uk

∂xk

)]
. (2.1)

The essential assumption for boundary layer approximations is that the
boundary layer thickness δ is thin with respect to a characteristic length scale
L of the geometry, which is true if the Reynolds number ReL with respect to
the freestream velocity u∞ and L is very large.

The derivation of the boundary layer equations is achieved by nondimen-
sionalizing Eq. (2.1) by L, u∞ and a reference pressure p0. Subsequently, all
terms in the resulting equations which are multiplied by 1/ReL or 1/Re2

L are ne-
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glected. For steady, two-dimensional flow with variable density and dynamic
viscosity, the boundary layer equation for momentum is

ρu
∂u

∂x
+ρv

∂u

∂y
=−d p

d x
+ ∂

∂y

(
µ
∂u

∂y

)
. (2.2)

Neglecting small-order terms has led to a significant simplification of the
equation structure and further allows physical insight into boundary layer
flows:

• Boundary layer equations are of parabolic type instead of elliptic, which
simplifies solution by numerical treatment.

• For δ¿ L and ReL À 1:

v ¿ u ,
∂u

∂x
¿ ∂u

∂y
,

∂v

∂x
¿ ∂v

∂y
. (2.3)

• Transverse pressure gradients are negligible:

∂p

∂y
≈ 0 , p = p(x) . (2.4)

The pressure p(x) is impressed on the boundary layer by the freestream.

• Axial pressure gradients ∂p/∂x may exist as long as the boundary layer is
sufficiently far away from the separation point.

Equation (2.2) can be directly used to solve laminar boundary layer problems.
For large ReL, however, the solution becomes unstable due to transition to
turbulent conditions. Nevertheless, turbulent boundary layer equations can
be derived from Reynolds-Averaged Navier-Stokes (RANS) equations from the
same assumptions as used for Eq. (2.2), which then include additional turbu-
lent shear terms.

2.1.2 Time-mean Structure of Laminar Boundary Layers

Equation (2.2) was transformed to an ordinary differential equation by Bla-
sius [Bla08] by the introduction of a similarity variable and the definition of a
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Figure 2.1: Blasius solution of a flat plate boundary layer at Rex = 50000 and g = 30000.

stream function for an incompressible laminar boundary layer with constant
properties on a flat plate. The freestream velocity u∞ is assumed to be con-
stant for this transformation. The resulting equation,

f
′′′ + f f

′′ = 0, f
′
(0) = f (0) = 0, f

′
(∞) = 1 , (2.5)

where f
′ = u/u∞, has not been solved exactly by analytical methods so far.

A numerical solution of Eq. (2.5) using a Runge-Kutta scheme is tabulated in
[Whi05]. A realization of the self-similar velocity profile for Rex = 50000 and
g = 30000 is shown in Fig. 2.1. The velocity gradient at the wall is plotted as
a straight line in the diagram. It can be determined that the laminar profile
has a pronounced linear section, starting from the wall and going up to about
y/δ= 0.3.

Similarity solutions for compressible laminar boundary layers, such as the
Illingworth-Stewartson transformation, do exist, but incorporate significantly
more assumptions on physical variables than the incompressible Blasius
equation (2.5), for which only u∞ = const. has been assumed in addition to the
boundary layer approximations. For more details and a summary of literature
resources on compressible boundary layers, the reader is referred to [Whi05].
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2.1 Laminar and Turbulent Boundary Layers

2.1.3 Time-mean Structure of Turbulent Boundary Layers

Analytical solutions do not exist for turbulent boundary layers, such that sim-
ilarity considerations are based on dimensional analysis and experimental as
well as DNS results. In order to investigate similarity of these profiles, the tur-
bulent boundary layer is divided into three distinct regions:

1. Inner region. Viscous (molecular) shear is dominating.

• Laminar (viscous) sublayer (y+ ≤ 5, u+ = y+). Much smaller than lin-
ear region in laminar boundary layers with respect to δ (see Fig 2.1).

• Buffer layer (5 < y+ . 30), merge between linear and logarithmic
profile.

2. Overlap layer. Viscous and turbulent shear are important. Extent in y+ is
Reynolds-number dependent. Also called logarithmic region due to Eq.
(2.12).

3. Outer region. Turbulent (eddy) shear is dominating, profile depends on
pressure gradient.

For the inner and outer regions, nondimensional variables and their func-
tional dependence can be deduced from dimensional analysis. The shape of
the overlap layer follows from the postulation of a smooth connection be-
tween inner and outer layer. The nondimensional function for wall-parallel
velocity u and wall distance y in the inner region are

u+ = 〈u〉
uτ

= f (y+) , y+ = y

ν
uτ with uτ =

√
τw

ρ
, (2.6)

In Eqs. (2.6), the operator 〈...〉 represents the time average. The variable uτ is
called friction velocity or shear stress velocity. It can be concluded from Eq.
(2.6) that the inner region of a turbulent boundary layer scales only with three
variables: ρ, µ and τw . From Eqs. (2.6), characteristic length and time scales
for the inner region of a turbulent boundary layer can be defined as

L+ = ν

uτ

, t+ = ν

u2
τ

= 1

g
. (2.7)
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For Eq. (2.7), the wall shear stress has been related to the velocity gradient. For
laminar two-dimensional flow,

τ=µ
(
∂u

∂y
+ ∂v

∂x

)
. (2.8)

However, the boundary layer approximations show that ∂u/∂y is two orders
of magnitude larger than ∂v/∂x, such that the wall shear stress can be well
approximated by

τw ≈µ ∂u

∂y

∣∣∣∣
y=0

=µg (2.9)

in a laminar boundary layer. For turbulent boundary layers, the introduction
of boundary layer approximations in the RANS equations results in the follow-
ing expression for shear stress inside the boundary layer:

τ=µ∂〈u〉
∂y

−ρ〈u ′
v

′〉 . (2.10)

In Eq. (2.10), u
′

and v
′

are fluctuating velocities according to the concept of
Reynolds decomposition. The shear influence of turbulent fluctuations, how-
ever, tends to zero in the laminar sublayer, such that Eq. 2.9 also holds for
turbulent boundary layer flow.

The nondimensional variables for wall-parallel velocity 〈u〉 and wall distance
y in the outer region are

u∞−〈u〉
uτ

= f
( y

δ
,ξ

)
, ξ= δ

τw

∂p

∂x
. (2.11)

Equation (2.11) is called the velocity defect law, as the difference between the
freestream velocity u∞ and the local mean velocity 〈u〉 appears in the nondi-
mensional velocity. It can be seen from the definition of ξ that the mean ve-
locity profile shape depends on the pressure gradient ∂p/∂x impressed by the
freestream.

Inside the overlap layer, the nondimensional function u+ = f (y+) is deter-
mined by the equality between inner and outer profiles solely based on
mathematical reasoning as

u+ = 1

κ
lny++B , (2.12)
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where κ and B are empirical constants. The constant κ is also known as the
von Kármán constant. Equation (2.12) is called the logarithmic law or law-
of-the-wall, which is used by several methods, e.g. the Clauser plot [Cla54] or
wall functions in Computational Fluid Dynamics (CFD) codes, to determine
the wall shear from the turbulent velocity profile for lack of explicit velocity
data in the inner region or vice versa. For the rest of this work, the following
values for the constants in Eq. (2.12) are used [Whi05]:

κ= 0.41 B = 5.0 . (2.13)

However, it is important to mention that the values of Eq. 2.13 are subject to
discussion in the literature, as is the logarithmic form of Eq. 2.12 and its uni-
versality for different turbulent flow situations (e.g., [ZS98,ZDN03,Wil07], also
see comment in [Sch82], S. 602).

If mean streamwise velocity profiles of turbulent boundary layers are plotted
in inner variables as defined in Eq. (2.6), they assume a canonical form which
is kept inside the inner region and the overlap layer for zero pressure gradient
flows. The canonical form has been fitted by empirical functions in the inner
region and the overlap layer [Spa61,Mus79]. In this text, the function proposed
by Spalding [Spa61],

y+ = u++e−κB

[
eκu+ −1−κu+− (κu+)2

2
− (κu+)3

6

]
(2.14)

will be adopted. Figure 2.2 shows the resulting profile together with a sample
of LDA boundary layer data in a commonly used semi-logarithmic diagram.
The inner region and the logarithmic overlap layer (a straight line in semi-
logarithmic coordinates) can be determined from the Spalding function. The
LDA data sample follows the canonical form in the inner region and shows an
overlap layer up to about y+ = 100, after which the profile departs from the
logarithmic law in the outer region of the boundary layer.

An interesting property of turbulent flows is a strong similarity of near-wall
velocity and turbulence profiles for the different geometries of a flat plate
(boundary layer flow), a plane channel and a pipe (both fully-developed flow).
Please note that this is not the case for laminar flow. The agreement observed
for turbulent flows probably originates from the fact that all reasoning for
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Figure 2.2: Wall function of Spalding according to Eq. (2.14) and LDA boundary layer data.

the derivation of Eqs. (2.6) and (2.12) was based only on physical consider-
ations and dimensional analysis. Schlichting [Sch82] summarizes measure-
ments on time-averaged velocity profiles, which showed that deviations be-
tween flat plate and tube exist in the outer region of the boundary layer, which
is caused by different turbulence intensities in that region. A recent investiga-
tion of Monty et al. [MHN+09] compares time-averaged velocities and turbu-
lence statistics and energy spectra of turbulent pipe, channel and boundary
layer flow. The length scale δ was defined as either the channel half height,
pipe radius or boundary layer thickness in their study. They conclude that the
mean velocity profiles are identical for y < 0.25δ, thereby confirming the re-
sults reported by Schlichting, while higher order statistics for streamwise fluc-
tuations (RMS values, skewness and curtosis) show even further agreement
within y < 0.5δ. The energy spectra of turbulent pipe and channel flows agree
well throughout the flow. Comparison of internal and boundary layer flow,
however, revealed that large-scale turbulent structures hold a higher fraction
of turbulence energy in internal flows. For the present work, the strong simi-
larity between tube and channel flows forms the basis for a later comparison
of turbulent wall flashback limits in these geometries.

The distributions of turbulent normal and Reynolds shear stresses in turbu-
lent boundary layers are generally Reynolds number dependent. DeGraaf and
Eaton [DE00] gave a summary of the literature discussion on this topic. Fig-
ure 2.3 shows DNS results of Moser et al. [MKM99] who simulated turbulent
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Figure 2.3: DNS results of near-wall turbulent fluctuations in plane channel flow at three dif-
ferent Reτ [MKM99].

boundary layers in plane channel flow at three different channel Reynolds
numbers, which are defined as

Reτ = uτh

ν
. (2.15)

In Eq. (2.15), h is half of the channel height. Their simulations covered the
range Reτ = 180...590, which is representative for the flow conditions in the
present experimental rig (see Sec. 3.3). Figures 2.3a-c show squared root mean
square (rms) values of turbulent fluctuations u

′
i , defined as

ui ,r ms =
√
〈u ′

i u
′
i 〉 , (2.16)
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nondimensionalized by uτ. By comparing Figs. 2.3a-c, it becomes obvious
that streamwise fluctuations u

′
contain most of the turbulent kinetic energy.

They show a characteristic peak at about y+ = 15 and a subsequent decay to-
wards the outer region. Both the peak value and location are a weak function
of Reynolds number. Wall normal fluctuations v

′
shown in Fig. 2.3b peak at

higher nondimensional wall distances and have a slower decline afterwards.
Similar statements can be made about w

′
fluctuations shown in Fig. 2.3c. Fig-

ure 2.3d shows the time average of u
′
v

′
, which is by far the most significant

Reynolds stress contributor in boundary layers. The negative values are con-
sistent with the fact that a term with a negative sign, −ρ〈u ′

v
′〉, appears in the

RANS shear stress tensor (see Eq. (2.10)).

2.1.4 Time-resolved Structure of Turbulent Boundary Layers

The time-resolved fluid motion inside turbulent boundary layers is the key for
the understanding and modeling of many time-averaged physical processes of
such flows, such as turbulence production, momentum, heat and mass trans-
fer between flow and wall as well as boundary layer separation. A comprehen-
sive overview and literature review on coherent fluid motion close to the wall
is given in the work of Robinson [Rob91b, Rob91a], which will be used here as
a guideline to present the widely accepted fundamental concepts. However,
as numerical simulations at high Reynolds numbers and especially two- and
three-dimensional velocity measurements close to the wall have become fea-
sible in recent years, physical insight and modeling of near-wall turbulence is
constantly evolving (e.g., [JHSK97,TA03,K0̈4a,K0̈4b,HM07,SMK09]), such that
a closed presentation of the subject cannot be given at this stage.

The inner region and part of the logarithmic region of turbulent boundary lay-
ers is characterized by quasi-periodic patterns of small-scale coherent flow
structures which apparently are responsible for the production and dissipa-
tion of turbulence in a boundary layer. In the outer region, large-scale coher-
ent motion is dominant. In this context, Robinson [Rob91a] defines the term
coherent motion as a "...three-dimensional region of the flow over which at least
one fundamental flow variable (velocity component, density, temperature, etc.)
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Figure 2.4: Quadrant sectioning of the instantaneous u
′
v

′
plane.

exhibits significant correlation with itself or with another variable over a range
of space and/or time that is significantly larger than the smallest local scales of
the flow.". For the discussion of motion in the x-y plane, the quadrant anal-
ysis scheme shown in Fig. 2.4 was introduced by Wallace et al. [WEB72]. The
instantaneous product u

′
v

′
is used as a marker for characteristic flow events.

Low-speed fluid moving away from the wall (Q2) is called an ejection, while
high-speed fluid rushing towards the wall (Q4) is a sweep. The interaction
quadrants mark events were neighboring ejection and sweep events interact
with each other, such that low-speed fluid is pushed back towards the wall
(Q3) or high-speed fluid pushed back in outward direction (Q1).

Robinson [Rob91a] presented a list of facts about the fundamental turbulence
structure in turbulent boundary layers at comparably low Reynolds numbers
which are of consensus within the research community. The relevant points
for the context of the work presented here are as follows:

1. The sublayer cannot be considered as laminar. It consists of x-wise elon-
gated and unsteady regions above (high-speed streaks) and below (low-
speed streaks) the average streamwise velocity. The mean z-wise spacing
between low-speed streaks in the sublayer is approximately 100 L+.

2. The buffer layer is characterized by a Q2 bursting process during which
low-speed fluid, existing near the wall in the form of streaks, is ejected
outward from the wall. This process accounts for most of the turbulence
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production in the boundary layer. The view that laminar-to-turbulent
transition occurs in the buffer region is not justified.

3. Outward Q2 ejections of low-speed fluid and wallward Q4 sweeps of
high-speed fluid occur intermittently throughout the boundary layer.
Ejection motions are more frequent above y+ = 12, while sweep motions
are predominant very close to the wall.

4. Thin, sloping shear layers with respect to streamwise fluctuations
(∂u

′
/∂x, ∂u

′
/∂y , ∂u

′
/∂z) are observed throughout the boundary layer

at interfaces between upstream high-speed fluid and downstream low-
speed fluid. The shear layers are frequently observed below y+ = 100 and
often form on the upstream side of lifted or curved low-speed streaks. A
region of high wall pressure is located beneath the shear layers since the
deceleration and redirection of high-speed fluid by the downstream low-
speed region creates a convecting stagnation point (see also [Rob91b], S.
267).

5. Relatively strong quasi-streamwise vortices are frequently observed in
the near-wall region. The vortices are tilt upward at an angle that in-
creases with distance from the wall and have an average diameter of ap-
proximately 30 L+ [KMM87, Rob91b]. These quasi-streamwise vortices
are closely associated with ejections of low-speed fluid and sweeps of
high-speed fluid and thus are major contributors to the Reynolds shear
stress close to the wall. Quasi-streamwise vortices in the buffer layer ap-
parently play a role in the formation of low-speed streaks but are an order
of magnitude shorter than the low-speed streaks observed in the laminar
sublayer. A wide-spread conclusion is that vortices "drag" through the
wall region, leaving behind prolonged trails of low-speed fluid from the
upward-rotating sides of the vortices.

6. Loop-shaped vortices (e.g. horseshoe-, hairpin-, λ-eddies) exist and in-
fluence the dynamics of turbulence production, but structural details as
well as statistical relevance are controversial.

A large range of models exist for the variety of vortical structures, their inter-
action and their role on the formation of ejection and sweep events, low- and

34



2.1 Laminar and Turbulent Boundary Layers

high-speed streaks and other phenomena. Since a consensus about the in-
volved physical processes still has to be found, no particular model shall be
presented at this point.

2.1.5 Influence of Adverse Pressure Gradients

Experimental results for turbulent boundary layers show that dimensional
mean velocity profiles can have very different shapes in the outer region, de-
pending on size and sign of the global pressure gradient in the geometry. This
finding has already been indicated by the similarity variables in Eq. (2.11).
However, canonical profiles should be observed for flows with constant val-
ues of ξ. Clauser [Cla54] redefined ξ by using the well-defined displacement
thickness

δ∗ =
∫ ∞

0

(
1− 〈u〉

u∞

)
d y (2.17)

instead of boundary layer thickness δ to form his well-known equilibrium pa-
rameter

β= δ∗

τw

d p

d x
. (2.18)

Boundary layers for which β = const. are called equilibrium boundary layers,
and their outer mean velocity profiles collapse on a single curve if plotted in
the coordinates y/δ and (u∞−〈u〉)/uτ. This holds for positive (adverse) as well
as negative axial pressure gradients.

For the inner region and the overlap layer, the dependence of mean stream-
wise velocity profiles on adverse pressure gradients is still in discussion in the
literature. While White [Whi05], for example, proclaims validity of the canon-
ical form according to Eq. (2.14) in the inner and logarithmic region even
for very strong adverse or favorable pressure gradients, recent experiments
( [NTH98]:β= 0.77 to 5.32, [Ind05]:β= 0.96 to 25.81) showed that mean veloc-
ity profiles lay below the canonical distribution in the buffer layer and the log-
arithmic region for moderate to strong adverse pressure gradients. For mild to
moderate adverse pressure gradients, a reasonable match has been observed
experimentally ( [AE05]: β ≈ 2.5 to 3.5) , while DNS results ( [LS09]: β = 0.73
to 1.68) revealed a slight downward shift with respect to the log-profile. As a
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nondimensional measure of strength of the adverse pressure gradient in inner
variables, Nagano et al. [NTT93] used the expression

p+ = ν

ρu3
τ

d p

d x
(2.19)

Equation (2.19) will be used later to set pressure gradients in the experimental
rig into relation with literature values.

The structural changes of time-averaged and instantaneous turbulent quan-
tities under adverse pressure gradients will be discussed here mainly for the
inner region and overlap layer, as these regions are relevant for the later in-
terpretation of turbulent wall flashbacks in diffuser geometries. In inner scal-
ing (Eq. (2.6)), Nagano et al. [NTT93] measured an increase of rms fluctua-
tions close to the wall for moderate to strong adverse pressure gradients. At
the beginning of the outer region, a second peak is formed for each compo-
nent, the height of which increases with β. Reynolds shear stresses 〈u ′

v
′〉 also

increase strongly in the outer region. These findings have been confirmed by
other studies [AE05, Ind05, LS09] for mild, moderate and strong adverse pres-
sure gradients. The peak values of nondimensional streamwise fluctuations
u2

r ms/u2
τ lay between 6 and 9 [NTT93, Ind05, LS09].

An early flow visualization experiment on the influence of adverse pressure
gradients on instantaneous boundary layer turbulence was published by Kline
et al. [KRSR67], who discovered the existence of low-speed streaks close to the
wall. For increasing adverse pressure gradients, the low-speed streaks tend to
shorten and to waver more violently, whereas streaks tend to be elongated and
more quiescent in favorable pressure gradients. In strong adverse pressure
gradients some of the low-speed streaks move temporarily upstream and are
washed downstream again after a certain time. The authors related this phe-
nomenon to transitory stall (see Sec. 2.1.6) in wide-angle diffusers. Nagano
et al. [NTH98] investigated the contributions of the different sectors shown
in Fig. 2.4 to the overall Reynolds shear stress 〈u ′

v
′〉. While in zero pressure

gradient flows the contribution of Q2 events dominates Q4 events in the in-
ner region and the overlap layer, the events become equally important and
are responsible for an increasing fraction of 〈u ′

v
′〉 towards the wall for ad-

verse pressure gradients, both of which indicate a change in coherent turbu-
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Figure 2.5: Laminar boundary layer separation due to an adverse pressure gradient.

lence structures. The detailed DNS study of Lee and Sung [LS09] worked out
the influences of adverse pressure gradients on low-speed streaks and quasi-
streamwise vortices in the buffer layer. The width of low-speed streaks was
not affected by the pressure gradient, but their mean lateral distance became
larger, up to a factor of approximately 4, and the distance distribution more
irregular. The length of low-speed streaks decreased from more than 1000 L+

to about 700 L+, which is in accordance with the observations in [KRSR67]. In
the logarithmic layer, the authors observed regions of low-momentum fluid
which were longer in the streamwise direction and of higher lateral width than
observed in zero pressure gradient flow (see [TA03] for a detailed description
of such low-momentum regions).

2.1.6 Boundary Layer Separation

An important aspect of boundary layer flow with adverse pressure gradients
is flow separation, also called flow detachment. In the following, only two-
dimensional flow configurations will be considered. Generally speaking, the
flow structure in the separating region is quite different for laminar and tur-
bulent flows. Figure 2.5 illustrates a two-dimensional laminar separation pro-
cess. As the pressure rises in positive x-direction, the fluid close to the wall is
continuously decelerated. However, the velocity gradient ∂u/∂y at the wall is
still positive. At some point, the fluid close to the wall cannot advance towards
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higher pressures in x-direction anymore as its x-wise kinetic energy vanishes.
As a consequence, the fluid particles are deflected away from the wall and a
backflow region with a characteristic wedge shape is formed. The separation
point is defined by

∂u

∂y

∣∣∣∣
y=0

= 0 (2.20)

which is a single point for an ideal steady laminar two-dimensional separa-
tion process. In the case of moving walls, unsteady boundary layers and three-
dimensional separation, Eq. (2.20) is not sufficient to determine the sepa-
ration point, though [Wil77]. Close to the separation point and beyond, the
boundary layer approximations are not valid anymore since the boundary
layer thickness rapidly increases due to fluid motion away from the wall and
the inequalities in Eqs. (2.3) are not fulfilled anymore in proximity to the back-
flow region.

For turbulent flows, separation due to adverse pressure gradients is a process
rather than a sudden event and starts intermittently close to the wall at a cer-
tain location. Going downstream, the fraction of time for which fluid is moving
upstream progressively increases. This qualitative picture has been observed
for a flat plate as well as for cylindrical geometries. A detailed summary of the
turbulent separation process has been provided by Simpson [Sim96], accord-
ing to which the separation process can be phenomenologically divided into
three regions:

1. Incipient detachment: Instantaneous backflows for ≥1% of the time
(’occasionally’).

2. Intermittent transitory detachment: Instantaneous backflows for ≥20%
of the time (’noticeably more frequent than occasionally’).

3. Detached flow: Instantaneous backflows for ≥50% of the time. The de-
tachment point with time-averaged wall shear stress equal to zero lies at
≈50% backflow time.

During incipient detachment, small three-dimensional flow elements move
upstream for a certain distance, are disintegrated by Reynolds stresses and
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Figure 2.6: Structural model of a one-dimensional premixed laminar flame (after [Law06]).

carried downstream again. The backflow regions probably involve reverse
flows of low-speed streaks with low kinetic energy due to the adverse pres-
sure gradient [KBS83]. Intermittent transitory detachment is associated with
strong shear layer growth. Intermittent backflow regions are observed up to
y/δ≈ 0.5 and have high turbulence levels.

2.2 Basics of Premixed Flame Propagation

Combustion takes place in the form of a premixed flame if fuel and oxidizer are
perfectly mixed prior to consumption by the flame. The following overview of
premixed flame physics is based on the work of Law [Law06] and Peters [Pet00]
if not specified otherwise. For modeling and scaling of premixed flames, a
one-step reaction with large activation energy is usually assumed. The result-
ing flame structure for a laminar, one-dimensional flame is shown in Fig. 2.6.
Far upstream of the flame, the gas mixture has a constant temperature T1 and
a fuel mass fraction Y1, f uel . The fresh mixture flows at the one-dimensional,
adiabatic laminar flame speed SL such that the flame is stationary. In the fol-
lowing, SL and also flame speed in general, S f , are assumed as the relative
speed between the unburnt gases and the flame. In the chemically inert diffu-
sion zone, heat and mass diffusion cause continuous changes in temperature
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and species concentrations, which is overlaid by convective transport. Due
to the large activation energy of the one-step chemistry model, the reaction
and thus heat release only takes place after considerable heating of the mix-
ture. After all fuel has been consumed, the products tend to their equilibrium
composition in the equilibrium zone. The thickness of the diffusion zone is
assumed to be much larger than the reaction zone, such that the overall flame
thickness δ f is usually approximated by the thickness of the preheat zone.

To illustrate the degree of approximation of the model shown in Fig. 2.6, the
detailed structure of a lean H2-air flame is shown in Fig. 2.7. The flame has
been simulated using the chemical kinetics software Cantera [Goo07] and the
detailed H2-O2 mechanism by Li et al. [LZKD04], which will be used for the rest
of this text to obtain various chemical quantities of H2-air combustion. Dry air
only consisting of N2 and O2 with XN2/XO2 = 79/21 is always assumed. Figure
2.7a shows the mole fractions of global reaction species and the mixture tem-
perature as a function of the one-dimensional flame coordinate. It can be seen
that the thickness of the diffusion zone of H2 upstream of the flame is thicker
than the thermal diffusion zone, which is caused by the non-unity Lewis num-
ber of the mixture, defined as

Le = ami x

D f uel ,mi x
(2.21)

for a fuel-lean mixture. In Eq. (2.21), ami x is the thermal diffusivity of the mix-
ture and D f uel ,mi x is the diffusivity of the fuel into the mixture of the remain-
ing species of the fresh gases. For the H2-air flame shown in Figs. 2.7, the Lewis
number is Le = 0.36 in the unburnt gases. Due to the strong diffusion of H2 to-
wards its consumption zone, XO2 has a distinct overshoot at the beginning of
the temperature rise. Figure 2.7b shows mole fractions of the radical species.
At the low-temperature side of the flame, HO2 and subsequently H2O2 are pro-
duced by back-diffusion of H radicals from the high-temperature region. Plots
of fractional heat release and mixture temperature in [Law06] for a stoichio-
metric flame reveal that a substantial fraction of overall heat release (30% at
Φ = 1) already occurs in the HO2-H2O2 region, where also the peak heat re-
lease rate can be found. By comparing Figs. 2.7 with the model in Fig. 2.6, it
can be concluded that the detailed structure of the H2-air flame is actually
quite different from the model assumption of a one-step reaction with large
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Figure 2.7: Detailed structure of a lean H2-air flame in dry air atΦ= 0.5, 293.15K and 1atm.
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activation energy, as appreciable radical production and heat release occurs
over the whole extent of the flame. For scaling purposes, however, the struc-
tural model of Fig. 2.6 is generally accepted as valid [Tur00, Pet00, Law06].

The identification of a preheat zone, where heat and mass diffusion are in bal-
ance with convection, and a reaction zone, where temperature-sensitive re-
action rates and species diffusion are in balance, underlines that a premixed
flame principally is a two-parameter system. Flame thickness δ f and flame
speed SL shall be chosen here as the two independent variables since two im-
portant aspects of flashback, flame propagation velocity and quenching by
heat loss (see Sec. 2.4), are described by them. While laminar flame speeds
can be readily obtained experimentally, the flame thickness is hard to mea-
sure. Therefore, δ f and SL are related to each other by the thermal diffusivity of
the mixture, which then acts as independent parameter instead of δ f [Law06].
In the literature, several definitions for this relation exist, three of which shall
be discussed here. The first is according to Turns [Tur00],

δ f = 2a1

SL
, (2.22)

where a1 is the thermal diffusivity of the unburnt mixture. Equation (2.22) is
derived by assuming, amongst others, equal thicknesses of preheat and reac-
tion zone, unity Lewis number as well as constant and equal specific heats for
all species. The second relation is used by Peters [Pet00]:

δ f =
(k/cp)i l

ρ1SL
. (2.23)

In Eq. (2.23), k is the thermal conductivity and cp is the heat capacity at con-
stant pressure. The index ’il’ specifies properties at the temperature of the in-
ner layer, which is defined as the part of the premixed flame where the fuel is
consumed. As a third definition of flame thickness, the temperature gradient
thickness is described in Fig. 2.8. The flame thickness is represented by the dis-
tance during which the gases are heated from their initial temperature T1 to
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Figure 2.8: Flame thickness defined by maximum temperature gradient.

the adiabatic flame temperature T2, which is approximated by a linear slope
with the maximum gradient of the temperature with respect to x:

δ f = T2 −T1

max

(
dT

d x

) . (2.24)

This definition of flame thickness has been used by Turns [Tur00] to derive Eq.
(2.22).

Figures 2.9 show results for SL and the three different definitions of δ f for H2-
air flames at different preheat temperatures and pressures. For the evaluation
of Eq. (2.23), averages of unburnt and burnt gas properties were used as an
approximation for inner layer properties.

Figure 2.9a illustrates SL as a function of 1/Φ at atmospheric conditions. The
wide flammability limits and high laminar flame speeds are obvious. The
strong shift of the maximum of SL towards rich mixtures (much more than ob-
served for a methane flame, for example) is a Lewis number effect, as pointed
out by Law [Law06]. For a given fuel-oxidizer mixture,

SL ∼
p

Le . (2.25)

As for lean mixtures, Le ≈ 0.3 and for rich mixtures, Le ≈ 2.3, SL is decreased
for lean and increased for rich conditions. Figure 2.9b shows the laminar flame
thicknesses for equal conditions. The definitions of flame thickness according
to Eqs. (2.22) and (2.23) compare well to each other, while the temperature
gradient thickness is off these curves and furthermore does not follow stoi-
chiometric reasoning. A higher grid resolution does not change these trends,
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Figure 2.9: Laminar flame speed and thickness of H2-air flames at different T and p from
chemical kinetics simulations.
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such that a definition of δ f according to Eq. (2.24) is not sensible with the
numerical setup used here. The influence of preheat temperature on SL and
δ f at Φ = 0.5 is shown in Figs. 2.9c and 2.9d. The laminar flame speed rises
monotonously. A power law approximation according to

SL(T ) = SL,0

(
T

T0

)2.8

(2.26)

is included in Fig. 2.9c, which fits the temperature slope quite well. In Eq.
(2.26), indices ’0’ indicate conditions at T0 = 293.15K and p0 = 1atm. Often, a
square dependence of SL(T ) is assumed across fuels, which apparently is not
correct for lean H2-air mixtures. As shown by Fig. 2.9d, flame thickness is de-
creasing by almost one order of magnitude from room temperature to typical
combustor entry temperatures. The power law fit

δ f (T ) = δ f ,0

(
T

T0

)−1

(2.27)

is a good approximation for the slope of the flame thickness according to Eq.
(2.22). The pressure influence on SL and δ f is shown in Figs. 2.9e and 2.9f. The
flame speed is monotonously decreasing with p, and the expression

SL(p) = SL,0

(
p

p0

)−0.55

(2.28)

is a good approximation for this trend. The flame thickness is decreasing to a
minimum at about 10bar, from where it starts to increase slightly again. This
slope cannot be fitted well by a simple power law, however, the curve

δ f (p) = δ f ,0

(
p

p0

)−0.47

(2.29)

is a good approximation to the calculated values up to 10bar. Finally, it can be
stated that the flame thicknesses according to Eqs. (2.22) and (2.23) are close
to each other for Figs. 2.9d and 2.9f, while the gradient thickness is not well-
defined again.

After the analysis of the structure of a premixed flame, the pressure field of a
one-dimensional flame propagating in an infinite domain shall be discussed
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now, which is also known as the backpressure of a premixed flame. Since a pre-
mixed flame propagates into the fresh gases in the form of a thin sheet, it can
be treated as a planar wave for this purpose. Using a coordinate system that
moves with the wave, and assuming steady, adiabatic conditions and neglect-
ing potential energy, the conservation equations can be formulated as follows:

Mass: ρ1u1 = ρ2u2 , (2.30a)

Momentum: ρ1u2
1 +p1 = ρ2u2

2 +p2 , (2.30b)

Energy: h1 + 1

2
u2

1 = h2 + 1

2
u2

2 . (2.30c)

Indices ’1’ refer to fresh, unburnt gases and indices ’2’ to products in equilib-
rium, and h is the static enthalpy of the mixture. Equations (2.30a) and (2.30b)
can be combined to

M2
1 =−

p2

p1
−1

γ

(
u2

u1
−1

) , (2.31)

where M1 is the Mach number of the unburnt gases and γ is the ratio of spe-
cific heats. Lines in a u2/u1-p2/p1 diagram which satisfy Eq. (2.31) are termed
Rayleigh lines. To include the internal heat addition due to combustion, the
enthalpy difference across the flame is expressed by

h2 −h1 =−q f + cp(T2 −T1) . (2.32)

In Eq. (2.32), q f is the heat of combustion in J per kg mixture. Using Eqs. (2.30c)
and (2.32), the expression(

p2

p1
+ γ−1

γ+1

)(
u2

u1
− γ−1

γ+1

)
= 4γ

(γ+1)2
+2

ρ1q f

p1

(
γ−1

γ+1

)
(2.33)

can be derived. Curves in the u2/u1-p2/p1 diagram that satisfy Eq. (2.33) are
called Hugoniot curves. The pressure and velocity field upstream and down-
stream of the flame is given by states that fulfill Eqs. (2.31) and (2.33) simul-
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taneously. A constituting equation for the pressure ratio p2/p1 can be derived
from this requirement to [Law06]

p2

p1
= 1− (1−M2

1)γ

γ+1

{
1±

[
1− 2(γ2 −1)

γ

M2
1

(1−M2
1)2

ρ1q f

p1

]1/2}
. (2.34)

An according expression for u2/u1 can also be derived. Premixed flames with
M1 > 1 are called detonation waves, while M1 < 1 implies deflagration waves.
Only deflagrations are observed in the combustion experiments to be pre-
sented, thus the rest of the discussion will be limited to this case. Generally,
the pressure and velocity fields must fulfill p2 < p1 and v2 > v1, respectively,
for deflagrations, such that Eq. (2.34) is bounded by 0 ≤ p2/p1 ≤ 1. Further-
more, the ± sign in Eq. (2.34) designates strong deflagrations (+) and weak de-
flagrations (-). For the low velocity deflagrations observed in the present work,
strong deflagrations cannot exist due to p2/p1 < 0 for low M1 in that case, thus
only weak deflagrations have to be considered (the existence of strong defla-
grations is doubtful anyway due to a decrease in entropy across such waves,
see [Law06]). For the determination of the flame backpressure for laminar pre-
mixed flames, a simplified version of Eq. (2.34) is commonly used (e.g., [LE87],
S. 221), which is derived from combining Eqs. (2.30a) and (2.30b) and assum-
ing that the density has changed from ρ1 to ρ2 across the flame:

p f = p1 −p2 = ρ1S2
L

(
ρ1

ρ2
−1

)
≈ ρ1S2

L

(
T2

T1
−1

)
. (2.35)

For the term on the right-hand side in Eq. (2.35), p2 ≈ p1 has been assumed in
the ideal gas law to replace the density, which is a feasible assumption since
(p1 −p2)/p1 ¿ 1. By looking at the energy conservation equation (2.30c), it is
clear that the kinetic energy has been neglected for the derivation of Eq. (2.35),
which will be referred to as isokinetic in the following. However, Eq. (2.35) is a
very good approximation for weak deflagrations of laminar premixed flames
as illustrated by Fig. 2.10. The graph shows the pressure difference p1 − p2

across the flame for the Rayleigh-Hugionot relation (2.34), for the isokinetic
derivation of the most right of Eq. (2.35), using T2 ≈ T1 + q f /cp in analogy to
Eq. (2.34), and finally for the isokinetic derivation with T2 being the true adi-
abatic flame temperature. It can be seen that the exact solution and the first
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Figure 2.10: Flame backpressure according to Rayleigh-Hugionot relation and isokinetic
derivations.

isokinetic approximation fit perfectly together as expected. The flame back-
pressure is slightly overpredicted around stoichiometry due to the assump-
tion of a constant specific heat capacity, compared to a realistic value for T2 in
Eq. (2.35).

2.3 Interaction between Flame and Boundary Layer Flow

Up to this point, only adiabatic, one-dimensional and steady premixed flame
propagation was considered. Premixed flames that burn in two- or three-
dimensional, unsteady flow fields show a much more complex propagation
behavior in terms of their local flame speed Sf(x, t ), where bold letters desig-
nate vector quantities. Law and Sung [LS00] provided a review on the aero-
dynamics of such flames which forms the basis for the following discussion if
not indicated otherwise.

2.3.1 Laminar Boundary Layer

In general, the effect of spatial non-uniform and unsteady flow on a premixed
flame is called stretch. Based on the length scale of observation, stretch effects
are separated into two groups:
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• Hydrodynamic stretch: The flame is treated as an infinitely thin surface
that separates unburnt and burnt gases. The combination of normal and
tangential velocity components upstream of the flame lead to flame dis-
placement, wrinkling and change of the burning rate through increase or
decrease of the flame surface.

• Flame stretch: The flame is represented by a heat and mass diffusion
zone and a thin reaction zone according to Fig. 2.6. Tangential veloc-
ity components affect heat and mass diffusion upstream of the reaction
zone, while normal components can change the residence time in the
diffusion zone. This influences the flame velocity and can lead to local
extinction of the reaction.

The two effects are strongly coupled as the hydrodynamic stretch defines the
local flow conditions relevant for flame stretch analysis, which in turn pro-
vides the relative velocity between flame and flow.

The influence of hydrodynamic stretch on the evolution of the flame surface
can be summarized in a single parameter known as the stretch rate:

κ= 1

A

D A

Dt
. (2.36)

In Eq. (2.36), A is the area of an infinitesimal element of the flame surface
and D/Dt is the substantial derivative. For a general flame surface in a fixed
Cartesian coordinate system, Eq. (2.36) corresponds to [LS00]

κ= ∇tan · [n× (u×n)]︸ ︷︷ ︸
curvature, aerody-
namic strain

+ (Sf ·n)(∇·n)︸ ︷︷ ︸
unsteady flame
motion

, (2.37)

where ∇tan is a tangential gradient operator, i.e. the spatial derivatives along a
curvilinear coordinate system on the flame surface, and n is the normal vector
on the flame surface. It becomes clear from Eq. (2.37) that on the one hand,
hydrodynamic stretch is induced by flame curvature (variation in n) and strain
by the flow field u. As an important point, both contributions are zero if u×n =
0, i.e. if the streamlines are perpendicular to the flame surface. On the other
hand, hydrodynamic stretch is produced if the flame surface is not steady in
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the fixed Cartesian coordinate system (Sf 6= 0) and the flame is curved (∇·n 6= 0)
at the same time.

The effect of flame stretch on the burning velocity is particularly strong for
mixtures where the involved species have different diffusivities. As Law and
Sung [LS00] point out, there are three diffusivities of main interest for an inert-
abundant mixture of two reactants, which are the thermal diffusivity a, the
mass diffusivity of the excess reactant Dex and that of the deficient reactant
Dde f . Two effects are considered in the literature, which are described by the
diffusivity ratio of the decisive processes depending on stoichiometry:

• Nonunity Lewis-number effects: a/Dde f = Le for off-stoichiometric mix-
tures (see Eq. (2.21)).

• Preferential diffusion effects: Dde f /Dex for near-stoichiometric mix-
tures

Both are commonly summarized in the term nonequidiffusion effects. How-
ever, nonunity Lewis-number effects are predominant in lean premixed com-
bustion. For a given unstretched flame, its change in propagation speed in
response to the flame stretch rate κ is depending on the following parameters
of the unstretched flame [Law06]:

S f

SL
= f (κ,ρSL,δth,Ea,Le) . (2.38)

In Eq. (2.38), S f is the stretched flame speed, δth is the length of the thermal
diffusion zone and Ea is the activation energy of a representative one-step
global reaction described by an Arrhenius term. For convenience, this rather
complicated function can be expressed by nondimensional quantities as

S f

SL
= 1+Ma1Ka1 , (2.39)

where Ma1 is the Markstein number and Ka1 is the Karlovitz number repre-
senting the nondimensionalized stretch rate κ. Both are evaluated in the un-
burnt mixture. While Ka1 can be calculated from unstretched flame proper-
ties if κ is known, the definition of the Markstein number is more complicated
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such that it is conveniently determined from experiments or numerical simu-
lations. A simplified version of Eq. (2.39) is often used:

S f = SL +L1κ . (2.40)

The dimensional variable L1 [m] is called the Markstein length of the unburnt
mixture, which again is determined from experiments or numerical simula-
tions (see e.g. [STK06] for H2-air results).

The complex nature of laminar premixed flame propagation is underlined by
two flame front instabilities which are observed for these flames:

• Hydrodynamic instability: The backpressure of the flame promotes the
propagation of convex flame segments into the mixture while concave
segments are retarded. This instability is observed for thin flames, i.e. at
high pressures and temperatures, since a finite flame thickness tends to
stabilize the flame.

• Diffusional-thermal instability: For mixtures with Le < 1, non-
equidiffusion effects lead to an increase in flame speed at convex flame
segments and a decrease for concave zones. The opposite occurs for
Le > 1 which tends to smooth a wrinkled flame.

Both instabilities lead to the formation of a cellular substructure on the flame
surface and can interact with each other.

2.3.2 Turbulent Boundary Layer

The preceding explanations on stretched laminar flames are essential to un-
derstand the influence of turbulent fluctuations in the unburnt gases on the
combustion process. The monograph of Peters [Pet00] provides the basis for
the following summary if not indicated otherwise.

Turbulent flows consist of eddies of different length scales. According to the
eddy cascade hypothesis, kinetic energy is transferred from large towards
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small scales until the energy is dissipated by viscous effects in the smallest
eddies at the Kolmogorov scale η. For isotropic, homogeneous turbulence,

η=
(
ν3

ε

)1/4

, (2.41)

where ε is the rate of turbulent energy dissipation. The size of the eddies which
contain most of the turbulent kinetic energy is called the integral length scale
lt , which is formally defined by the area under a two-point correlation of the
turbulent fluctuations in a flow.

In the same way as previously described for hydrodynamic stretch and flame
stretch situations, the turbulent eddies can interact with the flame in different
ways, depending on their turnover time scale and diameter, causing changes
in flame propagation speed by flame wrinkling and non-equidiffusion effects
and potentially leading to local or global distinction for very high turbulence
levels. The physical model behind this view is called the laminar flamelet
concept, which assumes that a turbulent flame consists of an ensemble of
stretched laminar flamelets with a thin reactive layer. Based on the definition
of a turbulent Reynolds number,

Ret =
u

′
t lt

SLδ f
, (2.42)

where δ f is calculated according to Eq. (2.23) and u
′
t is the turnover velocity

of the integral scale eddies, and two Karlovitz numbers based on the flame
thickness δ f and the thickness of the reaction zone δr ,

Kaf =
δ2

f

η2
, Kar =

δ2
r

η2
, (2.43)

Peters [Pet99] introduced a diagram of turbulent combustion regimes as
shown in Fig. 2.11. Along the x-axis, the ratio of integral length scale and flame
thickness is shown. Given this information, the ratio of eddy turnover time to
the laminar burning velocity on the y-axis is a time scale comparison between
flame motion and turbulent fluctuations. The different regimes are character-
ized as follows:
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Figure 2.11: Turbulent combustion regimes according to Peters [Pet99].

• Laminar flames: Ret < 1. Laminar combustion.

• Wrinkled flamelets: u
′
t < SL. Laminar flame propagation is only weakly

influenced by flame front corrugation due to turbulence.

• Corrugated flamelets: Kaf < 1. The flame thickness δ f , which comprises
the preheat zone as well as the reaction zone, is smaller than the Kol-
mogorov eddies. Although the flame is wrinkled by turbulence, its inter-
nal structure is not perturbed.

• Thin reaction zones: Kar < 1,Kaf > 1. The smallest turbulent eddies can
penetrate into the preheat zone since η< δ f , which results in an increase
in scalar mixing and hence in a thicker preheat zone. However, as δr ¿ δ f

is assumed (δr /δ f = 0.1 for Fig. 2.11), the reaction zone is still not directly
affected by turbulence.
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• Broken reaction zones: Kar > 1. Kolmogorov eddies can penetrate into
the reaction zone since η< δr , causing increased heat loss to the preheat
zone and local distinction of the reaction as a consequence. The flamelet
concept is no longer valid in this regime.

As mentioned before, laminar flamelets are subject to stretch and non-
equidiffusion effects, which influence their propagation velocity and thus the
effective turbulent flame speed [MP91, WZS08].

2.4 Interaction between Flame and Cold Wall

The presence of a cold wall influences a premixed flame by three mechanisms:

• Heat loss: The temperature gradient between the flame zone and the wall
causes conductive heat loss which lowers the flame temperature and re-
action rates.

• Third body reaction partner: The wall acts as an inert third body for re-
combination reactions due to collision losses of impinging molecules.

• Surface reaction: Chemically non-inert walls catalyze or inhibit reac-
tions.

In general, the rapid deceleration of chemical reactions is called quenching. In
conjunction with combustion close to cold walls, this term is used to describe
the influence of the three mechanisms mentioned above on the decaying re-
action rate of the flame with decreasing wall distance. For systematic stud-
ies of wall quenching, three generic situations shown in Fig. 2.12 are com-
monly referred to. Flame quenching by parallel plates or tubes is character-
ized by the minimal distance δq for which a premixed flame is able to propa-
gate through the passage. Head-on quenching is a dynamic process during
which the flame propagates towards a cold wall in normal direction. Due to
wall quenching, the reaction of the flame is stopped at a finite distance δq

above the wall. Finally, side-wall quenching is a continuous process as the
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Figure 2.12: Definitions of flame quenching situations next to cold walls.

flame propagates parallel to a cold wall. Towards the wall, the reaction rate
is reduced such that the flame speed falls behind the values at higher dis-
tance from the wall. Again, at a finite distance δq above the wall the reaction
is completely stopped. It is clear that for head-on and sidewall quenching, the
distance δq is not clearly defined for complex chemistry. In the literature, the
flame luminescence has been used as a marker of the flame border in experi-
mental studies [Eno02,BKLS03,BSLB07], while the position of maximum heat
release or maximum fuel consumption rate is commonly used for numerical
studies [DCVP03].

The quenching distance generally is a complicated function:

δq = f (fuel,oxidizer,wallmaterial,Φ,T1, p1,Tw ,uw) , (2.44)

where uw is the velocity field in vicinity to the wall. A broad consensus exists
in the literature that quenching distances of laminar flames are proportional
to the laminar flame thickness δ f . The proportionality constant is called the
quenching Peclet number:

Peq =
δq

δ f
. (2.45)

However, Peq is not independent of the influential variables listed in Eq. (2.44),
either. Experimental and numerical studies have revealed influences of wall
material and quenching configuration (head-on and sidewall in [BKLS03]),
fuel-oxidizer mixture (sidewall, parallel plates and head-on in [AH81, Eno02,
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DM02, GSHC10]) and the presence of flow velocity in a duct (parallel plates
in [DM02]). Contradictory results exist for the influence of equivalence ra-
tio. While several authors observed noticeable influence of Φ on Peq (paral-
lel plates for propane-air in [AH81]; parallel plates for several fuels in [DM02];
head-on for CH4-air in [Eno01]), others (general analysis in [BL77]; sidewall
quenching for CH4-air in [Eno02]) conclude that Peq 6= f (Φ) within the range
of their data scatter. The influence of pressure was analyzed by Aly and Her-
nance [AH81] who calculated vanishing variation of Peq for subatmospheric
pressures, whereas Enomoto [Eno01] observed a slight increase of Peq with
increasing pressure in the subatmospheric regime. Regarding the influence of
preheat temperature on Peq, no statements could be found in the analyzed
literature.

The situation of sidewall quenching is similar to the flame position during wall
flashback. Thus for later reference, the results of Enomoto [Eno02] shall be
given here, who investigated sidewall quenching of CH4-air flames between
Φ= 0.8 to 1.0 as well as H2-air flames forΦ= 0.6. For comparison, the absolute
quenching distances between parallel plates given by Turns [Tur00] have been
converted to Peq numbers. For both sources, Eq. (2.22) was used for the flame
thickness. The results are summarized in Table 2.1 together with literature val-
ues for head-on quenching. The Peclet numbers of parallel plate quenching

Table 2.1: Quenching Peclet numbers in sidewall and parallel plate configurations for atmo-
spheric mixtures.

Fuel-oxidizer Configuration Φ [-] Peq [-] Source

CH4-air Sidewall 0.8...1 3.4 [Eno02]

H2-air Sidewall 0.6 3.8 [Eno02]

CH4-air Parallel plates 1 20.7 [Tur00]

H2-air Parallel plates 1 15.9 [Tur00]

CH4-air Head-on 1 ≈ 3 [BSLB07]

H2-air Head-on 1.5 1.4 [GSHC10]

H2-O2 Head-on 1 1.7 [DCVP03]
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are much larger compared to sidewall and head-on quenching. The head-
on quenching cases suggest a dependence on fuel-oxidizer mixture. However,
the H2-air and H2-O2 simulations [GSHC10,DCVP03] had a preheated mixture
and wall at 750K which could contribute to the deviations.

The understanding of quenching processes at a cold wall in turbulent flames
has gained a lot in the past years from DNS of such flows. Bruneaux et al.
[BAPF96] simulated three-dimensional channel flow at Reτ = 180 with one-
step chemistry. The flame propagated normal to the main flow direction to-
wards the wall, starting from the center region of the channel. In such a config-
uration, coherent turbulent structures locally push the flame surface towards
the wall, such that the maximum wall heat flux rises compared to a laminar
head-on quenching case. The minimum wall distance observed for turbulent
flamelets was about 60% of the laminar value for the head-on quenching sit-
uation. Alshaalan and Rutland [AR02] computed a V-shape flame in a Cou-
ette flow. The flame was anchored at about 1/3 channel height by fixing a
small portion of grid cells to the adiabatic flame temperature, such that the
lower branch of the flame steadily hit the lower wall during simulation. They
compared the maximum wall heat flux of the turbulent flame with a flame
at laminar conditions in the same geometry. While the mean ratio was about
1.1 to 1.2, the maximum was slightly below 1.4. The timewise distribution
of the observed peaks in heat flux was explained by different coherent mo-
tions in the approaching boundary layer. Assuming that the maximum heat
flux is inversely proportional to the quenching distance of the flame, typical
turbulent values are within 80% to 90% of the laminar values. Interestingly,
the time-mean heat flux was lower in the turbulent case. Recently, Gruber et
al. [GSHC10] published results from a three-dimensional DNS of a V-flame
in H2-air channel flow at Reτ = 180 with detailed H2-O2 chemistry [Gru06].
Downstream of the flame holder, which was located on the centerline of the
domain, the flame touched the upper and lower channel wall. These regions
were analyzed in terms of flame-wall interaction. The maximum of the time-
averaged heat flux to the wall was 1.14 times the maximum value during lam-
inar head-on quenching, which compares well to the mean value approxi-
mated from [AR02] (1.1 to 1.2, see above). It was pointed out by the authors
that as the flame loses heat to the wall, its thickness increases due to an in-

57



Premixed Flame Propagation in Proximity to Walls

crease in chemical timescale, while the turbulent timescale of the fresh gases
becomes smaller with decreasing wall distance, both of which can cause a
change of the turbulent combustion regime close to the wall (see Fig. 2.11).

Since a detailed chemistry model was used by Gruber et al., they were able to
analyze the detailed evolution of radical concentration and heat release dur-
ing flame-wall interaction. In the event that a flame was pushed towards the
wall by turbulent coherent structures, a process which is similar to head-on
quenching, they observed a strong increase in heat release right at the wall by
about one order of magnitude. Indeed, a similar pattern was observed during
head-on quenching of a laminar H2-air flame reported in the same publica-
tion [GSHC10]. The physical origin of this local maximum in heat release rate
was shown to be an exothermic radical recombination process. The time ∆tq

during which this exothermic recombination takes place shall be calculated
here to compare it to the timescale of turbulent wall flashback later on. The
time evolution of the quenching process shown in [GSHC10] allows an estima-
tion of ∆tq ≈ 40µs. The timescale of the investigated laminar flame (Φ = 1.5,
T1 = 750K, p1 = 1atm) equals

∆t f =
δ f

SL
= 2.9µs (2.46)

as obtained from a Cantera simulation and Eq. (2.22), such that

∆tq

∆t f
≈ 14 . (2.47)

Finally, the influence of non-inert walls on the quenching process shall be dis-
cussed. Popp and Baum [PB97] simulated laminar head-on quenching of sto-
ichiometric CH4-air flames with detailed chemistry and an inert wall. Up to a
wall temperature of 400K, inert simulations match experiments well because
of the very low radical concentration right at the wall. Between 400K-600K,
the radical concentration strongly increases, such that not only radical de-
struction by the wall, but also surface reactions in the form of adsorption of
radicals and desorption of recombined stable molecules may become impor-
tant. The authors reasoned that this fact could be responsible for large dis-
crepancies between their inert simulations and experiments at high wall tem-
peratures, however, this estimation was not further elaborated. Andrae and
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Björnbom [AB00] simulated lean H2-air flames (Φ= 0.1 and Φ= 0.5) with de-
tailed chemistry burning inside an axisymmetric boundary layer. They con-
sidered completely inert walls, walls that act as recombination partner as well
as catalytic platinum walls at temperatures 400K and 600K. The gas mixture
had a temperature of 975K. Change from an inert wall to radical-recombining
wall at 600K andΦ= 0.5 caused a decrease in H-radicals right at the wall, how-
ever, the overall structure of the reaction zone regarding H and H2 distribution
did not change appreciably. A direct study of the effect of wall reactions on
flashback limits at atmospheric conditions was conducted by Lewis and von
Elbe [LE43]. They covered Pyrex tubes with salts like sodium tungstate and
potassium chloride or with silver, which are known to strongly influence reac-
tions in heated vessels. However, the same flashback limits were observed in
experiments. It can be concluded that at the maximum preheat temperature
of Tw ≈ 673K considered in the present work, variations in the wall material
and the associated surface reactions probably play a negligible role for the
quenching process during wall flashback.

2.5 Transfer to Wall Flashback Process

The basic theory of premixed flame propagation in proximity to walls that has
been provided above allows further perspective relative to the questions about
the wall flashback process raised at the end of Sec. 1.2:

• The existence of coherent flow structures in a turbulent boundary layer
may influence or control the detailed propagation path of the flame.

• In connection with the first item, the influence of global adverse pressure
gradients on turbulent wall flashback may be manifested in the differ-
ent time-resolved turbulence structure close to the wall as compared to
straight channel flow.

• The difficulty of determining the true wall distance of the flame dur-
ing wall flashback has been underlined by a large number of influen-
tial factors, which include the flame backpressure, stretch and implicated
Lewis number effects, flame-turbulence interaction and the dependence
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of quenching Peclet numbers on flame-wall configuration, temperature
boundary conditions and mixture properties.

• Since the turbulence structure close to the wall in channel and tube flow
is very similar, flashback limits should not depend appreciably on the
duct cross-section.

• If the flame backpressure has a decisive influence on the onset of flash-
back, then a difference should exist between unconfined and confined
flame holding prior to flashback because the pressure boundary condi-
tion at the flame base is different.

On the one hand, these considerations imply that the flow structure close to
the wall must be known in high spatial and temporal detail for a given ex-
periment in order to draw useful conclusions from the measurements. On
the other hand, the simultaneous observation of flame position and flow field
close to the wall is essential. Both aspects are accounted for in the design of
the experimental rig and the choice of measurement techniques which will be
presented in the following chapter.
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The experimental rig has been designed to address the open questions regard-
ing the wall flashback process as outlined in Sec. 1.2 and 2.5. Table 3.1 gives an
overview of the requirements for the setup needed to address these questions
and the resulting features that have been implemented. The detailed design
of the combustion chamber and the experimental infrastructure will be de-
scribed in the following section. The measurement systems used for the qual-
itative and quantitative description of flow and reaction are introduced subse-
quently in terms of basic principles and actual implementation in the rig. Fi-
nally, the aerodynamic design of the combustion chamber is validated based
on experimental and numerical results in order to provide a solid base for the
analysis of observed flashback modes.

3.1 Experimental Rig and Infrastructure

An overview of the experimental rig is shown in Fig. 3.1. Its main components
can be divided into a mixture and flow conditioning section, the measurement
section and the exhaust system.

3.1.1 Mixture and Flow Conditioning

The rig has been designed for fully premixed operation with arbitrary mix-
tures of two fuels, CH4

1 and H2, at lean to stoichiometric mixture fractions.
The layout of the mixture and flow preparation section serves three objectives,
namely large- and fine-scale mixing of fuel and oxidizer, the establishment of a
uniform and steady flow at combustion chamber inlet and safety in the case of

1 Natural gas with a mean CH4 content of 97.63 % vol. was used as substitute.
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Table 3.1: Performance specifications for the experimental rig.

Criterion Target Reason / Comment

Mixture preparation

Components CH4, H2, air Influence of fuel properties, possibility to
observe laminar and turbulent flashback.

Equivalence ratio 0 ≤Φ≤ 1 Lean premixed gas turbine combustion as
technology standard.

Mixing process Fully premixed Comparability with premixed flame the-
ory.

Inlet conditions

Reynolds number O (103) up to O (105) Laminar and turbulent flow.

Mixture temperature up to 400◦ C Conditions in gas turbine combustors.

Static pressure atmospheric Compromise to reduce rig complexity and
cost.

Measurement section

Cross section rectangular Optical measurements in the near-wall
region. Distinction from literature.

Flame holding confined Distinction from literature.

Optical access three sides Simultaneous optical measurements in
two planes.

Channel aspect ratio high Exclusion of sidewall influence, 2D time-
mean boundary layer.

Global pressure gradient zero or adverse Channel and diffuser geometries.

Wall temperature controllable High impact on flashback propensity.
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Figure 3.1: Overview of the experimental rig.

flashback. The latter becomes especially important for H2-air mixtures, where
duct lengths of approximately one meter can be sufficient for Deflagration-
Detonation Transition (DDT) to occur at atmospheric conditions [CD08].

Pressurized air delivered at a total pressure of 12bar and room temperature
is used as oxidant. The fuel supply delivers CH4 and H2 at room temperature
and a pressure of 9 bar. Upstream of the rig, the air flow is filtered to sepa-
rate residual oil droplets from the compressor facility. The air enters the rig
through an electrical heater with adjustable power input up to 65kW, which
has a DN40 flange at the outlet. After a 90◦ bend, a straight tube is attached
which has a radial inlet for seeding injection at its center. Downstream of the
tube, a static flow mixer (Sulzer Chemtech CompaX DN40) is located between
two flanges. The fuel mixture is injected radially through a single dosing point.
Owing to the avoidance of DDT in the premixed duct portion, the transition
from the DN40 tubing to the rectangular, high aspect-ratio inlet port of the
measurement section has to be as short as possible. Furthermore, recircula-
tion zones have to be strictly avoided to prevent accidental flame holding.
Two design ideas have been assessed, a classical diffuser with several grids
or guiding plates in order to anticipate separation and an elbow configura-
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Figure 3.2: Elbow duct and flow straightening section.

tion, where the rectangular duct is tangentially flanged on the tube wall. In
terms of overall length and manufacturing complexity, the elbow duct design
is preferable at the cost of higher pressure losses necessary for flow straight-
ening downstream of the device. Since the combustion chamber is working at
atmospheric conditions, total pressure as provided from the mixture supply
is not a limiting factor and consequently the elbow duct design was chosen.
Details of the elbow configuration and the subsequent flow straightening sec-
tion are shown in Fig. 3.2. In order to prevent the flow from stagnating in the
elbow corner and to adjust the pressure distribution at the channel inlet, the
tube is cut at an angle of 75◦ with respect to the vertical axis and a flat plate is
welded onto the angled plane. Stainless steel honeycombs are placed as vortex
suppressors just after the bend. Two perforated plates with different solidities
follow the honeycomb section in order to even the velocity distribution. Af-
ter a short settling distance, four fine wire meshes are clamped between brass
supports. The mesh solidities and wire diameters have been chosen according
to [MB79].

Downstream of the last wire mesh, a rectangular duct of 150 mm length is
attached to allow for initial boundary layer development upstream of the inlet
of the measurement section.
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3.1.2 Measurement Section an Combustion Chamber

A rectangular duct with a vertical sudden cross section increase and a con-
stant width of 157mm forms the basic geometry of measurement section and
combustion chamber, which has been welded from stainless steel plates of 10
mm thickness. Figures 3.3 show an overview of the setup. Figure 3.3a provides
details about relevant physical dimensions of the duct. Areas with coarse con-
tours denote ceramic or metallic components mounted into the duct as de-
scribed below. The measurement section is the location where wall flashback
is observed during the experiment. The purpose of the internally cooled com-
bustion chamber is a safe burnout of the premixed gases. Figure 3.3b shows a
picture of the laboratory setup.

A cross-section of the measurement section is depicted in Fig. 3.4, with all
dimensions given in mm. It has a modular structure such that zero pressure
gradient as well as adverse pressure gradient flows can be realized by insert-
ing different stainless steel ramps with inclination angles of φ = 0◦, 2◦ or 4◦

and a constant width of 143mm. The ramps have been welded from plates
of 5mm thickness and subsequently machined to end dimensions. The pre-
mixed gases enter the rectangular flow section from the right-hand side of
the figure through an inlet height of 2h = 17.5mm and width of w = 157mm.
Due to this large aspect ratio, a quasi two-dimensional flow section exists in
the center region of the ramp which allows the observation of wall flashback
under well-defined conditions. The roughness height of the machined ramp
surfaces is less than 50 µm, which results in a hydraulically smooth wall for
all flow situations considered in this work. The ramps are fixed on a support
block of 157 mm width, which is mounted on the lower wall of the chamber.
The gaps of 7mm between the side walls of the ramp and the duct walls are
filled with ceramic inserts (see Fig. 3.6). The material used for these inserts and
all other ceramic parts is a compound of Al2O3, SiO2 and ZrO2. The upper wall
of the ramp is cooled by three air jets impinging on the wall from below inside
the cavity between ramp and support block at its downstream end, which is
located next to the flame anchoring position. The coolant convects in the up-
stream direction inside the ramp and leaves the cavity through a bore hole at
the upstream end of the ramp. A flush mounted ceramic tile follows the ramp.
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(a) Basic geometry of measurement section and combustion chamber.

(b) Picture of the laboratory setup.

Figure 3.3: Overview of measurement section and combustion chamber.
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Figure 3.4: Sketch of the measurement section.

The tile ensures thermal insulation during stable operation and also serves as
a thermal flame holder for some operating points.

Optical access to the diffuser section is provided by three silica windows along
the y- and z-direction. The window surfaces in contact with the flow are
aligned with the inner duct walls. As a result, there are no lateral or vertical
steps at any point of the measurement section prone to accidental flame stabi-
lization which could lead to misinterpretation of such upstream flame motion
as wall flashback. Window alignment is achieved by bonding two windows
together as illustrated in Fig. 3.5. The outer face of the window assembly is
formed by a silica window of 10mm thickness, which is clamped between two
stiff metal frames with interjacent graphite seals. On the inner side of this win-
dow, a heat-resistant adhesive is deposited in a narrow seam of about 5mm
width inside the circumference of the clamp frame. A second silica window of
31mm thickness is positioned on the adhesive seam.

During start-up of a flashback experiment, the combustible mixture is contin-
uously ignited by two pilot burners at the end of the ramp section such that
two main flames are formed which extend into the combustion chamber, as
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Figure 3.5: Bonding configuration of wall-aligned windows.

indicated on the left-hand side in Fig. 3.4. The step heights h1 and h2 depend
on the ramp angle and are listed in Table 3.2. The lower pilot burner is em-

Table 3.2: Step heights at combustion chamber inlet.

Ramp angle [°] h1 [mm] h2 [mm]

0 58 75

2 58 56

4 58 67

bedded by the trapezoidal part of a ceramic block, which forms a gap together
with the opposite ceramic tile. The surface of the ceramic block is also inclined
toward the horizontal by φ, but is offset below the ramp plane by about 4mm.

The lower pilot burner has its position still inside the section expanding by φ
for two reasons: On the one hand, the influence of the shear layer and the re-
circulation zone behind the trailing edge of the ceramic block on the anchor of
the lower main flame is minimized. On the other hand, the flow displacement
by the lower main flame causes a contraction of streamlines above it such that
the upper wall boundary layer is accelerated. When flashback conditions are
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Figure 3.6: Cross-section of the measurement section.

approached, this configuration results in a self-stabilizing system where the
flame flashes back only on the lower wall of the ramp, which is the target loca-
tion for flashback.

It is well known that boundary layer development in rectangular channels in-
duces a region of reduced velocity gradients at the edges of the duct due to
the simultaneous influence of two walls. Therefore, flashback is likely to oc-
cur only along the corners in this type of geometry and indeed, the present
experiment shows this behavior as expected. However, flashback should only
take place in the center region of the ramp as otherwise the assumption of a
quasi two-dimensional flow would not be feasible anymore. In order to avoid
corner flashback, pure air is locally injected into the corner boundary layers in
two different ways. Figure 3.6 shows a cross-section through the measurement
section in full detail. In each of the upper corners of the flow channel, the air
enters through a slot of 2mm width perpendicular to the main flow direction.
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The duct is formed between the inner face of the side window and the upper
wall plate of the duct, thus it only extends along the window region, which
does not cover the beginning of the measurement section (see Fig. 3.4). In
each of the lower corners, air is injected aligned with the main flow by means
of five slots (4mm x 1mm) in a stepped arrangement. The axial distance be-
tween two slots is 80mm and the last slot is aligned with the downstream end
of the ramp. During experiments, the amount of blowing air was adjusted by
volume flow meters such that the sum fed to all slots did not exceed 2% to 3%
of the main air massflow.

3.1.3 Exhaust System

Downstream of the outlet of the combustion chamber, a tube of 160mm di-
ameter and 264mm length is attached such that the center axis of the tube is
approximately tangential to the lower wall of the inlet at the beginning of the
measurement section. Downstream of the tube, an open air gap is formed by
a flange attached to the tube and a conical nozzle overlapping with the tube
(see Figs. 3.1 and 3.3b). This gap decouples the exhaust duct acoustics from
the combustion chamber, which otherwise exhibited a strong thermoacous-
tic instability in the low-frequency range for medium to high mixture veloc-
ities. Downstream of the air gap, the flue gases are mixed with ambient air
provided by an electrical blower located inside the laboratory and are subse-
quently blown into the atmosphere.

3.1.4 Instrumentation

The experimental rig is operated via a Labview control interface, using a
NI PCI-6229 data acquisition card in conjunction with NI SCB-68 connector
blocks for I/O purposes.

Massflow Controllers for Main Combustion Gases

Prior to entering the experimental rig, the massflows of the main mixture com-
ponents are controlled by three separate Bronkhorst digital thermal massflow
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controllers (F-206BI-RAD-99-V for pressurized air, F-206AI-RAD-44-V for H2

and F-203AV-1M0-RAD-44-V for CH4) which are preceded by in-line filters
with 1µm separation size. Measurement accuracies are given by the manufac-
turer as ±0.8% of the actual massflow rate plus ±0.2% of the maximum mass-
flow rate of the respective controller for both, air and H2 devices and ±0.5%
of the actual massflow rate plus ±0.1% of the maximum massflow rate for the
CH4 controller. The massflow controller setup and the control interface have
been validated experimentally by exhaust gas composition measurements.

Temperature Measurement

Thermocouples of type K are used as temperature sensors at various positions
inside the rig. The mixture temperature at the inlet of the measurement sec-
tion is monitored by a single thermocouple at the center of the duct cross-
section as shown in Fig. 3.4. The same thermocouple acts as a flame detec-
tor during flashback, and the fuel supply is shut down on reaching a preset
temperature increase. The surface temperature of the upper wall of the ramp
is monitored at three axial locations at the lateral center. The positions are
at distances of 35mm, 135mm and 235mm measured from the downstream
end of the ramp in upstream direction. The thermocouples are inserted into
blind holes inside of the block filled with heat-conductive paste (see Fig. 3.4
and 3.6). The remaining wall thickness above the thermocouple tip is approxi-
mately 0.5mm, which results in a rather quick thermal response and low tem-
perature drop between wall and sensor. Cold junction compensation of the
thermocouple measurements is provided by the NI SCB-68 connector block
by an internal thermistor element which has a nominal accuracy of ±0.3K.

3.2 Measurement Techniques

The basic principles of the measurement systems utilized to investigate the
wall flashback process as well as their actual implementation into the experi-
mental rig will be described in this section.
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3.2.1 Chemiluminescence

The observation of the flame position is an essential part for any flashback ex-
periment. A convenient way to detect the flame surface experimentally is the
observation of light emitted from the flame. In general, two intrinsic sources
of light can be distinguished:

• Thermal radiation: The gas mixture emits light in spectral bands due to
thermal excitation of the constituent species and subsequent transition
to a state of lower internal energy, the difference being the energy of the
emitted photons. Generally every species is generating thermal radiation,
and the spectral content of the emitted light as well as the integral radia-
tion intensity is depending on species and temperature.

• Chemiluminescence: Light is emitted by molecules which are directly
formed in an excited state by a chemical reaction, for example a combi-
nation of two atoms, and subsequently undergo transition to a state of
lower internal energy. The basic question whether a chemically excited
molecule produces chemiluminescence as well as the spectral band de-
pend on its electron configuration. The integral radiation intensity is de-
pendent on the rate of formation of the excited molecule.

For combustion of hydrogen or hydrocarbons in air, thermal radiation is usu-
ally confined to the infrared part of the spectrum, where other sources of ther-
mal radiation, for example hot casing parts, are also contributing. In contrast,
chemiluminescence of such flames is observed in the visible and near-UV
range. In H2-air flames, the OH radical produces chemiluminescence bands
with an intensity peak at 306.4nm and slightly weaker bands starting from
281.1nm, 287.5nm and 294.5nm during the transition of its excited state OH∗

to its ground state. A summary of the underlying elementary reactions can
be found in [KFB+10]. In CH4-air flames, chemiluminescence is mainly pro-
duced by OH∗, CH∗ (431.5nm), C∗

2 (473.7nm, 516.5nm and 563.6nm) and CO∗
2

(complex structure from 300nm to beyond 500nm superimposed on a con-
tinuum) [Gay74]. A summary of the underlying elementary reactions can be
found in [NPMW98].
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For the experiments conducted in this work, the chemiluminescence is used
as a binary marker to determine the position of the leading part of the flame.
In order to obtain a high signal-to-noise ratio, optical filters are used to con-
fine the recorded signal mainly to the OH∗ radiation since other appreciable
UV sources are not present in the experimental environment. Table 3.3 lists
the filters used during the experiments.

Table 3.3: Optical filters for OH∗ chemiluminescence measurements.

Name Center wavelength [nm] Full width at half
maximum [nm]

BrightLine HC 320/40 320 40

L.O.T-Oriel 302FS10 313 12

Schott DUG 11 340 70

Two cameras are used for chemiluminescence recording. For flame monitor-
ing and recordings at low repetition rate, a Hamamatsu C4336-02 intensified
camera with a resolution of 720x576 pixel and a fixed frame rate of 30Hz is
used. For high-speed measurements, a Photron Ultima Fastcam APX I 2 inten-
sified camera with a resolution of 1024x1024 pixel up to 2kHz repetition rate
is applied.

3.2.2 Constant Temperature Anemometry

Constant Temperature Anemometry (CTA) will be used in this work to mea-
sure axial velocities at the inlet of the measurement section. The measure-
ment principle is based on the relation of the forced convective heat trans-
fer from a hot wire immersed in a cold crossflow with the local flow velocity.
The wire is heated by an electrical current such that the electrical resistance
of the wire, which is a function of its temperature, stays constant. The cur-
rent through the wire is adjusted by a control circuit, which usually includes
a Wheatstone bridge that incorporates the hot wire in one leg and an ampli-
fier to adjust the bridge current such that the bridge is always balanced. The
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flow velocity perpendicular to the wire can be determined from an empirical
correlation between bridge voltage and flow velocity, which involve constants
that have to be calibrated individually for each probe for a given fluid state. By
using suitable amplifiers, cut-off frequencies of the CTA probe response to ve-
locity fluctuations in the order of 100kHz can be achieved [Bru95]. Since heat
loss from the wire is dependent on the temperature difference between wire
and fluid, the fluid temperature must be kept constant and the wire should be
overheated as high as the material allows in order to obtain precise measure-
ments. Wire materials with high temperature coefficients of resistivity as well
as good high-temperature strength, such as platinum or tungsten, are chosen
to optimize the signal-to-noise ratio and sensitivity of the sensor. Wire diam-
eters are commonly in the order of 1µm for several reasons:

• High length/diameter ratio, which reduces heat loss to the wire mounts.

• High spatial resolution of flow structures moving perpendicular to the
wire.

• Low Reynolds numbers with respect to the wire diameter to avoid eddy
shedding from the wire, which can distort time-resolved measurements.

Compared to other high-frequency velocity measurement techniques, one-
component CTA probes are of rather low complexity in terms of costs and im-
plementation, have a high spatial resolution and do not require optical access.
As drawbacks, CTA probes need individual calibration, are prone to flow mis-
alignment, can cause considerable flow disturbance depending on the sup-
port geometry and are easily damaged or deteriorated during experiments. In
the present work, CTA probes have been used to measure mean flow velocities
only. For this reason, details about the frequency response of CTA probes will
not be discussed at this point and can be found in [Bru95], for example.

Rig Implementation

A Teltron ASM-1 anemometer was used for all measurements. The CTA probes
were custom-made using platinum-plated tungsten wire. Two pointed stain-
less steel rods of 0.6mm diameter form the prongs for the wire. Details of the
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Figure 3.7: CTA probe arrangement.

CTA probe arrangement are illustrated in Figs. 3.7. In Fig. 3.7a, the CTA probe
along with its main dimensions is shown. The orientation of the probe dur-
ing measurements is shown in Fig. 3.7b. The probe is located at the outlet of
the rectangular duct attached to the flow straightening section, which was de-
tached from the inlet flange of the measurement section and thus blowing into
free air during the measurements. The wire is always aligned with the z-axis.

Boundary Layer Measurements

The accurate measurement of flow velocities in the laminar sublayer and the
buffer region with CTA probes requires additional efforts. As Bruun [Bru95]
points out, the wire has to be straight and always parallel to the smooth wall
surface. The influence of aerodynamic interferences between probe support
and the wall on the flow around the wire has to be minimized by using com-
parably long wires. The probe stem has to be separated from the near-wall re-
gion, either by inclining the wire prongs or the stem itself. Of high importance
is the precise determination of the distance between wall and wire. Several
elaborate methods exist in the literature, which include setups using a refer-
ence point at a known distance from the wall, the observation of the reflection
of the wire on a polished wall, consideration of the heat loss of the wire to the
wall for zero flow velocity or a fit to a point-of-origin line in the linear near-wall
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region. In the context of the present work, the CTA technique has been used
primarily to characterize the flow distribution across the inlet of the measure-
ment section. In the boundary layer region, a simplified procedure has been
adopted to determine the wall distance of the wire with reasonable accuracy.
Starting from the duct exit plane, the wire of the CTA probe is inserted in neg-
ative x-direction into the channel by defined small distance adjusted by a mi-
crometer gauge. Afterwards, the probe is moved towards the wall by a second
micrometer gauge until the prong tips make electrical contact with the wall.
From this point, the probe is moved back into positive y-direction until the
resistance of the probe increases to its original value. This procedure allowed
a positioning of the wire at a wall distance of approximately 0.2mm with sat-
isfying repeatability.

Calibration

The calibration of the CTA probe has been conducted at the center of the duct
exit using the full range of the massflow controller. The simplifying assump-
tion was made that the ratio of the center velocity to the massflow-averaged
velocity is constant for each massflow. Since the duct velocity profile is not
fully developed yet and thus boundary layers are thin, this approximation is
feasible. The procedure has the advantage of in-situ calibration such that any
blockage effects by the probe support are included.

3.2.3 Laser Doppler Anemometry

Laser Doppler Anemometry (LDA) is an optical technique to measure the ve-
locity of particles convected by a fluid flow. It is commonly used to deter-
mine the velocity of the fluid flow indirectly by choosing particles with neg-
ligible slip velocity. In the present work, LDA will be used to characterize the
mean and time-resolved aerodynamic conditions in the measurement sec-
tion for non-reacting flow with high accuracy. The particles are illuminated
by monochromatic laser light at a fixed position in space. To a receiver at rest,
the frequency of the light scattered by the moving particles is shifted due to
the Doppler effect as illustrated in Fig. 3.8. Since the particles are receiver and
transmitter at the same time, a Doppler shift is taking place twice [ABDT03].
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Figure 3.8: Doppler phase shift of light scattered by a moving particle.

The monochromatic, coherent laser light at wavelength λl emitted in direc-
tion el as seen from an observer moving with the particle at velocity v p is
shifted to

λp = λl

1− v p e l

c

. (3.1)

In Eq. (3.1), c is the velocity of light. The receiver at rest, on the other and,
receives light of wavelength

λr =λp

(
1− v p er

c

)
. (3.2)

Using f = c/λ, Eqs. (3.1) and (3.2) can be combined to

fr = fl

1− e l v p

c

1− er v p

c

≈ fl

(
1− v p (e l −er )

c

)
. (3.3)

The approximated term in Eq. (3.3) simply results from expanding the full
term and assuming |v p | ¿ c. It can be seen from the approximate term on
the right that the resulting frequency difference between laser and receiver
is extremely small compared to the frequency fl of the laser light, and a di-
rect derivation of the velocity would be very difficult. For this reason, a dual-
beam configuration is used in many LDA systems, which involves two copla-
nar laser beams with different directions e l ,1 and e l ,2 crossing at one point in
space. Then, according to Eq. 3.3, the scattered light seen by the receiver is a
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Figure 3.9: Interference fringes of a dual-beam LDA measurement volume.

superposition of two waves at different frequencies fr,1 and fr,2. Such a super-
position results in a high-frequency wave modulated by a low beat frequency

fdual = fr,2 − fr,1 =
v p (e l ,1 −e l ,2)

λl
. (3.4)

It is interesting to note that the beat frequency fdual is not depending on the
receiver orientation er any more. Furthermore, Eq. (3.4) does not contain any
unknown constants, meaning that LDA systems do not require calibration.

Besides the description based on wave theory, a second model based on the
interference pattern of two planar waves provides a very accessible descrip-
tion of dual-beam LDA systems. Figure 3.9 shows the structure of the interfer-
ence pattern in the measurement volume which is formed by the intersection
of two focused laser beams and thus has a shape similar to a rotational ellip-
soid. The laser beams are located in the x-z-plane and are intersecting at an
angle φ. The resulting interference pattern has a periodic intensity distribu-
tion in x-direction with a wavelength of

∆x = λl

2sin(φ/2)
(3.5)

If a particle passes the measurement volume inclined by an angle α with re-
spect to the x-direction, the scattered light intensity is modulated with the
frequency

fD = 2sin(φ/2)

λl
vp,x (3.6)
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The frequency fD in Eq. (3.6) is called the Doppler frequency since it is the
result of the superposition of two Doppler shifted laser waves. The modula-
tion depth of the scattered light intensity is maximized if the laser beams have
equal intensity and polarization. It can be shown by evaluating Eq. (3.4) in the
coordinate system of Fig. 3.9 that fdual = fD , hence both descriptions lead to
the same equation for the determination of the particle velocity component
vp,x perpendicular to the fringe pattern.

Generation of Tracer Particles

A cyclone seeding generator was used to disperse TiO2 particles (ρp =
3800kg/m3, dp = 0.20µm based on number distribution [Wäs07]). Konle
[Kon05] conducted Malvern measurements of the particle size distribution of
a generator similar to the device used here, using identical seeding materi-
als. A very good breakup of agglomerated particles is reported, with a number
peak at about 0.35µm and a cumulative number fraction of about 80% be-
tween 0−1µm. The seeding generator is operated with pressurized air taken
from a reservoir with adjustable pressure downstream of the massflow con-
troller for main combustion air. The main air flow is seeded globally upstream
of the static flow mixer and flow straightening section, as described in Sec.
3.1.1. By doing so, neither the overall equivalence ratio nor the fuel-air mixing
process is influenced by the relative amount of air passing through the seeding
generator.

Tracking Characteristics of Particles

The assumption of negligible slip velocity of particles used as flow velocity
tracers has to be verified for flows involving strong velocity gradients. For
steady boundary layer experiments, acceleration imposed by mean pressure
gradients are low compared to turbulent fluctuations, such that the central
question is whether particles follow the turbulent fluctuations to a satisfying
degree.

Since turbulent flows involve a cascade of length and time scales, the particles
are likely to follow only a certain low-frequency part of the involved eddies,
whereas acceleration forces are too small to displace the particle sufficiently
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for high-frequency fluctuations. Therefore, only a certain part of the turbulent
spectrum will be represented by the particle motion. For the present work,
the determination of turbulent spectra is not intended. Only one-point corre-
lations along one coordinate, 〈u ′

i u
′
i 〉, will be measured, which effectively are

integral means over the whole spectrum. Since the spectrum will only be rep-
resented in part by the fluctuating particles, the measured mean turbulent
fluctuations will not correspond exactly to the fluid motion. In order to ob-
tain meaningful mean turbulent statistics, the mean turbulent kinetic energy
of the particles should approximate the respective value of the flow to a high
degree.

In order to estimate the mean turbulent kinetic energy of particles, Melling
[Mel97] provided a solution for the general Basset-Boussinesq-Oseen (BBO)
equation of particle acceleration [Mel97, ABDT03] for the assumption
ρp/ρmi x À 1. The solution involves a Fourier transform of the BBO equation
and the derivation of an energy transfer function from the flow to the parti-
cles. Considering the energy spectrum of fully developed turbulent pipe flow,
the ratio of mean kinetic energies of particle velocity fluctuations and fluid
velocity fluctuations is calculated as

u2
p,r ms

u2
r ms

=
(

1+
ωc ρp d 2

p

18µ

)−1

. (3.7)

Besides material constants, Eq. (3.7) involves the particle diameter dp and
a characteristic frequency ωc . For a consideration of the complete turbulent
spectrum, ωc has to be set equal to the smallest turbulent fluctuations con-
tained in the flow. Since near-wall fluctuations in the x-y plane are strongly
connected to longitudinal vortical microstructures, as described in Sec. 2.1.4,
the timescale of these structures will be used here for an estimation of ωc .
Following Orlandi and Jiminez [OJ94], who cited a DNS [Spa88] of turbulent
boundary layers up to Reτ = 650, the mean circulation of streamwise vortices
is around

Γ+ = Γ
ν
≈ 200 . (3.8)

For an infinite, straight, forced vortex tube of radius r located in an other-
wise irrotational flow, Γ = 2πr 2ω [GTG04], where ω designates the angular
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Figure 3.10: Energy transfer between flow and tracer particles inside the boundary layer.

frequency of rotation of streamwise vortices. Finally, by assuming r + ≈ 15 for
streamwise vortices, ω can be calculated for given shear stress velocity and
kinematic viscosity of the flow.

The result of Eqs. (3.7) and (3.8) is shown in Fig. 3.10, which plots the energy
transfer ratio between tracer particles and flow as a function of uτ with the
particle diameter as parameter. The tracer density has been set to 3800kg/m3,
which corresponds to the TiO2 particles used in the experiments, and fluid
properties correspond to air at 20 ◦C. This graph will be referred to later in
order to estimate the validity of experimental mean turbulent fluctuations.

System Components and Measurement Positions

An overview of the forward-scattering LDA setup in the experimental rig is
illustrated in Fig. 3.11. A commercial Dantec LDA system is used which re-
ceives light from a Spectra-Physics 2020 Argon-Ion-laser operated at a power
output between 1−3W in TEM00 mode. The laser beam is separated into its
main components at 476.5nm, 488nm and 514.5nm inside the transmitter
box (Dantec 60X41), only the last of which is used for the present experiments.
Each component is again split into two beams, one of which is frequency-
shifted by 40MHz for negative velocity detection using a Bragg cell inside the
transmitter box. Both beams are coupled into optical fibers used to transmit
the light to the sending probe (Dantec 60X83), which focuses the two beams to
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Figure 3.11: Overview of the LDA setup in the experimental rig.

form the measurement volume inside the measurement section. Geometrical
details of the LDA beam configuration and the measurement volume are listed
in Appendix A. The receiving optics (Dantec LDA-PR) are focused on the mea-
surement volume at an inclination angle of 15 ◦ with respect to the z-axis. Due
to this off-axis orientation, the effective z-size of the measurement volume is
reduced. The two LDA probes are mounted on a common support and are tra-
versed by a three-axis traverse system described in Appendix A. Sending and
receiving optics have a focal length of 310mm and are equipped with beam
expanders (Dantec 55X12) in order to reduce the length of the measurement
volume and to increase the aperture of the receiving optics. The received scat-
tered light is guided to a color separator (Dantec 55X35) and attached photo-
multipliers (Dantec 57X08) through an optical fiber. The voltage signal of the
photomultiplier tube is the final output of the LDA system, which is further
processed by a Burst Spectrum Analyzer (BSA, Dantec 57N21 Master) which is
controlled by a computer.

LDA measurements were conducted for a ramp angle of 4 ◦ only. Figure 3.12
depicts the definition of measurement planes and coordinate systems inside
the measurement section. Three y-z measurement planes E1, E2 and E3 are
defined by their x-wise distance from the downstream corner of the stainless
steel ramp. During LDA-measurements, the plane which contains the beams
forming the measurement volume is aligned with the ramp surface, which is
described by a local coordinate system x̃, ỹ and z, and hence velocity compo-
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Figure 3.12: Definition of measurement planes inside the measurement section.

nents in x̃-direction are measured. Due to the small ramp angle of 4 ◦, how-
ever, deviations between x- and x̃-wise velocity components in the x-y plane
do not exceed 0.24% and thus are neglected. The origin of the z-coordinate
is the left channel wall as seen in downstream direction and is identical for all
three planes. The origin of the ỹ-coordinate is located on the ramp surface po-
sition of the respective measurement plane. For simplicity, the ỹ coordinate is
referred to as y in the following since each measurement plane will be treated
separately.

Data Capture and Analysis

The BSA unit performs a spectral analysis of the photomultiplier signal in or-
der to determine the Doppler frequencies of the scattered light. The signal
is digitized and a Discrete Fourier Transform (DFT) is separately applied to
characteristic signal portions known as bursts, which are generated by tracer
particles passing the measurement volume. The Doppler frequency of a burst
is taken as a valid velocity measurement if the global maxima of the DFT spec-
trum is at least four times higher than any local maxima. Hardware specifica-
tions of the present BSA are documented in [Fri03] and shall not be repeated.
Important details of the DFT settings will rather be discussed, which are in-
dispensable for successful boundary layer measurements. Since Doppler fre-
quencies usually lie between fD = 1−100MHz, very high sampling frequencies
during A/D conversion of the detected signal would be needed to fulfill the
Nyquist criterion for a DFT of the digital signal in the whole frequency range
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Figure 3.13: Zoom DFT process for frequency range extension.

of 0Hz to fD . This problem is avoided by only analyzing a small segment of the
frequency spectrum, a procedure also known as Zoom-DFT. As illustrated in
Fig. 3.13, the signal is downshifted by fs in the frequency domain, which cor-
responds to a multiplication in the time domain in the DFT algorithm [Bri74]:

F ( f − fs) ⇐⇒ f (nT )ei2π fs nT /N (3.9)

In Eq. (3.9), 0 ≤ n ≤ N −1 is a counter and T is the sampling interval within the
sample f (nT ). By only considering a limited bandwidth of the shifted signal
symmetrical to f = 0 for the DFT evaluation, the sampling frequency can be
largely reduced now. Using equation (3.6), the frequency shift fs and the band-
width can be interpreted as a center velocity us and velocity span. These two
values are input parameters for the BSA processing which have to be specified
by the user.

For the measurement of boundary layer velocity profiles, it is important to
specify the center velocity and span carefully in the near wall region, since
otherwise inconsistent data sets will be recorded. For the boundary layer
measurements presented here, intersecting measurement intervals based on
nondimensional coordinates y+ and u+ have been defined, which are illus-
trated in Fig. 3.14. Each interval has a distinguished center and span value. Es-
timates for uτ at each measurement position were provided by numerical sim-
ulations of the diffuser flow (see Sec. 4.1.2) beforehand. The intervals overlap
each other, such that data consistency between two intervals can be checked.
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Figure 3.14: Nondimensional definition of LDA measurement intervals in the near-wall re-
gion.

Data capturing was controlled such that at every measurement point either
5000 validated bursts or a maximum measurement time of 40s was reached.
However, the number of recorded busts never lay below 1000. For the calcula-
tion of mean and variance of the velocity time series at a given measurement
point, a transit-time weightening [Geo75] of each individual velocity record
was applied in order to avoid statistical bias towards higher values.

Determination of the Position of the Measurement Volume

The windows of the measurement section reduce the effective focal length of
the sending and receiving probes due to refraction. In order to exclude a dis-
tortion of the measurement volume by refraction effects, the optical axis of
the sending probe is adjusted perpendicular to the planar window face such
that both beams are refracted only within the x̃-z plane in the same way. How-
ever, the focus of the receiving probe is displaced from its optical axis due to
the probe inclination by 15 ◦. In order to include both refraction effects during
the system setup, all adjustments are done already inside the flow duct with
both side windows mounted. The position of the center of the measurement
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volume in the three coordinates x̃, ỹ , z has been measured separately for each
coordinate. The z coordinate was determined by a pinhole mounted in the
center of the duct. The x̃ coordinate was determined by traversing the mea-
surement volume to hit the tip of a needle of known x̃ position. Finally, the ỹ
coordinate was determined by traversing towards the wall observing the volt-
age signal from the photomultiplier caused by reflections of the measurement
volume at the wall.

3.2.4 Particle Image Velocimetry

Particle Image Velocimetry (PIV) is comparable to LDA as to both techniques
use the light scattered by small tracer particles to determine the local fluid ve-
locity. As a consequence, all aspects regarding seeding particles discussed in
Sec. 3.2.3 are applicable to PIV measurements as well. However, the key dif-
ference is that PIV provides velocity information in a two-dimensional field
whereas LDA is a point measurement. In the present work, the PIV technique
will be used to characterize cold flow conditions in the measurement sec-
tion, partly overlapping with the LDA campaign for cross-validation, and to
capture the velocity field upstream of the flame during wall flashback with
high temporal and spatial resolution. Particle illumination and evaluation of
the scattered light in a PIV setup are illustrated in Fig. 3.15. The tracer parti-
cles convected by the flow are illuminated by a laser sheet of local thickness
δL. The sheet commonly has a Gaussian intensity distribution in y- and z-
direction since it is formed from a TEM00 laser beam using cylindrical lenses.
The light scattered by the particles is projected onto the image sensor of a dig-
ital camera through a lens with depth-of-field δF . The optical axis of the cam-
era is positioned perpendicular to the laser sheet. The laser generates high-
energy pulses of very short duration at a well-defined temporal separation,
such that quasi-instantaneous images of the particle distribution are recorded
by the image sensor. Figure 3.15 shows an overlay of two particle distributions
recorded at t1 and t2. The PIV concept assumes that the velocity components
u and v of the particles can simply be calculated by

u = ∆x

t2 − t1
and v = ∆y

t2 − t1
. (3.10)
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Figure 3.15: Principle of Particle Image Velocimetry.

It is advantageous to store the image of each laser pulse on a separate frame of
the camera. However, the temporal separation between two laser pulses often
has to be chosen smaller than the frame rate of the camera. To solve this prob-
lem, PIV laser systems produce pairs of pulses of individual length ∆tpul se at
a separation of ∆tPIV at a repetition frequency fPIV , while the camera is op-
erated at a frame rate of 2 fPIV . The synchronization pattern is illustrated in
Fig. 3.16. Laser and camera are synchronized such that each pulse pair lies
symmetrically between to camera frames. By avoiding background illumina-
tion during experiments, only a single quasi-instantaneous particle image is
effectively seen in one frame. Modern laser and digital camera systems allow
high fPIV in the kHz regime combined with an image sensor resolution in the
megapixel range.
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Figure 3.16: PIV synchronization between laser and camera.

Cross-Correlation of Digital PIV Images

The evaluation of Eq. (3.10) is efficiently computated by spatial cross-
correlations of subsets of image pairs. These subsets, usually called interroga-
tion areas, are used as samples for a statistical estimation of the displacement
of the particles contained in the sample based on a discrete cross-correlation
function [RWWK07]:

R(∆x,∆y) =
N∑

i=1

N∑
j=1

I1(i , j )I2(i +∆x, j +∆y) . (3.11)

In Eq. (3.11), the paired images are represented by their pixel intensity maps I1

and I2, N 2 is the size of each interrogation area and∆x,∆y represent the offset
of the interrogation area in the second image I2 with respect to the interroga-
tion area in I1. If ∆x and ∆y resemble the true displacement of the particles
from their original position in I1, the value of R is maximized compared to all
other shifts with high probability. Thus, the highest value of R and its associ-
ated displacement is used in practice to define the mean particle motion in-
side the interrogation area. Higher order derivatives of the particle trajectory
between I1 and I2, such as curvature or acceleration, are not taken into ac-
count by the cross-correlation technique, which thus delivers an estimate of
the mean particle displacement inside the interrogation area. For increased
computational efficiency, the cross-correlation is usually implemented by a
complex conjugate multiplication of the two-dimensional Fourier transforms
of the data contained in the interrogation areas of I1 and I2. Furthermore,
it is common practice to estimate the position of the correlation peak with
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subpixel-resolution by fitting a statistical model function, for example a Gaus-
sian peak, to the discrete values of R that form the correlation peak.

In more advanced codes, such as the commercial software VidPIV 4.6 used
in this work, the position of the interrogation window in I2 is shifted and de-
formed based on the mean particle displacement∆x,∆y from an initial guess
in an iterative process, which increases the number of correlating particles
in the interrogation areas. The initial guess is provided by cross-correlations
based on larger interrogation areas, such that the size of the interrogation area
is reduced step by step until the desired value.

PIV with Micron-Resolution

The observation of the velocity field around the flame at flashback close to
the wall puts high demands on the spatial resolution of the PIV system. The
involved length scales, which are the viscous length unit L+ and the flame
thickness δ f , are in the order of 10−4 to 10−5 m for the present experiments.
Assuming interrogation areas of 16x16 pixels producing one velocity vector,
the pixel size should be of order 10−6 m in order to resolve the flow field
properly. The relatively new PIV derivative providing such spatial resolution is
called micron-resolution PIV (µ-PIV), which was introduced by Santiago et al.
[SWM+98] and has been recently reviewed by Williams et al. [WPW10]. Spatial
resolution of the velocity field between 10−4 to 10−7 m is associated with µ-PIV,
which is achieved by using microscope optics instead of standard lenses. Mi-
croscopes feature high numerical apertures and magnification factors, which
imply a narrow depth-of-field δF . As a consequence, the thickness of common
laser lightsheets δL À δF (see Fig. 3.15). In highly three-dimensional flows,
out-of-plane motion thus can have a much larger impact on particle image
blur and the signal-to-noise ratio of the cross-correlation. A particular type of
magnification optics are long-distance microscopes, which combine a moder-
ate magnification factor of order 10 with typical working distances between
some centimeters up to several meters. An overview on µ-PIV studies using
long-distance microscopes can be found in [KSO06].
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Table 3.4: Parameters of the µ-PIV lens in the current setup.

Variable Value Unit

Magnification 4.0 -

Field-of-view 52 mm2

Numerical aperture 0.152 -

Spatial Resolution 2.2 µm

Depth-of-field dF 0.02 mm

System Components and Measurement Positions

The µ-PIV technique will be used in this work to capture mean velocity and
turbulence fields close to the wall as well as the velocity field in vicinity of the
flame during flashback. An Infinity K2/S long-distance refractive microscope
with a CF-3 objective is used as lens. The optical parameters of the micro-
scope at its maximum working distance of 125mm, which is close to the ex-
perimental distance, are listed in Table 3.4. Laser illumination is provided by a
New Wave Research Pegasus-PIV laser, which uses two cavities with diode-
pumped neodymium-doped yttrium lithium fluoride (Nd:YLF) crystals op-
erated in Q-Switch mode to produce laser pulses of 527nm wavelength and
∆tpul se < 120ns. At a cavity pulse frequency of 1kHz each pulse has a nominal
energy of 10mJ. Image recording is conducted by a Photron SA5 high speed
camera. It comprises a sensor with 1024x1024 pixels, a physical pixel size of
20µm and a 12-bit A/D-converter. The Photron SA5 acts as master clock for
isothermal PIV measurements. The trigger signals for each laser cavity are
provided by a Quantum Composer 9300 Series Pulse Generator synchronized
with the camera. Pulse separations lie between ∆tPIV = 1.6µs to 18µs for the
µ-PIV experiments presented here.

The working distance of the microscope is large enough such that it can be
placed in front of a side window of the measurement section and the mid-
plane of the channel can be focused. The integration of the laser sheet to illu-
minate the particles close to the wall, however, is not straightforward. Kähler
et al. [KMS05, KSO06] performed a µ-PIV study of a turbulent boundary layer
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Figure 3.17: Side view of µ-PIV laser sheet insertion.

with a µ-PIV configuration comprising the same long-distance microscope
model as applied here. They mention that diffusive reflections from the wall
severely disturb measurements in the near-wall region if the laser sheet is not
aligned approximately parallel to the wall surface. A further problem is local
heating of the wall if the axis of the focused lightsheet is adjusted perpendicu-
lar to the wall. The only way to achieve a tiltable, wall-parallel lightsheet in the
present setup is an internal reflector that deflects the lightsheet inside the flow
path. The optical system for focusing and insertion of the lightsheet is shown
in Fig. 3.17. After passing an adjustable focus lens, the approximately Gaussian
laser beam is narrowed by an iris. The effect of the iris is a reduction of diffu-
sive reflections from the ramp surface and a more homogeneous illumination
of the measurement volume. A focus lens follows the iris which supports the
adjustable focus at the beginning. A combination of a plano-concave and a
plano-convex cylindrical lens is used to adjust the y-height of the lightsheet
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in the measurement volume. After the cylindrical lenses, the laser beam is de-
flected by a 45◦ mirror towards a window port which is located at the center of
the lower wall of the rectangular duct that follows the flow straightening sec-
tion. From the top of the very same duct, a cylinder of 13mm diameter extends
into the flow. The distance between the last fine wire mesh and the cylinder
position is 74mm. The cylinder has a fine thread on its upper end for linear
adjustment and is positioned such that the minimum distance between the
cylinder and the lower wall of the duct is approximately 8.6mm. On its lower
end, a mirror is mounted which deflects the laser sheet with respect to the
x-direction such that the measurement volume is completely illuminated. Fi-
nally, the adjustable focus lens is used to focus the laser sheet in z-direction at
the measurement volume. In accordance with the definition of measurement
positions for LDA measurements (see Fig. 3.12), the position of the center of
the lower edge of the measurement volume is defined by its x-wise distance L
from the downstream edge of the ramp. Spatial calibration of the PIV field was
done using a machined aluminum target.

The cylindrical mirror mount clearly leads to mean flow displacement and
to stochastic or periodic fluctuations in the wake of the cylinder. Looking at
the first point, the global flow displacement is small since the blockage of
the cylinder only amounts to 3.7% comparing the projected cylinder area and
the duct cross-section. However, a local deficiency of the axial core velocity
is expected, which will decay downstream depending on momentum diffu-
sivity and the global pressure gradient. Fluctuating disturbances are concen-
trated in the upper half and the core region of the channel. Hence, the bound-
ary layer on the lower wall of the channel, which is the region of interest for
flame flashback, should not be disturbed severely in its development towards
a canonical turbulent boundary layer at the measurement position. This as-
sumption will be validated by comparing isothermal µ-PIV results with LDA
measurements and results from boundary layer studies in the literature.

PIV Data Processing

The PIV images are stored in 8-bit uncompressed format and imported into
VidPIV. No filter is applied to the images at any stage of the process. Each PIV

92



3.2 Measurement Techniques

pair is cross-correlated using an adaptive algorithm with subpixel displace-
ment and deformation of the interrogation window. A 50% overlap of the inter-
rogation windows is used in both dimensions. The correlation analysis starts
with interrogation windows of size 32x32 pixel, which subsequently are re-
duced to 16x16 pixel. In exceptional cases which will be mentioned separately
in the text, the size is once again reduced to 8x8 pixel. After each correlation,
outliers are identified using a median filter of size 3x3 vectors with a tolerance
of twice the local standard deviation as well as a window filter with a border
of 0m/s ≤ u for isothermal measurements. Filtered vectors are interpolated
from their neighbors using a kernel size of 3x3 vectors. The resulting fractions
of valid, non-filtered vectors after the last cross-correlation were between 95%
and 100% for velocity fields without the presence of a flame, with the excep-
tion of a small fraction of 8x8 pixel interrogation area PIV pairs for which the
valid fraction decreased down to 92%.

The influence of errors in the µ-PIV measurements is discussed in detail in
Appendix B.

3.2.5 Flame Front Detection by PIV and Simultaneous Chemilumines-
cence

The µ-PIV system can also be used to localize a flame inside the boundary
layer. For a weakly wrinkled flame, the boundary between unburnt and burnt
gases is marked by a strong intensity gradient of the laser light scattered by
the particles, which allows a flame front detection from PIV images. The in-
tensity decreases for two reasons. First, the flow expansion downstream of the
reaction zone causes a reduction in particle density. Second, the lightsheet is
refracted by the strong density gradient across the reaction zone. An exam-
ple of a µ-PIV image containing a flame inside the boundary layer is shown in
Fig. 3.18a. Due to the two effects described before, there is a strong contrast
between fresh gases and product side. Thus the position of the flame can be
determined with reasonable accuracy in the x-y plane.

To be able to interpret the µ-PIV results, the shape of the reaction zone in the
x-z plane, i.e. a top view on the measurement section, must be recorded si-
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(a) PIV image with flame (side view). (b) OH∗ chemiluminescence (top view).

Figure 3.18: Simultaneous µ-PIV and chemiluminescence of a flame inside the boundary
layer.
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Figure 3.19: Setup for simultaneous µ-PIV and chemiluminescence.

multaneously. The according experimental setup is depicted in Fig. 3.19. The
APX I 2 camera is mounted above the measurement section equipped with a
UV filter for OH∗ chemiluminescence recordings. The filter additionally pro-
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3.3 Isothermal Flow Structure in the Measurement Section

tects the image intensifier of the camera against the intense PIV laser light. The
APX I 2 is operated at 1024x1024 resolution, a repetition frequency of 2kHz and
variable shutter time, depending on the OH∗ intensity of the flame. The APX
I 2 is now the master clock for the µ-PIV setup, which apart from that is assem-
bled as described before. The simultaneous OH∗ image corresponding to Fig.
3.18a is shown in Fig. 3.18b. The yellow line marks the µ-PIV measurement
volume to scale in both dimensions.

3.3 Isothermal Flow Structure in the Measurement Section

Compared to isothermal or diffusion flame boundary layer channels reported
in the literature, the present design for premixed, highly reactive mixtures has
some distinct features which cause additional flow disturbances inside the
measurement section:

• The sidewalls and the upper wall of the duct are formed by welded stain-
less steel plates which undergo thermal deformation during manufactur-
ing. The resulting variations in duct height lie within approximately ±5%
for the 0◦ channel.

• From the upper wall, a thermocouple for flashback detection with a di-
ameter of 1mm extends to the duct center at the beginning of the mea-
surement section.

• Blowing air is inserted in each edge of the duct to avoid corner flashback.

The uniformity of the flow inside the measurement section is reduced by the
factors described above. The aim of the following discussion is to verify that
these non-uniformities do not impede the development of a reasonably uni-
form and reproducible boundary layer at the target location of flashback mea-
surements, which is the lower wall of the duct. At the beginning, the inlet con-
ditions will be presented. Afterwards, the flow structure inside the measure-
ment section will be discussed for ramp angles of 0◦, 2◦ and 4◦ in descending
order. The results form the basis for the calculation of flashback limits based
on local boundary layer variables and the interpretation of flame propagation
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(b) Near-wall velocities at the center of the lower wall.

Figure 3.20: Mean velocities at the inlet of the measurement section.

inside the boundary layer in later chapters. All measurements were carried out
at room temperature (20 ◦C) and pressure using pure air as fluid. The amount
of blowing air was adjusted to 2% of the main massflow if not stated otherwise.

3.3.1 Inlet Conditions

The flow at the inlet of the measurement section has been measured with a
CTA probe as described in Sec. 3.2.2. Emphasis is put on the uniformity of
the flow profile and mean velocities inside the boundary layer. Turbulence
quantities have not been measured at the inlet position. Figures 3.20 show
the mean flow distribution at the inlet of the measurement section for an air
massflow rate of ṁai r = 50g/s. The velocity distributions along the channel
height (0 ≤ y ≤ 2h) and width (0 ≤ z ≤ w) are shown in Fig. 3.20a. The nondi-
mensional channel height y/2h and width z/w are plotted on the x-axis. On
the y-axis, nondimensionalized mean flow velocities 〈u〉/u0 are shown. The
mean velocity at the center of the duct was chosen as u0, which thus is the
same for all profiles. The velocity distribution along the channel width at half
channel height y/2h = 0.5 shows good uniformity. Only close to the channel
walls, the velocities rise above the center value. This fact is explained by the
flow distribution properties of fine wire meshes, which produce a distinct ve-
locity overshoot at the edge of the boundary layer due to a minimum of the
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3.3 Isothermal Flow Structure in the Measurement Section

pressure loss coefficient in this region [Meh85]. A similar shape is observed
for the mean velocity profiles along the channel height at three lateral posi-
tions z/w = 0.25, 0.5 and 0.75. While the profiles again show a good unifor-
mity within±1.5%, there exists a symmetric peak of velocities above the center
value at y/2h = 0.25 and y/2h = 0.75. The boundary layer thickness amounts
to approximately 3 mm at the top and bottom of the channel.

According to [Meh85], the wall friction produced by such mesh wake profiles
tends to lie above the value for an undisturbed turbulent boundary layer at the
same position. In order to estimate the wall friction, the experimental results
were fitted to the correlation of Spalding (Eq. (2.14)). This fit has two inde-
pendent variables, the absolute wall distance y and the wall friction τw . This
means that the wall distance has to be known precisely in order to derive a
unique value for τw from the fit. As described in Sec. 3.2.2, the wall distance
of the CTA wire was not directly measured for each profile location. However,
due to the logarithmic scaling of the x-axis in the Spalding plot, small vari-
ations in y do not appreciably shift the line location in the logarithmic part
of the boundary layer. That is not the case for the second variable τw , which
also changes the scaling of the linear y-axis. As a result, a fit to the Spalding
profile based on the logarithmic part of the boundary layer can be achieved
without exact knowledge of the absolute wall distance. It is clear though that
the quality of the fit decreases with fewer data points, such that the result for
τw is only approximate in the present case. Figure 3.20b shows the Spalding
fit of the boundary layer on the lower wall of the channel. All three curves are
scaled with the same absolute wall distance and a wall friction of τw = 0.9Pa.

3.3.2 Global Pressure Gradients in the 2◦ and 4◦ Diffusers

Before the presentation of velocity fields in the measurement section, the
global pressure gradient in streamwise direction is derived in order to com-
pare the strength of the adverse pressure gradients to literature setups men-
tioned in Sec. 2.1.5. The bulk velocity of the fluid is given by

u(x) = u0
A0

A0 +w tan(φ) x
, (3.12)
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Figure 3.21: Axial pressure gradient in the 2◦ and 4◦ diffusers at ṁ = 60g/s.

where A0 is the inlet cross-section, w is the width of the measurement section
andφ is the ramp angle. Starting at the inviscid Euler equation for momentum
conservation in the absence of field forces,

ρ
∂u

∂t
+ρu ·∇u =−∇p (3.13)

and assuming steady, incompressible, one-dimensional flow and rotu = 0, Eq.
(3.13) reduces to

ρ

2

d u2

d x
= ρu

du

d x
=−d p

d x
. (3.14)

Inserting Eq. (3.12) in Eq. (3.14) and differentiation leads to an explicit expres-
sion for the pressure gradient inside the diffuser as a function of x. This func-
tion is plotted in Figs. 3.21 for both diffuser angles at an air massflow of ṁ =
60g/s. The entry of the diffuser is at x = 0. In addition to the one-dimensional
pressure gradient, the result of a two-dimensional numerical CFD simula-
tions of the same geometries (see Sec. 4.1.2) are shown for comparison. At
the beginning of the diffuser, the CFD result substantially lies above the one-
dimensional curve due to the sudden expansion of the geometry and non-
negligible gradients in y-direction. With increasing x, the results approach
each other. The first measurement plane E1 lies at x = 0.184m in Figs. 3.21,
which indicates that for all three measurement planes the one-dimensional
approach is a good approximation for both diffuser angles.
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3.3 Isothermal Flow Structure in the Measurement Section

3.3.3 Flow Structure in the 4◦ Diffuser

The influence of aerodynamic disturbances on the development of the
boundary layer on the lower wall is likely to intensify with increasing ramp an-
gle. While mean and fluctuating velocity variations with respect to the mean
are reduced by a contraction of the duct cross-section [MB79], a diffuser has
the opposite effect, as already noted by Buice [Bui97]. Thus an existing non-
uniformity in the flow field is amplified relative to the mean velocity by a
global deceleration due to an adverse pressure gradient. Consequently, a vali-
dation of the flow structure inside the measurement section should be con-
centrated on the maximum ramp angle of 4◦, since the two other setups at
2◦ and 0◦ certainly produce a more uniform flow field. Hence, the LDA sys-
tem was used for a detailed characterization of the flow structure inside the 4◦

diffuser since the LDA system does not introduce any additional disturbances
and allows lateral traversing. In a second series of isothermal experiments, the
µ-PIV system is used at the same inflow conditions to exhibit the influence of
the mirror mount upstream of the measurement section and to specify the
boundary layer state for later observations of the flame.

LDA Measurements

Contours of axial velocities at the three axial measurement planes E1, E2 and
E3 (see Fig. 3.12) are shown in Fig. 3.22 for a massflow of ṁ = 60g/s. Flow di-
rection is opposite to the line of sight. The position increments during contour
measurements were∆y = 2mm and∆z = 5mm, such that a good resolution of
the local flow structure was achieved. The axis frame of each contour plot ap-
proximately represents the full channel width at the respective measurement
position. Measurements towards the sidewalls are restricted by reflections on
the windows, which resulted in a distance of 11mm of the first measurement
point on each side.

A high degree of flow non-uniformity can be observed in the upper region of
the diffuser. The wake of the thermocouple is visible at each measurement
plane. At E2 and E3, the influence of the vertical blowing at the upper edges
of the channel can clearly be seen from low velocity regions. In the middle
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Figure 3.22: Contours of axial velocity in the 4◦ diffuser at ṁ = 60g/s.

100



3.3 Isothermal Flow Structure in the Measurement Section

region of the diffuser, a tendency for elevated velocities exists in E1 for small
values of z, i.e. at the left-hand side of the channel as seen in flow direction.
This tendency is reduced downstream and vanishes in E3. The influence of
the thermocouple extends well into the coreflow region, as can be observed
from the dip of the channel velocity at E2 and E3. Boundary layer growth on
the sidewalls of the channel is rather weak compared to the development in
y-direction, which is probably caused by the streamwise blowing in the lower
edges. The outer region of the boundary layer on the lower wall shows reason-
able uniformity at all measurement planes. Within a width of ±60mm from
the center, lateral variations are within ±10%. Towards the sidewalls, the ve-
locity is increased by the axial blowing in the lower edges.

To shed light on the homogeneity of the inner boundary layer region and es-
pecially the wall shear stress distribution on the lower wall, profiles of axial
velocity as a function of y are presented in Figs. 3.23 and 3.24. At each mea-
surement plane E1, E2 and E3, measurements were taken at the lateral cen-
ter (z = 71.5mm) and at a distance of 40mm towards both directions. Mean
velocity profiles have been fitted to the Spalding correlation in order to deter-
mine the wall shear stress, but in contrast to the CTA measurements described
in Sec. 3.3.1, the wall distance could be determined more precisely such that
only a variation of ±0.05mm from the measured value was allowed during the
least-squares fit. The second parameter of the fit, the wall shear stress, is listed
in the first three columns of Table 3.5.

Figures 3.23a-c show profiles of the mean axial velocity for flows including
edge blowing, which are nondimensionalized by the respective wall shear
stress from Table 3.5. The plots reveal a very good match to a canonical tur-
bulent boundary layer up to about y+ = 100. Deviations are only visible in the
laminar sublayer for some of the positions, which is probably caused by mea-
surement uncertainties in that region. The profiles also include the freestream
region and parts of the upper boundary layer, which show stronger deviations
consistent with the contours in Fig. 3.22. The influence of these deviations on
the actual wall shear can be deduced from Table 3.5 by analyzing the varia-
tions in each row. Deviations from the mean are within +6% and -3% in each
measurement plane for experiments with edge blowing. It can be concluded
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(b) Position E2.
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(c) Position E3.
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(d) Position E3 without blowing.

Figure 3.23: Boundary layer velocity profiles in the 4◦ diffuser at ṁ = 60g/s: LDA measure-
ments.

that in spite of rather strong non-uniformities in the core flow and the up-
per boundary layer, the lateral wall shear stress distribution and mean flow
profiles in the inner and logarithmic region of the boundary layer have a sat-
isfying homogenity in light of the compromise between safety and optimum
flow settling upstream of the test section.

The last column of Table 3.5 shows the nondimensional pressure gradient ac-
cording to Eq. (2.19). These values can now be compared to the statement of
Nagano et al. [NTT93], who categorized a range of p+ = 0.009 to 0.025 as mod-
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Table 3.5: Wall friction distribution in the 4◦ diffuser from LDA at ṁ = 60g/s.

Position z = 31.5 mm
τw [Pa]

z = 71.5 mm
τw [Pa]

z = 111.5 mm
τw [Pa]

Mean
p+ [-]

E1 0.2961 0.2934 0.3130 0.031

E2 0.2394 0.2193 0.2202 0.024

E3 0.1652 0.1547 0.1567 0.024

E3 0.1817 0.1497 0.1386

w/o blowing

erate to strong adverse pressure gradients. According to their scaling, the pres-
sure gradients at the measurement planes of the 4◦ diffuser are strong. As a
consequence, the mean axial velocity profiles may fall below the Spalding plot
in the logarithmic region, as already discussed in Sec. 2.1.5. Consequently, a
fit of the measurement data to the Spalding profile including the logarithmic
region, such as used here to determine wall friction from LDA results, may not
be feasible. This issue will be further discussed after the presentation of PIV
results from the 4◦ diffuser further below in this section.

Figures 3.24 show squared rms values of streamwise turbulent fluctuations
nondimensionalized by the square of the mean friction velocity at each mea-
surement plane. The choice of a common friction velocity at each plane al-
lows a better comparison of absolute fluctuations between the three lateral
locations. Close to the wall, the profiles show the characteristic increase in
streamwise boundary layer turbulence towards a maximum located at about
y+ = 15 and u2

r ms/u2
τ = 9...11 at all measurement positions. An increase of this

first maximum between E1 and E2 by about 10% is observable, which then
stays approximately constant between E2 and E3. After the first maximum,
the fluctuations reduce towards a local minimum at y+ = 50...60, after which
they increase again to a second maximum at the edge of their logarithmic re-
gion. The qualitative development follows the literature results for boundary
layers under adverse pressure gradients described in Sec. 2.1.5. The lateral ho-
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(d) Position E3 without blowing.

Figure 3.24: Boundary layer and freestream turbulence in the 4◦ diffuser at ṁ = 60g/s: LDA
measurements.

mogenity of the turbulence profiles is satisfying within the bounds of mea-
surement noise.

Towards the freestream, the axial turbulent fluctuations decline substantially.
Table 3.6 lists the turbulence intensity ur ms/〈u〉 at the centerline of the chan-
nel at each measurement plane. The core flow turbulence is at moderate lev-
els throughout the diffuser. A continuous increase in downstream direction is
obvious, which probably is the result of boundary layer growth and vertical
turbulent momentum transfer towards the core.
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Table 3.6: Freestream turbulence in the 4◦ diffuser at ṁ = 60g/s: LDA measurements.

E1 E2 E3 E3 w/o blowing

Turb. intensity [%] 3.1 4.6 7.0 6.8

Influence of Blowing Air

The influence of edge blowing on the flow structure in the diffuser can be an-
alyzed by comparing LDA results for diffuser flow with and without blowing.
Only the most downstream measurement plane, E3, is considered since the
integral amount of blowing air present in the flow and thus the expected devi-
ations are largest there. Figures 3.23d and 3.24d show the axial mean and fluc-
tuating velocities at E3 without blowing, which can be directly compared to
Figs. 3.23c and 3.24c. Furthermore, the wall shear stresses without blowing are
shown in the last row of Table 3.5. A comparison between flow with and with-
out blowing reveals that the edge blowing effects a lateral homogenization of
the wall shear stresses on the lower wall, the mean velocity profiles (also in di-
mensional form, which cannot be inferred from Figs. 3.23c and 3.23d directly
since they are normalized by the local friction velocity) and the streamwise
turbulent fluctuations. The homogenization approximates the respective lat-
eral mean of the results without blowing. Conclusively, the edge blowing does
not distort the flow structure inside the diffuser, but reduces flow decelera-
tion and associated deviations by its momentum input in the lower edges of
the diffuser, which probably is the cause for the observed homogenization of
mean and fluctuating axial velocities. The mixing of blowing air into the main
mixture was not investigated experimentally. However, three-dimensional nu-
merical RANS mixing studies using a Reynolds Stress Model (RSM) in order to
resolve the edge vortices have shown a negligible influence on the equivalence
ratio in the region of interest.

The results of the LDA measurements in the 4◦ diffuser presented so far show
that meaningful and justifiable measurements of flashback limits inside the
measurement section can be made. In the next subsection, the same flow is
measured with the µ-PIV system, which will be used to study the detailed
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propagation of the flame during flashback, in order to determine any changes
introduced by the mirror support.

PIV Measurements

While the LDA results were fit to the Spalding profile in order to determine
the wall friction, the shear derivation from the PIV data follows a more gen-
eral concept. Extrapolating from the strong influence of the thermocouple,
the mirror mount is expected to have a rather large impact on the flow distri-
bution in the center of the diffuser. Therefore, it is not known a priori whether
the boundary layer profiles follow the universal curve properly in the loga-
rithmic region. Thus a Spalding fit could lead to wrong conclusions. In such
cases, a direct measurement of the velocity gradient in the laminar sublayer
(y+ ≤ 5) is the only sensible method to determine wall friction, which is possi-
ble here due to the high spatial resolution of the µ-PIV system. This procedure
is adopted for all isothermal µ-PIV measurements presented in this text. The
true point of origin of the y-coordinate is then simply determined by seeking
a zero-crossing of the linear interpolation line. Please note that the y-origin
cannot be determined directly from the calibration target with high precision
since the optical axis of the camera is not tangential to the lower wall, which
results in a perspective shift if the laser sheet is not perfectly coincident with
the calibration target, which is hardly achieved in practice. Each of the fol-
lowing isothermal PIV sets represents an average over 1092 image pairs which
cover a physical flow time of 5s.

Figures 3.25 show a comparison of PIV and LDA results for mean and fluctuat-
ing streamwise velocities at the centerline of the diffuser in non-dimensional
coordinates. The corresponding wall shear stresses are listed in Table 3.7. The
values indicate that the wake of the mirror mount is retarding the main flow,
which effects the boundary layer development in E2 and E3 such that PIV wall
frictions fall below the LDA results by 15% and 27%, respectively. An examina-
tion of Figs. 3.25a, 3.25c and 3.25e shows that the nondimensional PIV profiles
of mean velocity follow the Spalding curve qualitatively, but are shifted below
the curve in the logarithmic region by 5% to 10%. On the one hand, this could
be caused by a velocity lag in the wake of the mirror mount which distorts the
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(b) Position E1: RMS velocities.
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(c) Position E2: Mean velocities.
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(d) Position E2: RMS velocities.
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(e) Position E3: Mean velocities.
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Figure 3.25: Turbulent boundary layer in the 4◦ diffuser at ṁ = 60g/s: PIV measurements.
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Table 3.7: Centerline wall friction in the 4◦ diffuser from PIV and LDA at ṁ = 60g/s.

System E1, τw [Pa] E2, τw [Pa] E3, τw [Pa]

LDA 0.2934 0.2193 0.1547

PIV 0.3044 0.1861 0.1131

velocity profile for a given wall friction. On the other hand, the deviation below
the Spalding profile could be caused by the strong adverse pressure gradient,
as discussed before, and the influence of the mirror mount on the shape of the
profile may not be crucial. Thus at this point, it cannot be decided with con-
fidence if the mirror causes the slight change in shape of the nondimensional
mean velocity profile in the logarithmic region.

Turning to Figs. 3.25b, 3.25d and 3.25f, the streamwise fluctuations from the
PIV measurements are in very good agreement with the LDA results up to
y+ = 20. Further away from the wall, the turbulence level in the PIV bound-
ary layers is always above the LDA values, which is probably caused by fluctu-
ations produced by the wake of the mirror mount. Nevertheless, an increase
of turbulent fluctuations in the logarithmic part of the layer towards a second
peak is also observed in the PIV data in accordance with prior results. Turbu-
lent fluctuations in the wall-normal direction derived from the PIV measure-
ments are also shown in Figs. 3.25b, 3.25d and 3.25f.

In summary, the comparison between LDA and PIV results above validate the
concept of the µ-PIV setup using an internal mirror mount. The boundary
layer essentially keeps a canonical mean structure and a turbulence develop-
ment typical for adverse pressure gradient flows. While the measurement of
flashback limits is not feasible in the PIV configuration due to its strong influ-
ence on the wall shear on the centerline, it is confirmed that the observation
of the flame close to the wall with the µ-PIV system is taking place in a repre-
sentative turbulent boundary layer even in the very sensitive 4◦ diffuser.
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3.3 Isothermal Flow Structure in the Measurement Section

3.3.4 Flow Structure in the 2◦ Diffuser

Figures 3.26 summarize the mean and fluctuating velocities at the center-
line of the 2◦ diffuser in non-dimensional coordinates at an air massflow of
ṁ = 60g/s. From Figs. 3.26a, 3.26c and 3.26e it can be seen that the structure
of the flow at E1 is different from the planes further downstream in that the
mean velocities fall below the Spalding curve right from the end of the laminar
sublayer and the maximum of the turbulent fluctuations is substantially lower
than at E2 and E3, between which the mean and fluctuation changes are less
evident. Apparently, the turbulent boundary layer at E1 is not at a canonical
equilibrium. A canonical structure has nevertheless been obtained at E2 and
then prevails until the end of the diffuser. Interestingly, the deficiency at E1 is
not observed to the same degree in the PIV results of the 4◦ diffuser. Figures
3.26b, 3.26d and 3.26f show that the gradient of the streamwise fluctuations in
the 2◦ diffuser is always negative but still small after the maximum, while the
wall-normal fluctuations nearly reach a constant level in the second half of the
measurement area. These observations underline the decreasing influence of
the adverse pressure gradient, as will obvious from the 0◦ channel results to be
presented next.

Table 3.8 lists wall friction and nondimensional pressure gradients in the 2◦

diffuser. According to [NTT93], the values of p+ correspond to a moderate ad-
verse pressure gradient.

Table 3.8: Wall friction in the 2◦ diffuser from PIV at ṁ = 60g/s.

Position τw [Pa] p+ [-]

E1 0.6492 0.010

E2 0.4130 0.013

E3 0.2927 0.015
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(a) Position E1: Mean velocities.
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(b) Position E1: RMS velocities.
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(c) Position E2: Mean velocities.
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(d) Position E2: RMS velocities.
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(e) Position E3: Mean velocities.
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Figure 3.26: Turbulent boundary layer in the 2◦ diffuser at ṁ = 60g/s: PIV measurements.
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Figure 3.27: Laminar boundary layer in the 0◦ channel at ṁ = 5g/s: PIV measurements.

3.3.5 Flow Structure in the 0◦ Channel

The channel geometry is apt for both, laminar and turbulent flashback experi-
ments. For this reason, the flow in both regimes will be described at this point.

Laminar Boundary Layer

Figures 3.27 show mean axial flow velocities measured in the 0◦ channel at an
air massflow of ṁ = 5g/s. The Reynolds number based on the channel height
is Re2h = 1750 at this operation point, which indicates laminar channel flow.
Figure 3.27a shows the flow profiles at each measurement plane. The devel-
opment of the laminar boundary layer towards a parabolic profile in down-
stream direction is clearly visible. The measured velocity gradients at the wall
are summarized in Table 3.9. Figure 3.27b compares the experimental profile

Table 3.9: Wall velocity gradients of laminar channel flow at ṁ = 5g/s.

E1, g [1/s] E2, g [1/s] E3, g [1/s]

1025.2 941.0 893.4

111



Experimental Setup

at E3 with fully developed laminar channel flow according to [Whi05],

u(y) = 3

2
u

(
1− y2

h2

)
. (3.15)

For Eq. (3.15), the origin of the y-coordinate is at the center of the channel. The
laminar flow at E3 is far from being fully developed since the length between
the last grid and E3 is only 32 duct heights. According to Schlichting [Sch82], a
fully developed profile is expected after 70 duct heights at the given Reynolds
number.

Turbulent Boundary Layer

Figures 3.28 show the mean and fluctuating streamwise velocities at the cen-
terline of the 0◦ channel at air massflows of ṁ = 30g/s and 60g/s. All results for
60g/s were derived by cross-correlation with 8x8 pixel interrogation areas in
order to raise spatial resolution in the laminar sublayer (see Appendix B, Fig.
B.2 for a discussion). In Figs. 3.28a and 3.28c, the non-dimensional streamwise
velocities at E1, E2 and E3 are plotted in a separate chart for each massflow.
For 30g/s, Fig. 3.28a reveals a good canonical structure with a slight overshoot
in the buffer layer at all three measurement planes. For 60g/s, however, mean
velocities at E1 fall below the Spalding curve, whereas there is a good match
in E2 and E3. This behavior follows the trend already observed in the 2◦ dif-
fuser. Further illustration of the flow development is provided by Figs. 3.28e
and 3.28f, which plot dimensional velocities in m/s for both massflows. For
a massflow of 30g/s, it can be clearly seen from Fig. 3.28e that the bound-
ary layer is still evolving in the logarithmic region between E1 and E2. How-
ever, it is always in a self-similar state, as Fig. 3.28a has shown. For a massflow
of 60g/s, things are just the other way round. The dimensional velocities of
Fig. 3.28f are very similar in general. However, the wall friction at E1 is slightly
above its canonical value, such that the respective dimensionless profile in
Fig. 3.28c falls below the Spalding curve.

The dimensionless turbulent fluctuations in Figs. 3.28b and 3.28d continue
the development between the 4◦ and 2◦ diffusers. After the maximum is
reached at y+ ≈ 15, the streamwise turbulent fluctuations are decaying
strongly. The wall-normal fluctuations now reach a local maximum and are
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(a) ṁ = 30g/s: Mean velocities.
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(b) ṁ = 30g/s: RMS velocities with DNS results
[MKM99].
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(c) ṁ = 60g/s: Mean velocities.
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(d) ṁ = 60g/s: RMS velocities with DNS results
[MKM99].
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(e) ṁ = 30g/s: Dimensional mean velocities.
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(f ) ṁ = 60g/s: Dimensional mean velocities.

Figure 3.28: Turbulent boundary layer in the 0◦ channel: PIV measurements.
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Table 3.10: Centerline wall friction in the 0◦ diffuser from PIV at ṁ = 30g/s and 60g/s.

Air massflow
[g/s]

E1, τw
[Pa]

E2, τw
[Pa]

E3, τw
[Pa]

30 0.388 0.383 0.356

60 1.399 1.153 1.218

decaying slowly in the second half of the measurement area. The uniformity
of the dimensionless fluctuations for 30g/s in Fig. 3.28b is good. It must be
kept in mind that the fluctuations are normalized by the wall shear stress
squared, meaning that measurement uncertainties in the linear sublayer fit
have a strong impact on the position of the curves. For 60g/s in Fig. 3.28d,
the elevated wall shear at E1 causes the streamwise and wall-normal fluctua-
tions to fall below the values at E2 and E3 as expected. For a quantitative com-
parison of the fluctuations, DNS results of Moser et al. [MKM99] are included
as dashed and solid black lines. In Fig. 3.28b, the dashed line represents re-
sults for Reuτ = 180 and the solid line for Reuτ = 395, while the PIV measure-
ments were made between Reuτ = 310 to 330. In Fig. 3.28d, the dashed line
represents results for Reuτ = 395 and the solid line for Reuτ = 590, while the PIV
measurements were taken between Reuτ = 560 to 620. The experimental fluc-
tuations for 30g/s agree well with the DNS at all measurement planes, only
the maximum of the streamwise rms velocities is slightly shifted downwards.
For 60g/s, the agreement at E2 and E3 is very good. Table 3.8 lists wall fric-
tion values in the 0◦ channel. The wall friction at E1 and 60g/s is the highest
value in the present µ-PIV measurements. The corresponding friction velocity
of uτ = 1.1m/s can be compared to Fig. 3.10 in order to estimate the fraction
of turbulence kinetic energy which is represented by particle motion. It can
be seen that with the present seeding generator at least 90% of the turbulent
energy should be contained in particle motion, a result which supports the
excellent match of experiment and DNS in Fig. 3.28d.
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4 Experimental Studies of Laminar and
Turbulent Wall Flashback

Based on a detailed knowledge of the boundary layer flow structure, which
has been provided in the previous chapter, results from flashback experiments
will be presented with ascending degree of detail now. At the beginning, the
experimental procedure is explained and the observed flashback patterns are
described phenomenologically. Flashback limits of H2-air and CH4-air mix-
tures with different types of flame anchoring, varying adverse pressure gradi-
ents and preheated mixtures will be presented. At the end of the chapter, the
detailed flame structure during wall flashback will be discussed.

4.1 Experimental Procedure for Flashback Measurements

All flashback experiments presented in this work followed a fixed start-up pro-
cedure:

• Ignition of the two pilot burners.

• Establishment of the air massflow, which is held constant during each
experiment.

• Establishment of fuel flow (H2 or CH4) just above the lean ignition limit.

• Slow increase of fuel flow until the lower main flame remains stable with-
out pilot burner operation.

• Shut-off of the lower pilot burner.

The experiments were carried out in the lean and stoichiometric regime only
(0 ≤Φ≤ 1).
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(a) Wake stabilization. (b) Upstream creep on ceramic
tile.

(c) Stabilization on ceramic tile.

(d) Flame at flashback.

Figure 4.1: Side view of flame position before (a-c) and during (d) H2-air flashback in the 0◦

channel.

4.1.1 Flashback Patterns in the Measurement Section

For the 0◦ channel, the equivalence ratio was increased in small steps until
flashback occurred. The inverse of the equivalence ratio was used as control
variable for the fuel massflow, which was adjusted in steps of 0.01 with a sett-
ling period of several seconds after each adjustment. Figures 4.1 illustrate the
different flame configurations during flashback approach representative for
H2-air mixtures by instantaneous flame images. The ceramic tile of 20mm
thickness at the end of the measurement section (see Fig. 3.4) is attached flush
with the lower channel wall in these figures and the flow direction is right to
left. The images show overlays of the OH∗ signal at an exposure time of 1ms
with an image of the measurement section at ambient light. The axial extent
of the ceramic tile is marked by vertical yellow lines in each figure. In Fig. 4.1a,
the flame is stabilized in the wake of the ceramic tile. The lower pilot 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. 4.1b. Some seconds before flashback, the flame stabilizes at the up-
stream end of the ceramic tile (Fig. 4.1c). Figure 4.1d shows the flame during
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(a) Upstream creep on ceramic tile. (b) Stabilization on ceramic tile.

(c) Leading part of the flame during flashback. (d) Trailing part of the flame during flashback.

Figure 4.2: Top view of flame position before (a-b) and during (c-d) H2-air flashback in the 0◦

channel.

flashback through the channel. The flame traveled upstream until it reached
the thermocouple at the inlet of the measurement section which caused fuel
shut-off. For very lean mixtures (Φ < 1/3), the flame did not move upstream
until shut-off in a sudden event, but entered the channel section only up to
a certain upstream distance with strong oscillations in the axial position. In
this case, the flashback point was defined conservatively as the point in time
when the flame had entered the channel section such that it did not reattach
to the ceramic tile during its axial oscillations. Figures 4.2 show essentially the
same process during turbulent H2-air flashback as Figs. 4.1, but from a top-
view on the channel. The images show OH∗ chemiluminescence with an ex-
posure time of 1/30s per image. After the upstream creep on the ceramic tile in
Fig. 4.2a, the flame is stabilized uniformly on the tile surface as shown in Fig.
4.2b. Figure 4.2c shows the leading part of the flame during flashback. For the
turbulent conditions shown here, the leading flame front has a jagged shape,
as will be discussed in detail later. The trailing part of the flame is depicted in
Fig. 4.2d, where the OH∗ signal vanishes in the exhaust gas.
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(a) Low equivalence ratio. (b) High equivalence ratio.

Figure 4.3: Instantaneous OH∗ images of H2-air flames during flashback in the 4◦ diffuser.

In the 2◦ and 4◦ diffuser configurations, sudden flashback through the whole
measurement section is not observed. Due to the increasing wall shear in up-
stream direction, the flame propagates upstream only a finite distance until
it reaches an equilibrium position with moderate axial fluctuations. The fluc-
tuations have a frequency of a few Hertz. A correlation with a critical velocity
gradient thus involves the determination of a mean axial position of the flame
tip over a sufficiently long period of time. Although the term ’flashback’ is not
quite apt for the equilibrium flame stabilization inside the diffuser, it will be
subsequently used for simplicity. Figures 4.3 illustrate the flame shape inside
the 4◦ diffuser during flashback for two different equivalence ratios by OH∗

images with an exposure time of 1ms. As for Figs. 4.1, the geometry of the
measurement section has been used as background to make the images more
instructive. Figure 4.3a shows an instantaneous picture of the flame which is
stabilized inside the boundary layer shortly upstream of the downstream end
of the ramp. When the equivalence ratio is increased from this point, the flame
moves upstream until it reaches a new equilibrium position, as shown in Fig.
4.3b. A top view on the flashback process in the diffuser geometries reveals a
similar flame shape as in the 0◦ channel case.
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4.1.2 Calculation of Wall Friction for Arbitrary Flashback Points

The wall shear stress was measured directly only for a limited number of flow
velocities and pure air, as presented in Sec. 3.3. However, flashbacks were ob-
served at a broad range of inlet massflows, mixture densities and viscosities.
For this reason, wall shear distributions were calculated by means of semi-
empirical correlations or numerical simulations for each experimental point,
as will be described below. Mixture densities were calculated assuming ideal
gas behavior, while the dynamic viscosity of a mixture was approximated by
the method of Wilke (see [Whi05]). For both calculations, the temperature
measured by the thermocouple at the inlet of the measurement section was
considered as the mixture temperature.

Wall friction in the 0◦ channel has been calculated from a correlation for fully-
developed channel flow between two parallel plates. A log-law approximation
of the velocity profile across the entire channel can be integrated to give a rela-
tion between the bulk channel velocity u and the shear stress velocity [Whi05]:

u = uτ

(1

κ
ln

h uτ

ν
+B− 1

κ

)
(4.1)

From this relation, the velocity gradient g , which is contained in uτ, can be it-
eratively calculated. A comparison of the wall friction determined from µ-PIV
experiments in isothermal flow with the results of Eq. 4.1 is given in Fig. 4.4.
On the x-axis, the distance from the downstream end of the ramp is shown.
On the y-axis, the ratio between experimental and correlation wall shear is
displayed. The graph shows entries for two air massflows, 30g/s and 60g/s, at
the three measurement planes E1, E2 and E3. The measured shear stresses are
converging towards the correlation value in downstream direction. Since the
conditions at the downstream end of the channel are determining the flash-
back point, the wall shear approximation by Eq. 4.1 is an appropriate choice
with a conservative error estimation of ±10%.

As already indicated, the derivation of critical velocity gradients for the dif-
fuser geometries is a two-step process. First, the time-mean axial position of
the flame tip has to be determined. Second, the wall shear along the lower
wall of the diffuser is calculated by numerical simulation and the wall shear is
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Figure 4.4: Comparison of wall shear stresses from PIV with a plane channel correlation.

threshold

Figure 4.5: Derivation of mean flame position by image interpolation.

evaluated at the mean flame tip position. Figure 4.5 illustrates the averaging
process used to determine the mean flame position. For each operation point,
the flame was recorded at its equilibrium position for a fixed equivalence ratio
using the Hamamatsu camera. Single images from a measurement series of 30
seconds duration were binarized with regard to the flame region by specifying
a threshold. These images were summarized such that a time averaged image
normalized between 0 and 1 was produced. Along a line parallel to the ramp
surface, which intersected the mean flame tip region, and approaching this
region from upstream, the point of 50% of the maximum intensity was taken
as the mean flame tip position at wall flashback. The numerical simulation of
the diffuser flow for wall shear determination was carried out in ANSYS CFX
12.0. A two-dimensional representation of the diffuser geometry with full res-
olution of the wall boundary layers was used in conjunction with the Shear
Stress Transport (SST) RANS turbulence model with standard constants. At
the inlet of the diffuser, a fully developed plane channel profile was specified.
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Figure 4.6: Comparison of wall shear stresses from numerical 2D RANS simulations and LDA
measurements.

Further details of the numerical simulation can be found in [ES11a]. The va-
lidity of the RANS simulations for wall shear determination will be checked
here by comparing simulations of 60g/s pure air inlet massflow with veloc-
ity measurements inside the 4◦ diffuser. Figure 4.6 shows the numerical wall
shear as a function of the measurement position for the two-dimensional grid
used in [ES11a] and a three-dimensional grid with fully resolved boundary lay-
ers (5.6 million nodes) as well as mean LDA and PIV results at positions E1, E2
and E3. It is obvious that the simulation generally underpredicts the wall shear
measured in the LDA experiment. The two-dimensional grid results deviate by
-10% to -20% from the LDA values. Since the turbulence model is expected to
perform reasonably well for the strong adverse pressure gradient flow investi-
gated here [Wil93,Men94], these rather strong deviations are probably caused
by a disagreement in boundary conditions. A more detailed modeling of the
velocity profile at the inlet based on the CTA velocity profiles did not change
the underprediction appreciably, but the deviations are approximately halved
on the three-dimensional grid as shown in the figure, which indicates a certain
influence of the boundary layer development on the side walls of the channel.
Turning towards the PIV results, the gradient of wall shear along the diffuser
ramp in the measurements is stronger than the simulation predicts. As it has
already been discussed in Sec. 3.3.3, the mirror wake surely has an influence
here.
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Figure 4.7: Different configurations for H2-air flame stabilization in the 0◦ channel.

Conclusively, the qualitative match between LDA data and CFD results is su-
perior compared to PIV data. A three-dimensional grid reduces deviations of
wall shear towards 10% between RANS and LDA, however, this grid was not
used for the data evulation due to its large computational cost. Since the qual-
itative shape of the two- and three-dimensional simulated wall shear agree
well with each other, the flashback results of the 2◦ and 4◦ diffuser will be inter-
preted based on two-dimensional simulations with a quantitative uncertainty
tending towards higher critical gradients.

4.2 Flashback Limits for Turbulent Boundary Layers

As the literature on turbulent wall flashback limits is limited to flows in tubes,
results of the 0◦ channel are presented first to allow a direct comparison.
Flashback limits for flows with adverse pressure gradients and preheated mix-
tures are presented afterwards.

4.2.1 Atmospheric Mixtures in the 0◦ Channel

The investigations of turbulent flashback in the 0◦ channel geometry were
limited to H2-air mixtures since only laminar flashback is observed for CH4-
air mixtures in that case. Different configurations for the stabilization of the
lower main flame were examined in the 0◦ channel experiments as sketched
in Fig. 4.7. In the ’flush’ configuration, the ceramic tile is flush with the steel
block. The ceramic block downstream of the ceramic tile has a vertical off-
set of 4mm. The dotted lines represent the slit of the pilot burner. Configu-
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ration ’flush metal’ has the same dimensions, but a stainless steel corner has
been mounted onto the ceramic tile. The corner is sharpened on its upstream
end in order to minimize thermal contact between corner and steel block. In
configuration ’step’, the ceramic tile is offset by either 0.5mm or 2mm, which
results in an offset between tile and ceramic block of 3.5mm or 2mm, respec-
tively. The position of the flame prior to flashback is also illustrated in Fig. 4.7
for each configuration. In the flush case, the flame is situated right on the ce-
ramic tile, as already shown in Fig. 4.1c. Due to the low thermal conductivity
and high heat capacity of the ceramic material, a high surface temperature is
achieved which acts as a stable flame holder. In contrast, the flame position
on the metal corner is fluctuating since its thermal conductivity does not al-
low for thermal, but just aerodynamic stabilization of the flame due to surface
inhomogeneities, such that the flame anchor is easily displaced by flow fluctu-
ations. As a result, the experimental rig exhibited thermoacoustic instabilities
for most of the operation points in the flush metal configuration, which is the
reason for scarce flashback data for this case. In the third configuration, the
flame is stabilized in the shear layer trailing behind the corner of the stain-
less ramp, which is assisted by a small product recirculation zone behind the
backward facing step. The heat conduction to the ramp during flashback ap-
proach is maximum in this case. However, the impingement cooling inside
the ramp was sufficient to keep the surface temperature of the ramp within
bounds as during all experiments, the maximum measured wall temperatures
lay below 40 ◦C, which has a negligible influence on the flashback process at
atmospheric conditions [LE43].

Figure 4.8 shows the experimental results for turbulent wall flashback lim-
its in terms of critical velocity gradients calculated from Eq. (4.1) for atmo-
spheric H2-air mixtures in the 0◦ channel. For the channel results, each symbol
represents one flashback experiment. The data scatter of the flush series in-
cludes virtually all experimental error sources, such as day-to-day variations,
re-manufacturing of ceramic components, different pilot burner configura-
tions and reassembling of the whole measurement section. Additionally, the
blowing air has been varied between 2% and 3% of the main air massflow at
each operational point. It can be seen from the low scatter in the flush data
that the resulting repeatability of flashback limits is very good. An offset of the
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Figure 4.8: Turbulent wall flashback limits for atmospheric H2-air mixtures in the 0◦ channel.

first three sets of points towards leaner conditions can be observed for both,
flush and step configurations. This is explained by the gradual flashback be-
havior of the rig in this region as explained before. For higherΦ, flashback was
a sudden event and thus more clearly defined.

For comparison, the turbulent flashback data from unconfined tube burners
of [KMSS65] are included in Fig. 4.8. At a glance, it can be seen that the flash-
back limits in the channel geometry, where the flame is confined inside the
channel already before flashback, differ by up to one order of magnitude from
the tube burner limits. A trend regarding the influence of the backward-facing
step used as flame holder can be determined by comparing the limits between
the flush and the step configurations. The flashback limits for the 0.5mm step
lie consistently below the flush case for lean mixtures. Close to Φ= 1, the dif-
ference vanishes. For the 2mm step, the three different air massflows consid-
ered confirm the trend towards lower flashback susceptibility with increas-
ing step height. The influence of the surface material of the 20mm tile down-
stream of the stainless ramp, either ceramic or metal, is obviously negligible
since the flush and flush metal cases have the same flashback limit for a given
equivalence ratio. The large difference between flashback limits in unconfined
tube burners, where the flame is anchored in free atmosphere, and the con-
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4.2 Flashback Limits for Turbulent Boundary Layers

fined 0◦ channel is an important finding because it demonstrates that existing
literature results on turbulent flashback limits are not conservative for the de-
sign criteria of safety against a flame which accidentally has entered the pre-
mixing section.

If the difference between confined and unconfined flashback limits has uni-
versal character and is not caused by some peculiarity of the 0◦ channel ex-
periment, elevated flashback limits should also be observed for a confined
flame in a tubular geometry. An according experiment has been conducted by
Baumgartner [EBS12]. He recorded flashback limits of premixed H2-air flames
in non-swirling, turbulent tube flow for both, unconfined and confined flame
holding prior to flashback. The tube had an inner diameter of 40mm. In the
unconfined case, the flame was stabilized in free atmosphere above the cooled
tube rim. For confined stabilization, a concentric ceramic block was attached
downstream of the tube rim, which had a streamwise extension of 30mm and
an inner diameter of 44mm. The ceramic provides a confined flame stabiliza-
tion similar to the 2mm ’step’ configuration of the 0◦ channel. Therefore, the
results of Baumgartner are a valuable validation set for the experiments pre-
sented here, since the flow and flame configuration as well as the rig structure
are different, the only common ground being the flame stabilization inside the
duct section.

Turbulent wall flashback limits for atmospheric H2-air mixtures in the tube
burner are summarized in Figs. 4.9 and 4.10. In Fig. 4.9, the flashback limits of
the unconfined tube burner are compared to literature values from [KMSS65].
It can be clearly seen that the literature values for d = 38mm could be re-
produced accurately over a wide range of equivalence ratios. In Fig. 4.10, 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 of Baumgartner from Fig. 4.10 are included again. The flash-
back limits of the confined tube burner strictly follow the 0◦ channel values for
very lean mixtures and also match the offset of the 2mm step results from the
channel for increasing Φ. These findings confirm that the increase in flash-
back propensity observed in the channel revealed a fundamental difference
between confined and unconfined flame holding prior to flashback. A physi-
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Figure 4.9: Turbulent wall flashback limits for atmospheric H2-air mixtures in an unconfined
tube burner [KMSS65, EBS12].
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Figure 4.10: Turbulent wall flashback limits for atmospheric H2-air mixtures in a confined
tube burner [EBS12].
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Table 4.1: Effect of wall heating for atmospheric turbulent wall flashback in the 4◦ diffuser.

Fuel ṁai r [g/s] Φ at flashback [-] gc [1/s] gc,t∗=0.5−1 [1/s]

CH4 40 0.8 5329 5336

CH4 50 0.8 6952 6952

H2 50 0.25 8098 8067

H2 60 0.25 10047 10121

H2 100 0.29 31899 31798

H2 120 0.29 42576 42786

cal explanation for the observed increase in flashback propensity for confined
flames will be provided in Chap. 6. However, it can already be noted here that
the difference between confined and unconfined wall flashback limits cannot
be explained based on the critical gradient model since isothermal boundary
layer development is not appreciably affected by the conditions at duct exit.

4.2.2 Atmospheric Mixtures in 2◦ and 4◦ Diffusers

According to the experimental procedure in the diffusers described before, the
mean flame tip position was measured and mean critical gradients gc were
determined by numerical wall shear simulations for CH4-air and H2-air mix-
tures. Time averaged OH∗ images for the determination of the mean flame tip
position are exemplary shown for the 4◦ diffuser in Figs. 4.11. Main flow is go-
ing from right to left and the geometry of the measurement section has been
used as background again. The images show very similar mean flame shapes,
and it can be seen that there is a unique mean flame position when approach-
ing the flame tip region from upstream. Before the results for mean critical
gradients in the diffuser geometries are presented, the influence of wall heat-
ing during the recording of the flame at its equilibrium position on the ramp
shall be discussed. During the measurement duration of 30s, the temperature
of the lower wall of the diffuser inevitably rises in spite of impingement cool-
ing from below. In case of the 4◦ diffuser, the maximum wall temperature as
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(a) CH4-air, ṁai r = 40 g/s,Φ= 0.8. (b) CH4-air, ṁai r = 50 g/s,Φ= 0.8.

(c) H2-air, ṁai r = 50 g/s,Φ= 0.25. (d) H2-air, ṁai r = 60 g/s,Φ= 0.25.

(e) H2-air, ṁai r = 100 g/s,Φ= 0.29. (f ) H2-air, ṁai r = 120 g/s,Φ= 0.29.

Figure 4.11: Time averaged flame images for the determination of mean flame tip position in
the 4◦ diffuser for CH4-air and H2-air mixtures.
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measured by the thermocouples was 80◦C . Due to higher wall shear stresses
and the resulting increased heat transfer, the maximum wall temperature in
the 2◦ diffuser raised up to 160◦C . Since the heating of the wall is a transient
process, a proper way to examine the influence of wall heating on the equi-
librium flame position is a comparison of mean flame positions determined
from the first half and from the second half of an experimental record, each
lasting 15s. If the mean positions are close to each other, the heating of the
wall has negligible influence on the mean flame position and thus on the crit-
ical gradients determined from it. Table 4.1 lists the effect of wall heating for
the experiments in the 4◦ diffuser. In each line, the fuel as well as the air mass-
flow rate are listed, followed by the equivalence ratio at which the position
of the flame at flashback was recorded. The mean critical gradient gc is given
as extracted from the respective numerical wall friction simulation. The last
column, gc,t∗=0.5−1, is the mean critical gradient as calculated from the sec-
ond half of each data set. By comparing gc and gc,t∗=0.5−1 in each line, it is
concluded that the heating of the ramp during the experimental time had no
significant effect on the determined mean flashback positions in the 4◦ dif-
fuser. The same data for the 2◦ diffuser reveals differences of up to 8% in mean
flame positions between first and second half of the experiments if the wall
temperature had raised above 100◦C at the end of the experiment, which is in
accordance with the statement in [LE43]. In these cases, only the first half of
each experiment was used for the determination of mean critical gradients.

The results for turbulent wall flashback limits of atmospheric H2-air mixtures
in the 2◦ and 4◦ diffusers are summarized in Fig. 4.12. For comparison, the 0◦

channel results for flush flame stabilization are also shown. Turbulent flash-
back of CH4-air mixtures in the 2◦ diffuser was not achievable. The turbulent
flashback limits for CH4-air mixtures in the 4◦ diffuser are included in Table
4.1. By inspection of Fig. 4.12 it becomes clear that critical gradients of bound-
ary layers with adverse pressure gradients tend to lie above straight channel
limits for a given equivalence ratio. In the 2◦ diffuser, the limits are approxi-
mately the same for very lean mixtures and raise above the channel case start-
ing from Φ ≈ 0.35. However, it must be kept in mind that the numerical sim-
ulation of diffuser flow tends to underpredict wall shear, as described by Fig.
4.6, such that the deviation may start earlier in reality. In the 4◦ diffuser, only

129



Experimental Studies of Laminar and Turbulent Wall Flashback

0.2 0.3 0.4 0.5 0.6
0

2

4

6

8

10
x 10

4

Φ [−]

g
 [

1/
s]

 

 
0° H

2

2° H
2

4° H
2

Figure 4.12: Turbulent wall flashback limits for atmospheric H2-air mixtures with moderate
to high adverse pressure gradients.

very lean mixtures could be investigated due to restrictions in the maximum
massflow rates of air and fuel. The recorded values lie substantially above the
2◦ case, showing that an increase of the adverse pressure gradient increases
the flashback propensity, too.

Another interesting observation can be made from Fig. 4.12. All experiments
in the 4◦ diffuser (both fuels) as well as part of the 2◦ experiments (Φ = 0.364,
0.4 and 0.435) were carried out such that flashback at the same equivalence
ratio was observed for two different air massflows. It turns out that the critical
gradients for high ṁai r lie consistently above the data for lower ṁai r , which
can also be seen from Table 4.1. In other words, if the mean position at wall
flashback lies more downstream from the diffuser inlet, as it is the case for
higher ṁai r at a given Φ (see Fig. 4.11), then the boundary layer is obviously
more susceptible to flashback as compared to positions closer to the inlet.

Conclusively, the results for the diffuser geometries challenge the critical gra-
dient model once again. For a given velocity gradient, the velocity distribu-
tion in the near-wall region does not change appreciably between 0◦ channel
flow and the diffuser flows with an adverse pressure gradient, at least for the
2◦ geometry (see discussion in Sec. 2.1.5). Therefore, a flashback model solely
based on the wall velocity gradient should perform well if no further influ-
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ential factors were present. Physical explanations for the observed deviations
will be discussed in Sec. 4.3.3.

4.2.3 Preheated Mixtures in 0◦ Channel

Preheated experiments were limited to the 0◦ channel since flashback could
only be observed in a broad range of equivalence ratios in this geometry due
to its high wall shear. Only the flush configuration of the ceramic tile was con-
sidered. Care was taken to ensure that the lower wall of the diffuser is at ap-
proximately the same temperature as the mixture at the instant of flashback
to allow a concise interpretation of the results. At the beginning of each pre-
heated experiment, the rig was run at a higher massflow rate and at higher
preheat temperature than the target values to heat up the wall of the ramp,
which was additionally isolated with ceramic plates from below. In a transient
procedure, the air massflow and electrical power of the preheater were re-
duced and equivalence ratio increased, such that the addition of cold H2 to
the hot air stream and the convective cooling of the ramp resulted in a close
match between wall temperature and mixture temperature at flashback. The
mixture temperature was measured with the centered thermocouple also used
for flashback detection at the inlet of the measurement section. Two nominal
mixture temperatures were aimed for, 200 ◦C and 400 ◦C. The deviations of the
measured wall and mixture temperatures from the aimed value were within
±10 ◦C for 200 ◦C and ±15 ◦C for 400 ◦C, respectively.

The measured turbulent wall flashback limits for preheated H2-air mixtures
in the 0◦ channel are presented in Figs. 4.13. The wall shear has been deter-
mined from Eq. (4.1) again, which is justified since the correlation is based
on the universal logarithmic law of the wall. In Fig. 4.13a, the measured flash-
back limits for 200 ◦C and 400 ◦C are compared to room temperature results
for the flush configuration from Fig. 4.8. It is shown that critical gradients con-
sistently increase with increasing preheat temperature of the mixture. Figure
4.13b compares the preheated flashback limits with the proportionality based
on unconfined tube burner experiments proposed by Fine [Fin59] (Eq. (1.6)).
The graphs make clear that the preheated confined flashback limits do not
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Figure 4.13: Turbulent wall flashback limits for preheated H2-air mixtures in the 0◦ channel.

follow the temperature power law derived from unconfined tube burner ex-
periments. Thus in Chap. 6, a new correlation model for wall flashback will be
proposed which also includes temperature dependencies.

4.2.4 Turbulent Combustion Regimes

For scaling purposes, it is useful to classify the turbulent combustion regimes
according to Fig. 2.11 in which wall flashbacks have been observed in the
present work. In order to compare flame length and time scales with turbulent
quantities during wall flashback, a meaningful definition of integral turbulent
quantities lt and u

′
t at the position of the flame anchor inside the boundary

layer has to be found.

As will be shown later, the flame tip is located inside the buffer layer and the
beginning of the logarithmic region of the turbulent boundary layer during
wall flashback. The dominant turbulent structures in this region are quasi-
streamwise vortices. Thus for kinematic reasons, the diameter of these vor-
tices, which is approximately d+ ≈ 30 as already mentioned (see Sec. 2.1.4),
will be used as the integral turbulent length scale lt . Concerning turbulent
fluctuation velocities, it has been shown that axial fluctuations u

′
contain
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most of the turbulent kinetic energy (see Figs. 2.3). Furthermore, the peak
value of u2

r ms/u2
τ at y+ ≈ 15 is mainly a function of the adverse pressure gradi-

ent. Thus for a conservative estimation of the impact of turbulent fluctuations
on the flame, the integral velocity fluctuations u

′
t will be calculated from the

friction velocity uτ times a constant factor which depends on the ramp angle
as follows: For 0◦, 2◦ and 4◦, the factors are the square roots of 7 (Figs. 3.28), 8.5
(Figs. 3.26) and 10 (Figs. 3.24), respectively. To estimate the flame thickness δ f ,
Eq. (2.23) has been used.

Figure 4.14 shows the resulting turbulent combustion regime diagram accord-
ing to Fig. 2.11 with a representation of the whole span of flashback condi-
tions measured in the present work. The diagram makes clear that the ob-
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Figure 4.14: Turbulent combustion regimes of wall flashbacks observed in the present work.

served flashback points mainly lie within the regime of thin reaction zones. At
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the lean end of the atmospheric 0◦ and 2◦ samples, the plotted data is doubt-
ful as the prediction of laminar burning velocities by the Cantera simulations
tend to zero, thus the points close to and inside the broken reaction zone
regime should not be over-interpreted here. The highest equivalence ratios
of the preheated experiments stretch towards the corrugated flamelet regime.
Indeed, flames at wall flashback in preheated mixtures showed a change in
macroscopic structure towards higher smoothness of the flame surface. Fi-
nally, it has to be noted that the flame thickness assumed for the discus-
sion above provides scaling for one-dimensional, unstretched and adiabatic
flames. Close to the wall, however, these assumptions are not valid and Fig.
4.14 only can have approximate character.

4.3 Details of Flame Propagation in the Near-Wall Region

The detailed flame structure during wall flashback will be presented in this
section. The experiments cover the channel and both diffuser geometries,
laminar and turbulent flow regimes as well as H2-air and CH4-air mixtures at
room temperature.

4.3.1 Macroscopic Flame Structure

Figures 4.15 illustrate the fundamental difference between laminar and turbu-
lent wall flashback observed in the measurement section. The pictures show
a top view on the flame at wall flashback without the mirror holder inside
the flow path. On the left, flames in the 0◦ channel are depicted. The laminar
CH4-air flame shown in Fig. 4.15a propagates with a homogeneous, unwrin-
kled reaction surface. The leading flame zone has only one local maximum
with low curvature in the center region of the channel. Left and right of the
leading flame zone, the normal of the flame front departs from the axial di-
rection, which indicates flow velocities exceeding the flame velocity in that
region. In contrast, the reaction surface of the turbulent H2-air flame in Fig.
4.15c is highly irregular, showing macroscale wrinkling and flame cusps in its
leading zones. On the right, wall flashbacks in the 4◦ channel are shown. Here,
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Figure 4.15: Top view on macroscopic flame structure during laminar and turbulent wall
flashback.

turbulent flashback can be observed for both fuels, CH4 and H2. The leading
flame zones have a similar cusp structure as in the turbulent 0◦ channel case.
This is remarkable since the fuel-air mixtures in the right part of the figure
have very different Lewis numbers and equivalence ratios.

The detailed structure of the cusps, however, is not the same for different ramp
angles and fuels. In general, the cusps follow a well-defined pattern of forma-
tion and break-up for H2-air flashback in the 0◦ and 2◦ geometries, which is
shown in Fig. 4.16 exemplarily for the 0◦ channel. The images show a time
series of OH∗ shots from top view. Three cusp groups have been marked by
circles to facilitate tracking. After formation, a cusp either travels upstream,
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Figure 4.16: Formation and break-up of discrete flame cusps during turbulent H2-air wall
flashback in the 0◦ channel.
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Table 4.2: Statistics of cusp formation and propagation.

Fuel φ [◦] Φ [-] No. of insp.
cusps

Mean upstream
velocity [m/s]

Cusp sepa-
ration [%]

H2 0◦ 0.360 69 1.37 40.6

H2 2◦ 0.351 225 1.59 43.6

CH4 4◦ 0.833 374 1.27 19.8

stays at the same axial position or is washed downstream. The cusp shape
changes abruptly after a few milliseconds as the tip widens laterally. Subse-
quently, the blunt cusp separates into new cusps, which is the beginning of a
new cycle. The global motion of the turbulent flame thus represents a stochas-
tic process which results in flashback since a sufficiently high fraction of the
evolving flame cusps moves upstream.

For a closer evaluation, the cusp patterns of turbulent H2-air flames in the 0◦

and 2◦ geometries as well as turbulent CH4-air flames in the 4◦ diffuser have
been analyzed. At other operation points either the flame luminosity was to
low to allow detailed observations (e.g., Fig. 4.15d) or the repetition rate of the
APX I2 camera was too low for a sufficient tracking of the cusps. From time
series recorded at repetition frequencies of 1kHz (CH4-air) or 2kHz (H2-air),
those cusps were analyzed which propagated in axial direction against the
flow or stayed at about the same axial position. Due to the complexity of the
flame shape, this was a manual procedure. Table 4.2 summarizes the statistics
from the cusp analysis. For the H2-air flames just described, separation into
new cusps could be clearly observed for about 40% of the analyzed events. In
contrast, only about 20% of the cusps of the CH4-air flame in the 4◦ diffuser
separate into new cusps, while the majority is washed downstream after lat-
eral widening of the tip and vanishes in the main flame body. Furthermore,
a widening of the cusp tip during upstream propagation has been observed.
This indicates a slightly different propagation pattern of the CH4-air flame in
the 4◦ diffuser, which probably stems from a combination of differences in fuel
characteristics and the strong adverse pressure gradient in the 4◦ diffuser.
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Figure 4.17: Frequency distribution of mean upstream propagation velocities of flame cusps.

Table 4.2 also lists upstream propagation velocities in an absolute frame of ref-
erence of those cusps in the analyzed samples which were not stagnating in
axial direction. The velocities were calculated from the net axial propagation
distance and the time between first observation of a spike until its disappear-
ance, thus the values represent a mean over the whole propagation cycle of a
cusp. It is interesting to see that mean propagation velocities are very close to
each other for the analyzed samples. Figure 4.17 plots the frequency distribu-
tion of upstream propagation velocities in bins of 0.2m/s width. The curves
show a similar skewed distribution with maximum velocities up to 4.5m/s.
A correlation between upstream propagation velocity and lifetime of a cusp
could not be observed clearly in the data. However, due to the manual char-
acter of the data sampling, such a correlation should not be excluded at this
point.

The lifetime of the cusps can be compared to the quenching time of a head-
on quenching configuration as calculated in Eq. (2.47) in order to estimate
whether unsteady heat release due to radical combination at the wall influ-
ences H2-air wall flashback. For wall flashback in the 0◦ channel at ṁai r =
60g/s (Fig. 4.15c), ∆t f = 0.13ms. The time scale of unsteady quenching ac-
cording to Eq. (2.47) is ∆tq = 1.82ms. The mean cusp lifetime is around 0.5ms
or less in that case, which indicates that unsteady quenching of flamelets that
are pushed to the wall by turbulent fluctuations could play a role for turbulent
H2-air wall flashback at certain operating points.
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4.3.2 Microscopic Flame Structure

The detailed propagation mechanism of the flame close to the wall is the
central issue for understanding and modeling wall flashback. The µ-PIV sys-
tem with simultaneous flame chemiluminescence recordings, as introduced
in Sec. 3.2.5, allows a simultaneous measurement of the approximate position
of the reaction zone and the two-dimensional velocity field upstream of the
flame. The system was used to observe flames at wall flashback in a wide range
of equivalence ratios, two different fuels, the 0◦ channel, the 2◦ and 4◦ diffusers
as well as for laminar and turbulent flow conditions. The experiments were al-
ways conducted in the same fashion. Combustion was initiated identically as
in the flashback limit experiments (see Sec. 4.1). The cameras were operated
in endless First-In First-Out (FIFO) mode at a frequency of 2kHz. A common
stop trigger provided the timewise correlation between both sequences.

In the following, contours of instantaneous wall-parallel velocities calculated
from single PIV image pairs will be presented (e.g., Fig. 4.18). The contours
are superimposed on Mie-scattering images and scaled such that they cover
the area of all vectors used for the plot. It is obvious that the extent of the wall
reflections does not bias the velocity contours for all contours presented. Cor-
responding OH∗ flame images from a top view are included in the first row of
each figure, which have been recorded with a shutter time of 0.5ms and which
are synchronous to the first shot of a PIV pair. The PIV measurement volume
is represented by a bright line in each top view image. The thickness of the line
corresponds to the measurement depth (see Appendix B, Eq. (B.3)), while its
axial length is close to 5mm, as mentioned before. To provide an estimation of
the flame position in the PIV measurement volume, one Mie-scattering image
of each PIV contour plot is included where appropriate.

Figure 4.18 shows the propagation sequence of a flame cusp during turbulent
H2-air wall flashback in the 0◦ channel at Φ= 0.345, which includes upstream
motion, lateral widening and division into two new cusps. In the first image,
the flame is situated just next to the PIV volume, which is not clearly reflected
in the contour plot. In the second image, the flame cusp is located symmetri-
cally in the PIV volume during upstream propagation. A pronounced backflow
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Figure 4.18: Axial velocity contours during turbulent H2-air wall flashback in the 0◦ channel
atΦ= 0.345.

region is located in front of the propagating flame. The backflow region is at-
tached to the wall and its maximum of negative axial velocities is located close
to the flame tip. The Mie-scattering image suggests that the reaction zone of
the flame cusp is not appreciably wrinkled in the x-y plane. During widening
of the flame tip shown in the third image, the recirculation diminishes while
the upper part of the flame seems to be pushed in downstream direction. In
the last image, only a small portion of low-density fluid remains in the Mie-
scattering image, while the recirculation has virtually disappeared. Other PIV
shots which captured the widening and separation of flame cusps sometimes
showed an uplifting of the flame away from the wall. In general, backflows of
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similar size upstream of the flame tip have been observed in every case when a
flame cusp was propagating upstream and was captured close to its symmetry
axis by the PIV measurement volume. This situation could be observed for 10
cusps atΦ= 0.345.

Figure 4.19 shows a similar process forΦ= 0.543 in the same geometry. Please
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Figure 4.19: Axial velocity contours during turbulent H2-air wall flashback in the 0◦ channel
atΦ= 0.543.

note the different contour scaling compared to Fig. 4.18. Again, the upstream
propagating flame cusp is headed by a recirculation zone, as can be seen from
the third and fourth contours, which has a similar development of the velocity
field as observed for the leaner case. With one exception, backflows of similar
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Figure 4.20: Axial velocity contours of flame approach and sidecut of a cusp for turbulent H2-
air wall flashback in the 0◦ channel atΦ= 0.543.

size have again been observed in every case when a flame cusp was propagat-
ing upstream and was captured close to its symmetry axis by PIV, which was
observed for 9 cusps atΦ= 0.543.

A close examination of the turbulent µ-PIV data in the 0◦ channel has shown
that the recirculation regions just described are limited to the close proxim-
ity of the flame tip. This is exemplary verified by Fig. 4.20. As the flame ap-
proaches the measurement volume, negative axial velocities are not observed
if the flame tip is a few millimeters downstream of the measurement volume
(first and second images) or if the angled side part of a flame cusp is captured
by the measurement volume (third and fourth image).

The effect of the macroscopic lateral distribution and axial motion of the
flame body on time-resolved boundary layer velocities during flashback is an-
alyzed in Fig. 4.21. The sequence of a wall flashback event in the 0◦ channel
at Φ= 0.543 is shown in the figure. The graphs plot axial averages of instanta-
neous PIV velocity fields at four different wall distances as a function of time as
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Figure 4.21: Influence of approaching flame body on instantaneous boundary layer velocities
in the 0◦ channel.

143



Experimental Studies of Laminar and Turbulent Wall Flashback

the flame is approaching the PIV measurement volume. The mean axial veloc-
ities for an isothermal channel flow of the unburnt mixture according to the
Spalding profile are shown as bold lines for each height. At the beginning of
the time record (t = 0.3), the flame was still stabilized on the ceramic tile. The
mean of the axial velocities inside the PIV volume are well represented by the
isothermal mean value in this first period. Shortly after t = 0.36s, a sudden de-
cay in the near wall region can be observed. This instant probably corresponds
to the detachment of the flame from the tile and the beginning of flashback,
which is confirmed by assuming a constant flashback velocity of the flame
and calculating the beginning of flashback from the axial distance the flame
has traveled until it enters the image area of the top view camera. The veloc-
ities recover quickly to their original values, though, as the flame moves up-
stream. Only after t = 0.4s, the influence of the flame backpressure is becom-
ing noticeable in the boundary layer velocities by a slight decay at each height
considered in the plot. The position of the flame relative to the PIV volume
at three points in time is shown above the graph. The last image corresponds
to the last image of Fig. 4.19. It can be determined from the graphs that the
strong decay towards negative velocities in the near wall region is a sudden
process, which underlines the local character of the flow field modification
which occurs during wall flashback.

Figures 4.22 and 4.23 show velocity contours of flashback sequences along the
x̃ direction in the 2◦ and 4◦ diffusers for turbulent H2-air mixtures. For the
calculation of L+ for each figure, the wall frictions of isothermal air flow as
measured by PIV (see Sec. 3.3.3 and 3.3.4) at the respective air massflow have
been used. Backflow regions upstream of the propagating flame cusps are
observed for both adverse pressure gradients. The extent of the backflow for
the 2◦ diffuser is comparable to the 0◦ channel results. In contrast, the size of
the backflow region in the 4◦ diffuser is much larger in axial and wall-normal
extent. Figure 4.24 shows a similar sequence as Fig. 4.23, but for a CH4-air
mixture at stoichiometric conditions. It can be seen from the contour plots
that flashback is accompanied by strong separation which spans more than
half of measurement volume height.
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Figure 4.22: Axial velocity contours during turbulent H2-air wall flashback in the 2◦ diffuser
atΦ= 0.345.
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Figure 4.23: Axial velocity contours during turbulent H2-air wall flashback in the 4◦ diffuser
atΦ= 0.256.
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Figure 4.24: Axial velocity contours during turbulent CH4-air wall flashback in the 4◦ diffuser
atΦ= 1.0.
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Figure 4.25: Axial velocity contours during laminar CH4-air wall flashback in the 0◦ channel
atΦ= 0.787.

So far, only results of turbulent wall flashbacks have been presented. Of
course, the question arises whether the observed flow detachment upstream
of the flame is specific for turbulent conditions. For clarification, Fig. 4.25
shows PIV results of laminar CH4-air wall flashback in the 0◦ channel at
Φ = 0.787. The contour plots are normalized by the laminar burning veloc-
ity SL = 0.248m/s for the given CH4-mixture as predicted by Cantera using
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the GRI3.0 mechanism. Laminar flashback sequences occurred in a regular
and slow fashion compared to turbulent flows, which allows a more detailed
description of the process with the available temporal resolution. By compar-
ing Figs. 4.25 and 4.15a, the influence of the mirror holder on the shape of
the laminar flame at flashback can be seen. On the one hand, the wake in-
troduces fluctuations in the freestream, which result in large-scale, low fre-
quency perturbations of the flame body. On the other hand, the blockage of
the mirror holder and the resulting low-velocity wake reduce the wall shear
on the lower wall, such that the side parts of the flames are stronger inclined
than in Fig. 4.15. Please note that the effect of the mirror holder on turbulent
wall flashback in the same geometry was not clearly visible, most probably
because turbulent momentum transport caused a faster decay of the distur-
bances. After all, as the velocity profiles in Figs. 3.27 have shown, the mean
flow profile in the wake has a laminar character. Furthermore, well-ordered
backflow regions have been observed in each of four experiments in which
the PIV measurement volume was close to the flame tip of the laminar flame,
which indicates that non-deterministic fluctuations did not change the ob-
served phenomenon appreciably. A frequency analysis of velocity fluctuations
upstream of the propagating flame supports this statement [ES11b]. Conclu-
sively, the observations made in the following are not invalidated by the wake
disturbances.

As the flame approaches the PIV measurement volume in Fig. 4.25, the flow
velocities close to the wall reduce continuously, until a backflow region starts
to develop about 14mm upstream of the flame. The backflow reaches its high-
est distance from the wall just upstream of the flame tip, amounting to 3.3mm.
Repetition experiments with similar positions of the PIV measurement vol-
ume relative to the flame lead to values of 11.6mm and 20.6mm for the axial
extent and 2.4mm and 3.6mm for the maximum wall distance of the recircula-
tion. Further experiments have shown that the axial extent as well as the max-
imum height of the recirculation decreases with increasing lateral distance
from the flame tip, which indicates a crescent-shaped recirculation zone in
front of the leading flame zone.
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4.3.3 Discussion of Flame Propagation Measurements

The simultaneous measurements of flame position and two-dimensional ve-
locity field around the flame during wall flashback suggest a completely differ-
ent physical picture compared to the well-established critical gradient model
of Lewis and von Elbe. Whereas the Lewis and von Elbe model assumes an un-
coupled flame propagation against the local flow direction during flashback,
which leads to a simple balance between flame speed and local isothermal
flow speed to describe flashback limits, the present results reveal an unidirec-
tional motion of flame and flow in the flame tip region. The pressure field up-
stream of the flame obviously interacts strongly with the boundary layer flow
and leads to local flow separation. This basic mechanism of upstream propa-
gation is similar for laminar and turbulent flow conditions, different fuels and
varying adverse pressure gradients, which points towards the universality of a
recirculation-assisted flame motion during wall flashback.

In particular, the interpretation that the backflow region is formed by local
boundary layer separation is supported by two observations:

• For laminar wall flashback, the sequence in Fig. 4.25 is an almost perfect
representation of theoretical laminar boundary layer separation due to
an adverse pressure gradient as illustrated in Fig. 2.5.

• For turbulent wall flashback, the observation of local, short-lived back-
flows in narrow regions of the near-wall flow corresponds well to obser-
vations of turbulent separation due to adverse pressure gradients as de-
scribed in Sec. 2.1.6.

According to this analysis, the difference between laminar and turbulent
flashback limits based on critical velocity gradients of the mean isothermal
profile is most probably caused by the fact that the flame propagates in low-
velocity structures in the turbulent case, which only propagate at a fraction of
the local mean velocity (see Figs. 4.26a and 4.26b).
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Details of Turbulent Wall Flashback

The similarity between turbulent wall flashback and turbulent separation in
the 0◦ channel, i.e. in a zero pressure gradient flow, is further manifested by
the following points:

• The strong similarity of cusp formation and break-up processes, which
are distributed along the whole lateral width of the observed channel re-
gion, suggest a propagation in near-wall turbulent structures which are
known to show strong similarity among themselves (see Sec. 2.1.4).

• The maximum dimensionless height of the backflow region in Figs. 4.18
and 4.19 is roughly y+ = 25, which corresponds well to the view that tur-
bulent separation is initiated inside low-speed streaks (see Sec. 2.1.6) that
are known to show a well-defined structure up to y+ = 30 to 40 [SM83].

• The widening and/or uplifting of flame cusps at the end of upstream
propagation (e.g., Fig. 4.18) corresponds well to the observation of shear
layers between high-speed upstream and low-speed downstream fluid by
Robinson [Rob91a] (see Sec. 2.1.4).

As already mentioned, low-speed streaks have a mean nondimensional lat-
eral distance of z+ ≈ 100 (see Sec. 2.1.4). However, spatial auto-correlation of
flame fronts in the 0◦ channel which are formed by cusps, such as shown in
Fig. 4.15c, did not result in a characteristic lateral distance of flame cusps. This
could be explained by the fact that not every low-speed streak is actually burn-
ing, but only those which are most affected by the adverse pressure gradient
produced by the flame.

Details of Turbulent Wall Flashback with Adverse Pressure Gradients

The finding that wall flashback is driven by boundary layer separation allows
interpretation of the deviating observations for wall flashback limits with ad-
verse pressure gradients, which were

• In general, higher gc for a given equivalence ratio.
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• In detail, higher flashback propensity towards the downstream end of the
diffuser for a given equivalence ratio.

Looking at the first statement, the adverse pressure gradient apparently in-
creases the separation susceptibility of the boundary layer in the near wall
region during wall flashback for a given value of g . Hence, either the mean
or time-resolved shape of the boundary layer is different or the effective flame
backpressure acting on the boundary layer is different - or all at the same time.

Looking at the first option, mean boundary layer profiles in adverse pressure
gradient flow have a different outer region as indicated by Eq. (2.11). However,
since increasing adverse pressure gradients tend to produce a faster wake re-
gion in nondimensional coordinates (e.g., [NTH98,Whi05], see also Figs. 4.27),
this fact should not increase separation propensity if boundary layer profiles
with the same velocity gradient at the wall are compared.

Concerning the time-resolved shape of the boundary layer, it is instructive to
evaluate the distribution of turbulent fluctuations close to the wall by calculat-
ing Cumulative Distribution Functions (CDF). A CDF of a stochastic process
lists the frequencies of observations in discrete bins of the process results,
which simply represents the integration of the Probability Density Function
(PDF) of the stochastic process. Figures 4.26a and 4.26b compare CDFs of in-
stantaneous scaled axial velocities u(x, t )/〈u(x)〉 from PIV measurements at
E2 in isothermal 0◦ channel and 4◦ diffuser flow for two wall heights, y+ = 5
and 15. Please note that in this region, rms fluctuations of PIV and LDA mea-
surements were in excellent agreement in Figs. 3.25b, 3.25d and 3.25f. Inter-
rogation areas of 8x8 pixel have been used for the underlying velocity fields of
Figs. 4.26 to increase spatial resolution. The two figures reveal that strong low-
speed fluctuations close to the wall in the 4◦ diffuser are much more frequent
than in the 0◦ channel. Since turbulent flashback is occurring in backflowing
low-velocity structures close to the wall, this observation indicates increased
flashback propensity.

Concerning the effective strength of the flame backpressure, it will be shown
later that relatively low wake velocities tend to increase the effective pressure
gradient in the boundary layer. Since the wake region is faster in adverse pres-
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Figure 4.26: Cumulative distribution functions of wall-parallel velocities on the centerline of
the 0◦ channel and the 4◦ diffuser: PIV measurements.

sure gradient flows, as mentioned before, this effect cannot explain increased
flashback propensity.

Conclusively, only the higher frequency of strong negative axial fluctuations
in the diffuser indicates higher separation tendency of low-speed structures in
the near-wall region which promotes wall flashback. If this mechanism causes
the generally higher flashback propensity of the diffuser flow or if, for example,
hysteresis effects play an additional role here needs to be further investigated,
though.
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Figure 4.27: Boundary layer development in the 4◦ diffuser at ṁ = 60g/s: LDA measurements.

Finally, the second statement, i.e. why the flow towards the downstream end of
the diffuser is more susceptible to flashback, shall be discussed. Again, mean
and time-resolved boundary layer profiles and the effective flame backpres-
sure will be considered. Concerning mean flow, the strength of the adverse
pressure gradient itself cannot be the reason for higher flashback propensity
downstream since its value decreases in axial direction as already shown in
Figs. 3.21. Regarding the wake development of the boundary layer, Figs. 4.27
show the axial development of the boundary layer in the 4◦ diffuser in nondi-
mensional coordinates separately for three lateral points as measured by LDA.
It can be seen that the wake of the boundary layer is very similar for E2 and E3
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at each axial position. Since the evaluation of equilibrium flashback positions
for Fig. 4.12 mainly took place close to E2 and E3, deviations in the mean ve-
locity profile along the axial coordinate probably play a minor role for higher
flashback propensity at the downstream end of the diffuser.

Regarding the time-resolved structure of the boundary layer, the axial devel-
opment of the CDF in the 4◦ diffuser is shown in Figs. 4.26c and 4.26d. Very
interestingly, the distribution of low- and high-speed fluctuations stays nearly
constant along the axial direction. A change in fluctuation distribution can
hence be excluded to be the reason for increasing flashback propensity in
downstream direction.

Regarding the effective flame backpressure, it will be shown later that higher
duct heights tend to increase the backpressure. Accordingly, this may be the
reason for increased flashback propensity in direction of the duct expansion.
However, a firm validation of this hypothesis needs further investigation.
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5 Numerical Simulation of Laminar Wall
Flashback

The experimental results strongly point towards a universal wall flashback
mechanism involving a backflow region upstream of the flame. However, the
temporal origin of the backflow region cannot be determined with certainty
solely based on the experimental data, which only provided information on a
flame at flashback, but not during the approach towards it. In principle, two
different situations are possible. On the one hand, the initiation of flashback
could be independent of the existence of the recirculation, which only forms
later during the upstream propagation of the flame and increases the veloc-
ity of a yet existing flashback. In that case, the critical gradient model could
still be feasible for the prediction of flashback limits. On the other hand, the
recirculation zone could be formed prior to flashback, such that recirculation
becomes decisive for the onset of flashback. Before a new model concept can
be developed, this question has to be answered. Numerical simulations will
be used in the following to provide the missing insight.

5.1 Numerical Setup and Combustion Model

The vicinity of the flame holder used in the H2-air experiments, a hot tile on
the lower channel wall, has been simulated numerically for atmospheric con-
ditions using ANSYS CFX 12.0. An H2-air flame in a laminar two-dimensional
boundary layer is considered, which can be well resolved at moderate compu-
tational costs with considerably less physical modeling involved compared to
a turbulent unsteady Reynolds-averaged Navier-Stokes (URANS) simulation,
for example.
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Figure 5.1: Computational domain for laminar wall flashback simulations.

In order to achieve high velocity gradients at the wall in a laminar and well-
defined flow situation, the configuration displayed in Fig. 5.1 has been cho-
sen here. The computational domain comprises an area of 4mm height and
14mm length of a laminar flat plate boundary layer. The flame is stabilized
inside the domain by a hot wall segment of 1400K and 2mm length, the end
of which is located 2mm upstream of the outlet. The remaining part of the
wall is isothermal at 293.15K, which is equal to the inlet temperature of the
mixture. The velocity profile at the constant velocity inlet of the domain is
calculated from the Blasius solution of the laminar flat plate boundary layer
(see Eq. (2.5)) tabulated in [Whi05] such that the Reynolds number at the up-
stream edge of the hot wall segment is Rex0 = 50000 (laminar regime) with a
wall velocity gradient of g0 = 30000s−1 at the same position. The resulting dis-
tance x0 between the virtual leading edge of the flat plate and the hot wall seg-
ment is about x0 ≈ 50mm. In order to eliminate artificial pressure fluctuations
inside the domain, the inlet is modeled acoustically non-reflective based on
an implementation of the Navier-Stokes Characteristic Boundary Conditions
(NSCBC) [PL92] described in [WNA06]. At the outlet and at the top of the do-
main, constant pressure openings are specified. The domain has a hexahedral
mesh with cell sizes ∆x = 0.035mm, ∆y = 0.035mm for 0.05mm ≤ y ≤ 2mm
and ∆y = 0.07mm for 2mm ≤ y ≤ 4mm. For y < 0.05mm, the cells are refined
towards ∆y = 1µm at the wall. Symmetry planes are placed in the x-y plane
on both sides of the domain. The transient time step is constant for all conser-
vation equations at ∆t = 0.1µs.
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In order to keep the numerical effort tolerable, premixed laminar combustion
is modeled by a five-species, three-step H2-O2 mechanism which has been
derived from a detailed mechanism by systematic reduction based on steady
state assumptions for O, OH and H2O2 [BJSW11]:

3H2 +O2
 2H2O+2H (5.1a)

H+H+M
H2 +M (5.1b)

H2 +O2
HO2 +H . (5.1c)

For the implementation of the three-step mechanism in ANSYS CFX, forward
and backward reaction rates of each reaction had to be specified explicitly. The
net reaction rateω of one elementary reaction is given in terms of forward and
backward reaction rates ω f and ωb according to

ω= k f

N∏
i=1

c
ν
′
i

i︸ ︷︷ ︸
ω f

−kb

N∏
i=1

c
ν
′′
i

i︸ ︷︷ ︸
ωb

, (5.2)

where ν
′
i and ν

′′
i are the stoichiometric factors of a species i on the educt and

product side, respectively, and N is the number of species in the reaction. The
ratio of k f over kb can be expressed by the equilibrium constant at constant
pressure Kp(T ):

k f

kb
= Kp(T )

(RT )
∑N

i=1

(
ν
′′
i −ν

′
i

) . (5.3)

Please note that Kp(T ) is only a function of temperature for an ideal gas. In
the present approach, Kp(T ) was specified as a polynomial function for each
of the three reactions in Eqs. (5.1). The required tables of Kp(T ) in turn were
calculated from equilibrium constants for formation K 0

p,i (T ) of each species i
according to [Law06]

Kp(T ) =
N∏

i=1

[
K 0

p,i (T )
](
ν
′′
i −ν

′
i

)
. (5.4)

Sinceω is provided by the H2-O2 mechanism, either k f or kb can be calculated
by combining Eq. (5.2), (5.3) and (5.4), and the second factor simply results
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from Eq. (5.3). The dynamic viscosity, thermal conductivity and Fickian binary
diffusion coefficients for each species are specified as 4th-degree polynomials
of temperature, while specific heat capacity is specified by NASA polynomi-
als. The diffusion coefficient of each species into the local mixture is approx-
imated by a mixture formula also used in CHEMKIN II ( [KDLW+86]). Soret
diffusion is neglected. Mixture values for dynamic viscosity, thermal conduc-
tivity and heat capacity are calculated from a local mass-average, which intro-
duces some approximation for the first two quantities. The density of the mix-
ture is calculated from the ideal gas law. The modeling of the reacting mixture
accounts for non-equidiffusion effects, which is important for a correct pre-
diction of flame propagation since the considered educts have Le < 1. Con-
ductive heat loss to the wall is accounted for, while radiative heat transfer is
not modeled.

The code has been validated by calculating laminar flame speeds in a quasi-
one-dimensional domain for a timestep of ∆t = 0.1µs and two different mesh
resolutions at an equivalence ratio of Φ = 0.625. The results are summarized
in Table 5.1. By comparing SL for the two grid resolutions, it is verified that

Table 5.1: Laminar flame velocities of the 3-step H2-O2 mechanism at Φ= 0.625 and two dif-
ferent grid resolutions.

Software SL [m/s]

CFX, ∆x = 35µm 1.10

CFX, ∆x = 20µm 1.07

Cantera, Li et al. 0.97

∆x = 35µm is sufficient to capture the laminar flame propagation. Further-
more both values compare well to a prediction of Cantera using the Li et
al. mechanism instead of the San Diego mechanism used for the derivation
in [BJSW11], which may add to the observed difference.
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Figure 5.2: Numerical flow development at the wall during flashback approach.

5.2 Results for Laminar H2-Air Wall Flashback

Figures 5.2 show the development of the wall velocity gradient g and relative
static pressure p −p0 (p0 = 1atm) at the wall from the inlet up to the leading
edge of the hot wall segment. In each figure, four curves are plotted which
represent the gradual approach to flashback conditions:

• Flow with an isothermal wall without reaction.

• Flow with the wall including the hot wall segment without reaction.

• Reacting flow at two different equivalence ratios with still stable flames
starting close to the upstream edge of the hot wall segment.

From Fig. 5.2a it can be determined that the thermal expansion above the
hot wall segment without reaction already leads to a strong reduction in wall
friction upstream. This result is not surprising in light of the work of Higuera
[Hig97]. For reacting flow and yet stable flames, the wall shear steeply declines
in axial direction until a separation point g = 0 is reached well upstream of the
flame stabilization. It is thus demonstrated that a recirculation zone yet exists
in the stable regime before flashback occurs. The axial extent of the separa-
tion region increases with equivalence ratio during flashback approach. The
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Φ = 0.588

Figure 5.3: Isolines and contour of relative static pressure and isolines of density for a stable
laminar flame.

existence of a recirculation region has not been observed in prior numerical
investigations of laminar flashback [LT82, MDG98, KFTT+07], potentially due
to insufficient axial length of the domains in combination with a fixed velocity
inlet. The relative static pressure development in Fig. 5.2b allows estimation of
the pressure rise caused by the different physical mechanisms involved. The
contribution of wall friction is negligible as can be seen from the very small
pressure decrease for isothermal conditions. The hot wall segment causes a
rise of about 5.5Pa in the domain, whereas it is about 12Pa in the reacting
case. It is interesting to compare this value to the theoretical one-dimensional
flame backpressure according to Eq. (2.35). For an H2-air flame at Φ = 0.556,
the pressure loss p f is only 2.4Pa. This result underlines the two-dimensional
nature of the pressure rise upstream of the flame, which apparently cannot be
predicted based on simple one-dimensional considerations.

To provide more details on the pressure distribution inside the domain, rel-
ative static pressure contours and isolines (grey) as well as density isolines
(black) are shown in Fig. 5.3 for a yet stable flame at Φ = 0.588. The pressure
gradient close to the wall is aligned with the axial flow direction upstream of
the flame. A maximum of relative static pressure is located close to the tip of
the flame, which is caused by a local maximum of axial deceleration and ver-
tical acceleration of fluid by the flame, i.e. an upward deflection of stream-
lines. Furthermore, the fresh gases in the backflow region are preheated by
heat transfer from the flame tip, as can be seen from the increasing separation
of density isolines.
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Figure 5.4 illustrates the development of flame thickness and axial velocity
field during flashback approach. The axial velocity contours are scaled by the
respective laminar flame speed SL obtained from Cantera simulations. Black
isolines of H2 molar fraction, equally distributed across the respective span for
each equivalence ratio, are included to mark the extent of the reaction zone.
The first three contours represent a stable flame with increasing Φ. The loca-
tion of the hot wall segment is marked by a dark line in the lower right corner
of the first three contours. As Φ increases, the axial extent as well as the maxi-
mum height of the recirculation increases. The stretching of isolines of H2 mo-
lar fraction close to the wall reveals that radicals are transported upstream by
the backflow. However, heat loss to the wall as well as to external streamlines
slows down the reaction such that the gases inside the backflow do not ignite.
The last plot in Fig. 5.4 shows the flame at flashback after it has already trav-
eled upstream a short distance. The flame is burning at the downstream end
of the backflow with a more compact reaction zone close to the wall. Please
note the qualitative agreement of the simulated velocities at flashback with
laminar µ-PIV contours in Fig. 4.25. Table 5.2 lists the simulated velocities of
the flame and the separation point, as seen by an external observer, as well
as the highest negative axial velocity in the backflow at Φ = 0.625. Each row

Table 5.2: Simulated velocities of flame, separation point and backflow for a laminar H2-air
flame atΦ= 0.625.

Relative time [ms] Flame [m/s] Separation point [m/s] Maximum backflow [m/s]

0 1.21 1.18 -0.92

0.1 1.24 1.14 -0.94

0.2 1.29 1.29 -0.96

0.3 1.32 1.05 -0.97

of Table 5.2 represents average velocities over a time span of 0.1ms. It can be
seen by comparing columns 2 and 3 that as the flame moves along the wall,
the backflow is dynamically dislocated upstream by the pressure rise in front
of the flame. By adding columns 2 and 4, the relative speed of the flame with
respect to the backflow, i.e. the local burning velocity, can be calculated. The
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Figure 5.4: Axial velocity contours of laminar flashback simulations
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result of S f ≈ 0.3m/s is lower than the one-dimensional adiabatic laminar
burning velocity, which is SL = 0.97m/s. This deficiency is probably a com-
bination of heat loss to the wall, which lowers the reaction speed, and the fact
that the maximum backflow velocity may not be representative for the veloc-
ity of fluid in which the flame actually propagates. The sequence shown in
Fig. 5.4 suggests thermal quenching as the limiting factor for the flashback of
premixed flames in wall boundary layers. The backflow region already exists
before flashback conditions are reached, but its extent above the wall is too
small to allow reaction. The flashback point is determined by the equivalence
ratio at which the backpressure of the flame causes the backflow region to
raise above a certain height at which reaction can be established.

To support this interpretation, Figs. 5.5 show contours of the radicals HO2 and
H close to the flashback limit (Φ = 0.588) and during flashback (Φ = 0.625).
Temperature isolines at 400, 600, 900, 1200 and 1500K are shown in black in
each figure to mark the exten of the reaction zone. Furthermore, white iso-
lines of zero axial velocity are included to mark the border of the backflow re-
gion. In Fig. 5.5a, which shows a stable, stationary case as already mentioned,
HO2 is convected upstream from the reaction zone and accumulated in the
slightly preheated backflow region. Although HO2 is a precursor of the H rad-
ical in a flame without heat losses (see Fig. 2.7), the H radicals are quickly
quenched by the forward reaction of (5.1b) due to heat losses to the wall, as
can be seen in Fig. 5.5b. Therefore, the backward reaction of (5.1c) is slowed
down due to vanishing H concentration such that HO2 is not consumed any-
more in the backflow region. The same mechanism of HO2 accumulation can
be observed during flashback in Fig. 5.5a. However, due to the dynamical up-
stream displacement of the backflow region, the axial extent of the accumula-
tion zone is reduced. By comparing the relative height of the backflow region
and the H molar fraction contours in Figs. 5.5b and 5.5d, it is confirmed that
the flame propagates upstream once that the main reaction zone is included
in the backflow.

Finally, Fig. 5.6 depicts the flow field during flashback at Φ= 0.625 by stream-
lines, axial velocity profiles and temperature contours to mark the extent of
the flame. The figure is taken at the same instant as the last image in Fig.
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Figure 5.5: Numerical flow and flame development at the wall during flashback approach
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Figure 5.6: Streamlines, axial velocity profiles and temperature contours of a laminar H2-air
flame during flashback.

5.4. The development of the axial velocity profiles towards the backflow region
represents typical boundary layer separation due to an adverse pressure gra-
dient as shown in Fig. 2.5. The presence of the flame causes a strong upward
deflection of the freestream which, according to inviscid flow theory, must be
accompanied by a pressure gradient pointing outwards from the center of cur-
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Figure 5.7: Pressure distribution normal to streamlines during wall flashback.

vature. As will be shown now, it is this macroscopic flow displacement which
effects the strong static pressure rise upstream of the flame, as already shown
in Figs. 5.2b and 5.3, that could not be explained by one-dimensional flame
backpressure. The equation for equilibrium between centrifugal forces and
pressure forces normal to a curved streamline is [GTG04]

ρ
u2

Rc
= ∂p

∂r
, (5.5)

where Rc is the local radius of curvature of the streamline and r is the radial
coordinate with respect to the center of curvature. From Fig. 5.6, the radius of
curvature has been estimated as Rc ≈ 65mm. Using the respective density of
ρ = 0.967 and freestream velocity of u = u∞ = 19.64m/s, the radial pressure
gradient according to Eq. (5.5) is ∂p/∂r = 5738Pa/m. For comparison, the rel-
ative static pressure of the flashback simulation from bottom to top of the an-
gled black line shown in Fig. 5.6 is depicted in Fig. 5.7. The pressure distribu-
tion approaches an essentially constant pressure gradient in the freestream,
which corresponds to about ∂p/∂r = 8200Pa/m. This compares well to the in-
viscid value priorly calculated in light of its approximate character. This result
has an important consequence for the correlation of wall flashback. The dis-
tribution of streamline curvature is mainly determined by the following three
factors:

• Boundary layer velocity profile far upstream of the flame.

166



5.2 Results for Laminar H2-Air Wall Flashback

• Development of the burning velocity towards the freestream.

• Development of the flame backpressure towards the freestream.

• Boundary conditions opposite to the wall at which flashback occurs.

The burning velocity of the flame and its backpressure as a function of wall
distance are considered to be important at the same time: On the one hand,
the pressure field upstream of the flame influences the direction of the in-
coming flow, which in turn changes the angle at which streamlines intersect
the flame region. On the other hand, the velocity component of the fresh gases
which is perpendicular to the flame zone must match the local burning veloc-
ity at steady conditions. Therefore, the stable position of the flame will be ad-
justed such that both requirements, momentum conservation of the stream-
lines and the kinematic balance of the premixed flame are fulfilled. The lo-
cal backpressure and burning velocity of the flame are influenced by flame
stretch effects and by heat loss to the wall, such that asymptotic values will
only be reached in freestream regions with low velocity gradients. Addition-
ally, the presence of a wall below the angled flame reduces the flow volume of
the exhaust gases, such that higher velocities and hence increased backpres-
sures compared to the 1D prediction in Eq. (2.35) are the result.

The influence of the fourth factor of the list above can be understood by plac-
ing a wall on top of the simulated domain instead of an opening. Since stream-
lines must finally be parallel to this wall, less streamline curvature is produced
for given inflow conditions such that the adverse pressure gradient and hence
the formation of a backflow is weakened. Indeed, such an additionally made
simulation showed flashback only for substantially lower inflow velocities for
a given equivalence ratio.
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6 A New Physical Model for Wall Flashback

The experiments on laminar and turbulent wall flashback and the subsequent
detailed simulations of the laminar case have revealed a consistent mode of
interaction between the flow field and the flame during the approach and the
final phase of wall flashback. These findings will be summarized into a new
physical model for wall flashback, which is based on direct observation of the
involved physical processes.

Figure 6.1 summarizes the main aspects of the configuration of flame and flow
during wall flashback in a model scheme. On the left-hand side of the figure,
the development of the boundary layer profile is sketched as it approaches the
flame. The position of the flame on the right-hand side of the figure represents
the distribution of a flame quantity which is sensitive to thermal quenching,
such as the molar concentration of the H radical (see Fig. 5.5). The essentials
of the model can be summarized as follows:

• The boundary layer profile on the left-hand side of the figure separates
due to an adverse pressure gradient as it approaches the flame. A back-
flow with u < 0 is formed close to the wall.

δrδq

δf (y)

u < 0
Tw

T

u

x

y

8
8 6p

6r

q

Figure 6.1: Physical model for laminar and turbulent wall flashback.
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• The adverse pressure gradient is mainly formed by flow displacement
due to the two-dimensional distribution of the reaction zone towards the
freestream, which effects streamline curvature upstream of the flame and
an according positive pressure gradient towards the wall. The presence of
a wall below the flame tail amplifies flow displacement and thus the pres-
sure gradient due to higher expansion velocities of the exhaust gases.

• The flame is only able to propagate upstream if it is anchored inside the
backflow. Since quenching by heat losses q̇ to the wall and to external
streamlines takes place in the backflow region, the maximum backflow
height δr must exceed the local quenching distance δq , which is a mea-
sure of the distance at which the reaction is barely sustained inside the
backflow region. Backflow thus can exist prior to flashback if the flame is
anchored in the boundary layer region by other means.

• The separation point is dislocated upstream by flame propagation inside
the backflow, which continuously provides fresh mixture to the flame.
Once flashback conditions are reached, the flame propagates upstream
at a finite velocity in an absolute frame of reference since the flow velocity
in the backflow is < 0.

The prediction of the flashback point thus requires three considerations:

1. Streamline curvature and the induced pressure rise upstream of the
flame due to the presence of the two-dimensional flame shape in the
flow: Since the tail of the flame extends into the main flow, streamlines in
the outer regions of the boundary layer and eventually in the freestream
are deflected upwards by the local flame backpressure. The effective pres-
sure rise in front of the flame results from the integration of the radial
pressure gradient which is induced by streamline curvature in the region
of the flame tip. In other words, the pressure rise upstream of the flame is
indirectly caused by the backpressure of a considerably larger portion of
the flame than just the tip region which is located close to the backflow.
If the amount of displaced fluid above the flame tip is large, such as in
a flat-plate situation without an opposite wall, the effective flame back-
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pressure can probably be predicted well without consideration of the de-
tailed flame shape in the quenching region close to the wall.

2. Height of the backflow region: Once that the pressure rise upstream of
the flame is known, the height of the backflow region δr must be esti-
mated, e.g. based on boundary layer separation theory.

3. Quenching distance of the flame at backflow conditions: The quench-
ing distance δq is probably most difficult to predict due to the complex
flow situation at the flame tip and the presence of the wall. A Peclet num-
ber approach based on flame thickness (see Eq. (2.45)) may be feasible
for scaling of experimental values.

The model is considered to describe the underlying physics for both, laminar
and turbulent flow conditions. As can be seen from experiments and numer-
ics, the physical picture in Fig. 6.1 is representative for the temporal evolution
of laminar wall flashback. In the turbulent case, the model describes the local
conditions in the discrete flame cusps which were observed in experiments.

Based on this model, the true distance of the flame tip from the wall during
turbulent wall flashback can be estimated, which could not be inferred di-
rectly from the Mie-scattering images. For the turbulent flashbacks with zero
pressure gradient observed in Figs. 4.18 and 4.19 and flashbacks with mod-
erate adverse pressure gradient in Fig. 4.22, the flame is not stabilized inside
the laminar sublayer as the critical gradient model predicts, but is rather an-
chored inside the upper region of the backflow, which is located in the buffer
layer (y+ ≈ 25 to 35). For a statistical analysis of these heights, the data base
is not sufficient, though. For strong adverse pressure gradients, the backflow
extends into the logarithmic region, a fact which is not fully understood at
the moment. The existence of substantial low-momentum regions in the log-
arithmic layer of adverse pressure gradient flows could play a role here (see
Sec. 2.1.5).

Table 6.1 lists approximate maximum heights of the backflow region in front
of the flame as obtained from Figs. 4.18, 4.19, 4.22, 4.23 and 4.24. It has to be
emphasized that these numbers are based on single flashback events and thus
do not represent statistical information, but provide an estimate of the order
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Table 6.1: Approximate wall distances of turbulent flames during wall flashback.

Fuel φ [◦] Φ [-] δ+r [-] δr [mm] Peq [-]

H2 0◦ 0.345 35 0.96 1.5

H2 0◦ 0.543 36 0.53 1.4

H2 2◦ 0.345 23 0.63 1.0

H2 4◦ 0.256 53 2.13 -

CH4 4◦ 1.0 63 2.44 20

of magnitude. The last column of Table 6.1 shows quenching Peclet numbers
Peq = δr /δ f , where Eq. (2.22) has been used to evaluate δ f . For H2-air flash-
back in the 4◦ diffuser, the mixture was too lean to evaluate δ f by Cantera
simulations. The quenching Peclet numbers for the 0◦ channel case are of
the same order as the value of Enomoto [Eno02] for laminar H2-air sidewall
quenching listed in Table 2.1.

6.1 Difference between Confined and Unconfined Flame
Holding prior to Flashback

It has been experimentally observed that wall flashback propensity in geome-
tries with confined flame holding can exceed unconfined limits by an order
of magnitude. After the development of the physical model shown in Fig. 6.1,
this behavior can be explained in detail. The configuration between flame and
flow prior to flashback for unconfined flame holding is illustrated in Fig. 6.2.
The main flow direction is from left to right. On the lower left of the figure,
part of the burner rim is shown. Streamlines of the fresh mixture are sketched
above the rim which subsequently interact with the boundary region of the
flame. Compared to a confined geometry, the adverse pressure gradient act-
ing on the boundary layer at burner exit is reduced for two reasons:

1. The burner rim quenches the reaction next to it by heat losses q̇ . Since
p1 > p∞, the resulting gap forms a relaxation passage for the pressure
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Figure 6.2: Unconfined flame holding prior to flashback.

field and hence a reduction in ∂p/∂x seen by the approaching boundary
layer. As an effect, the fresh mixture at the inner burner wall is acceler-
ated towards the quenching gap, which leads to the well known overhang
of the reaction zone in that region [Fra77, LE87, SY05]. As secondary ef-
fects, the flame backpressure p f is reduced by thermal quenching and
flame stretch on the one hand, which adds to the decrease in axial pres-
sure gradient. On the other hand, the flame is deterred from entering the
boundary layer region due to the outward fluid motion.

2. The expansion of the exhaust gases is not obstructed by a wall, such that
the backpressure of the freestream part of the flame, the resulting stream-
line curvature and the induced adverse pressure gradient at the flame
base are diminished.

For a confined flame stabilized at a small backward-facing step, such as the
’step’ configuration of the 0◦ channel shown in Fig. 4.7 or the confined tube
burner setup in [EBS12], the physical picture is slightly different. The quench-
ing 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 chan-
nel wall. Thus, with decreasing step height, the fluid motion perpendicular to
the main flow direction diminishes and the flame 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 in combination
with the backpressure increase by the presence of the wall below the flame tail

172



6.2 Correlation of Turbulent Flashback Limits

result in an increased flashback propensity with decreasing step height, which
has been observed experimentally (see Fig. 4.8).

A confined flame which is stabilized flush with the duct wall represents the
most critical configuration in terms of flashback propensity. On the one hand,
the flame is always present inside the boundary layer. Also in this case, stream-
lines close to the wall are deflected towards the quenching gap below the
flame, but this motion does not displace the flame tip appreciably. Further-
more, the quenching distance of this sidewall configuration is known to be
smaller than the axial distance between burner rim and an unconfined flame
stabilized above it [Woh53]. On the other hand, the compression effect of the
wall is maximized if no step exists downstream of the flame holding location.

6.2 Correlation of Turbulent Flashback Limits

For the purpose of flashback-safe burner design, the correlation of experimen-
tal flashback limits by a function of parameter groups Πi which include the
influence of temperature, pressure and fuel-oxidizer mixture is desirable. To
derive such a function, a physical model is needed which connects variables
in such a way that the resulting equation structure remains the same for arbi-
trary values ofΠi . For the proposed model of wall flashback, this fundamental
equation which is assumed to be invariant is the balance between the height
of the backflow and a measure of the minimum flame distance from the wall,
as it has already been described for the physical model in Fig. 6.1:

δr = K δq . (6.1)

In Eq. (6.1), K is a proportionality factor which is yet to be described. In order
to form parameter groups which express the variables in Eq. (6.1) by accessi-
ble properties of the flow and the flame, the influential variables on δr , K and
δq have to be determined. In the following, only turbulent flow will be consid-
ered. However, a respective procedure for laminar flow would be feasible as
well since Eq. (6.1) is assumed to be valid for both flow regimes.
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6.2.1 Determination of Influential Variables for Turbulent Flow

In the previous chapter, the main factors which determine the height of the
backflow region δr have already been discussed. The boundary layer velocity
profile far upstream of the flame, flame backpressure and burning velocity as
well as the geometrical confinement of the flame were mentioned. The large
number of influential variables on the quenching distanceδq has already been
indicated by Eq. (2.44). Finally, the proportionality factor K may itself be a
complicated function. Therefore, simplifications will be made at this point in
order to to develop a useful correlation model.

For the determination of the backflow height δr , the following simplifications
are introduced:

• The influence of turbulent fluctuations on the backflow formation in the
near-wall region is only included implicitly by scaling with inner wall
units (see Eq. (2.6)). Consequently, the correlation results will be specific
for canonical boundary layers at comparable conditions. Please note that
large changes in Reynolds number shift the scaling of the mean turbu-
lent quantities by inner wall units (see Figs. 2.3). Furthermore, it has been
shown in this work that adverse pressure gradients cause crucial changes
in the intermittency and strength of low-speed events close to the wall,
such that different diverging or converging geometries will lead to differ-
ent correlation maps as compared to channel flow.

• The influence of changes in freestream turbulence, which increases the
local burning velocity and hence the flame backpressure, is not ac-
counted for.

• The influence of non-equidiffusion effects is not included. If this omis-
sion can be considered as a second-order effect cannot be stated with
certainty at this point.

• The duct height, which has been shown to influence the degree of
streamline curvature and thus the pressure increase upstream of the
flame, is not introduced as a variable. Hence, correlations are specific for
similar duct geometries.
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• The mean velocity distribution in the outer boundary layer region and
the freestream, which plays a decisive role for the determination of the
pressure rise due to streamline curvature, is assumed to scale with in-
ner wall units as well. This is justified for a given internal flow situation
(Eqs. (1.9) and (4.1)) if the weak dependence on duct height or diameter
is neglected and if adverse pressure gradients are similar. Thus in addi-
tion to the sensitivity to adverse pressure gradients, which was already
mentioned in the first item, strong geometrical scaling of experimental
models thus can lead to deviating correlation maps.

In summary, the height of the backflow is assumed to be dependent on the
following variables:

δr = f (g ,µ1,ρ1,SL, T2/T1) , (6.2)

The first three variables on the right-hand side of Eq. (6.2) define uτ and L+,
which provide inner scaling of the canonical turbulent boundary layer. The
last three variables define the flame backpressure according to Eq. (2.35) as
well as the burning velocity within the simplifications stated above. It should
be emphasized here that the influence of swirl on the development of the
boundary layer and the freestream velocity distribution has not been taken
into account for the derivation of Eq. (6.2).

For the determination of the quenching distance δq , the following simplifica-
tions are made:

• Although δq surely is a complicated function of properties of the flow, the
flame and the wall, a Peclet number scaling of the form

Peq = const. (6.3)

will be adopted, which means that

δq = f (δ f ) = f (SL, a1) . (6.4)

Equation (2.22) has been used for the right-hand side of Eq. (6.4).

• As it has already been discussed in Sec. 2.4, the quenching Peclet num-
ber is influenced by the type of fuel and oxidizer for a given quench-
ing configuration. For sure, the ratio of T1/Tw also plays a decisive role
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(usually, T1 = Tw is assumed for quenching studies). Mixture preheat-
ing is likely to lower Peq compared to atmospheric values if T1 = Tw is
assumed, since T2/T1 decreases with preheating. As probably secondary
effects, the equivalence ratio and mixture pressure have an influence on
Peq. In sum, the correlation model should be considered to be sensitive
at least to strong changes in fuel-oxidizer type as well as to wall cooling
and mixture preheating.

Finally, it will be assumed for the correlation model that the proportionality
factor K in Eq. (6.1) is only depending on the variables which are included in
Eqs. (6.2) and (6.4).

A correlation map which is based on the approximations introduced above
should remain valid if the geometry, the inflow turbulence level, fuel and oxi-
dizer type and stoichiometry regime (fuel-lean or fuel-rich) as well as the wall
cooling conditions are similar and if boundary layers are fully turbulent in
the region of interest. Furthermore, mixture preheating should be included
in the experimental database which is used to form correlation maps in order
to capture the effect of the temperature difference T2 −Tw on the quenching
process. Hence, the correlation model will be particularly useful to extrapo-
late wall flashback limits of non-swirling, preheated duct flows at atmospheric
pressure to higher pressures for a given burner geometry.

6.2.2 Dimensional Analysis

On the whole, there are 5 dimensional variables and 1 nondimensional vari-
able in Eqs. (6.2) and (6.4) which define the flashback condition of Eq. (6.1).
Since flashback conditions can be approached very slowly, the time has not
been introduced as a further variable. Using a dimensional system of length,
mass and time to reduce the dimensional variables according to the Pi theo-
rem [Spu92], three nondimensional groups
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Π1 = T2

T1
(6.5a)

Π2 =
S2

L

a1 g
= Da (6.5b)

Π3 = ν1

a1
= Pr (6.5c)

can be formed. The variableΠ1 is the temperature ratio across the flame which
is important for the momentum balance between unburnt and burnt gases.
The variableΠ2 is a Damköhler number which corresponds to Eq. (1.14). In the
context of turbulent wall flashback, Π2 compares the characteristic timescale
of the turbulent boundary layer flow t+ = 1/g (see Eq. (2.7)) with the timescale
of the laminar flame. Finally, Π3 is the Prandtl number, which compares the
diffusivity of momentum in the boundary layer flow to the thermal diffusivity
which is important in the preheat zone of the flame and for the quenching
process.

The function Π1 = f (Π2,Π3) is not known a priori. However, it can be ob-
tained by an interpolation fit of measurement values in the three-dimensional
space of Eqs. (6.5) based on wall flashback experiments for a specific setup
with regard to geometry, mixture type and flow conditions as explained in the
previous section. However, such an interpolation may not be necessary for
an extrapolation of experimental wall flashback limits to higher pressures if
preheated experiments at atmospheric pressure have been conducted at the
same equivalence ratio and using the same fuel as intended for the high pres-
sure case, as will be shown in the following.

6.2.3 Correlation Map for Turbulent H2-Air Wall Flashback in the 0◦ Chan-
nel

The turbulent wall flashback limits obtained from the flush 0◦ channel config-
uration for atmospheric and preheated H2-air mixtures have been converted
to the coordinates Π1, Π2, and Π3. Figure 6.3 shows two projections of the re-
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Figure 6.3: Interpolation of correlation function f based on atmospheric and preheated tur-
bulent wall flashback limits of H2-air mixtures for flush flame holding in the 0◦

channel.

spective three-dimensional coordinate system, where the experimental flash-
back points are plotted as red circles. An interpolation plane fitted to the ex-
perimental data is also included in the plot. Due to little measurement data for
preheated mixtures (see also Fig. 4.13a), the shape of the interpolation plane
is not very smooth, but the trend is visible.

Two examples of a search for flashback limits in terms of g are included in
Fig. 6.3 as green and blue circles. It becomes clear that for a given operation
point in terms of Φ, T1 and p1, the Prandtl number and the temperature ratio
T2/T1 are fixed only by chemistry and mixture properties, such that the flash-
back limit is approached on a straight line which is parallel to the Da-axis by
varying g . The critical gradient is determined by the intersection with the in-
terpolation plane. The blue circles represent an atmospheric case, while the
green circles represent an operation point of a gas turbine at T1 = 665K and
p1 = 10bar. The distance between the symbols for each approach correspond
to a step of ∆g = 100001/s.

Two important conclusions can be made from a comparison between the at-
mospheric and the high pressure and temperature examples. The first point
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6.2 Correlation of Turbulent Flashback Limits

regards the sensitivity of the Damköhler number to small changes in the ve-
locity gradient at the wall, which to first order is proportional to

∂Π2

∂g
=− 1

g 2

S2
L

a1
. (6.6)

From Eq. (6.6) it becomes clear that the sensitivity rapidly declines with in-
creasing g . Hence for large critical gradients, the flashback limit in terms of
gc becomes hard to determine exactly, especially if S2

L/a1 is small at the same
time. This effect can be seen from the distance between the symbols close
to the flashback plane, which is much larger for the atmospheric case where
gc = 1130001/s when compared to the high pressure and temperature case,
where gc ≈ 6000001/s as determined from the intersection with the plane.

The second conclusion regards the actual influence of pressure on the three
coordinates in Fig. 6.3. For an ideal gas,

ν∼ 1

p
, a ∼ 1

p
⇒ Pr 6= f (p) . (6.7)

Furthermore, the temperature ratio of T2/T1 is only a weak function of pres-
sure for lean H2-air mixtures. This means that for the high pressure case which
is shown by green symbols in Fig. 6.3, the pressure influence is well repre-
sented only by the Damköhler number. Therefore, if the flashback limit gc,0 of
a preheated case at atmospheric pressure is compared to the flashback limit
gc at a higher pressure at the same temperature, the Damköhler number at the
flashback limit stays constant. This leads to

gc = gc,0
S2

L

S2
L,0

a1,0

a1
= gc,0

S2
L

S2
L,0

p

p0
. (6.8)

For the right term in Eq. (6.8), ideal gas behavior according to Eq. (6.7) has
been used. Equation (6.8) reveals the pressure influence on the wall flashback
process if the change in T2/T1 with pressure can be neglected. Although the
laminar flame speed decreases with increasing pressure, the strong decrease
in thermal diffusivity, which is inversely proportional to pressure, effectively
reduces the chemical time scale a1/S2

L and thus increases flashback propen-
sity. For the example in Fig. 6.3, an experiment at atmospheric pressure, but
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at the sameΦ and T1 gave gc,0 = 2050001/s. The scaling factor to 10bar is 2.93
according to Eq. (6.8), which leads to the intersection value at the flashback
plane of about gc ≈ 6000001/s in Fig. 6.3 as mentioned before. The correlation
proposed by Fine [Fin58] (see Eq. (1.8)) predicts a substantially higher increase
of gc with pressure for flashback limits of unconfined tube burners. This devi-
ation may be explained by a different dependence of the flame base position
and the height of the backflow on pressure in an unconfined setup, however,
this point clearly needs further investigation.
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7 Summary and Conclusions

The physical processes governing wall flashback, a failure scenario critical for
the safety and reliability of premixed H2-rich fuel burners, have been investi-
gated. Literature analysis has revealed a general lack of understanding regard-
ing wall flashback in turbulent flows as well as the influence of geometrical
boundary conditions on that process.

Experiments on wall flashback limits in fully-premixed atmospheric and pre-
heated turbulent flow and various geometries have shown a strong influence
of the degree of flame confinement during flashback approach. The most crit-
ical case has been identified as a flush stabilization of the flame inside the
duct prior to flashback. For this type of flame holding, it has been shown that
adverse pressure gradients further move the flashback limit to higher flow ve-
locities for a given mixture, which is a first indication of the inadequacy of the
critical gradient model. Mixture preheating shifts the flashback limit to higher
critical gradients, though the increase is not as strong as predicted for uncon-
fined flames. According to a prediction based on canonical boundary layer
turbulence, the observed wall flashbacks lay in the thin reaction zone regime
of turbulent combustion for atmospheric mixtures. For preheated mixtures, a
regime change to corrugated flamelets has been predicted which is supported
by experimental observations.

Detailed experiments using µ-PIV and simultaneous OH∗ chemilumines-
cence with high temporal resolution to observe the flame motion during wall
flashback in laminar and turbulent flows of two different fuels inside various
geometries have elucidated the wall flashback process and critical parame-
ters for flashback propensity. The well-established critical gradient model of
Lewis and von Elbe has been shown to be physically inadequate to describe
the detailed propagation of the flame close to the wall. While the critical gra-
dient model predicts a counterflow propagation of the leading flame tip close
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Summary and Conclusions

to the wall, experiments as well as numerical simulations have revealed that
the flame actually propagates in the same direction as the fresh gases inside a
backflow region. This process is similar to flashback due to CIVB, for which the
flame is only able to propagate against high flow velocities inside the trailing
part of a backflow region in much the same way. The observed wall distances
of the flame tip during turbulent H2-air wall flashback in channel flow lay in
the height of the buffer layer between laminar sublayer and logarithmic region
of the isothermal boundary layer profile.

During wall flashback, the backflow is caused by boundary layer separation
due to a static pressure rise upstream of the flame. The separation point is
continuously dislocated upstream due to the propagation of the flame rela-
tive to the backflow, such that fresh gases are continuously decelerated and
subsequently consumed by the flame. For laminar flashback, the backflow re-
gion is stable as it moves upstream. During turbulent flashback, backflow re-
gions dynamically form and disappear in intermittent low-velocity regions in
the near-wall region of the turbulent boundary layer. This observation is sim-
ilar to isothermal incipient turbulent separation by adverse pressure gradi-
ents, which shows a comparable backflow behavior. Moreover, the difference
in laminar and turbulent flashback limits in terms of critical velocity gradients
can be explained by flashback in low-velocity regions in the turbulent case.

The observed aggravating influence of global adverse pressure gradients,
which was generated by a diffuser, on the separation process during turbulent
wall flashback is probably due to an increased frequency of low axial veloc-
ity events in the time-resolved flow structure close to the wall. However, this
point needs further clarification.

Numerical simulations of laminar H2-air wall flashback with a reduced chem-
istry model in a flat plate boundary layer have shown that the backflow region
already exists prior to flashback for a flame stabilized flush with the wall. How-
ever, the reaction is quenched by thermal losses if the height of the backflow
region is yet small. The flashback limit is determined by the point when the
height of the backflow reaches a certain value such that reaction can be sus-
tained inside the backflow.
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A new physical model for wall flashback has been proposed based on the
results described above. Using dimensional analysis, three nondimensional
numbers have been identified as model parameters for correlation of flash-
back limits. Based on the limited wall flashback data obtained here, a predic-
tion of wall flashback at elevated temperatures and pressures led to signifi-
cantly higher flashback limits than for atmospheric pressures, while the posi-
tion in the turbulent combustion regime was not appreciably affected.

The results of this work indicate necessity for further research on wall flash-
back:

• The numerical prediction of backflow existence prior to flashback should
be assessed experimentally.

• The transition from atmospheric to preheated wall flashback probably
induces a regime change of turbulent combustion which should be in-
vestigated in depth.

• The proposed correlation model should be validated by wall flashback
experiments under elevated pressures.

• The existence of a hysteresis between wall flashback limit and wash-out
of a yet ongoing wall flashback should be checked by laser ignition inside
the duct geometry, for example.

• The influence of swirling flow on wall flashback is of importance for the
design of gas turbine burners and thus should be investigated.
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A Details of the LDA Setup

3-Axis Automatic Traverse System

Figure A.1: 3D traverse system for LDA measurements.

Figure A.1 shows the 3D traverse system which has been designed and imple-
mented for precise and efficient LDA measurements. The system is based on
three Isel linear guides with 0.02mm positioning repeat accuracy which are
operated by an Isel C142-4 controller.
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Geometrical Parameters and BSA Settings

Context Parameter Value Unit

LDA Optics Parameters

Wavelength 514.5 nm

Focal length 310 mm

Beam diameter 2.2 mm

Expander ratio 1.98 -

Beam spacing 1 27.415 mm

Number of fringes 15 -

Fringe spacing 2.95 µm

Full beam angle 5.004 deg

Measurement volume: dx, dy 0.047 mm

Measurement volume: dz 0.535 mm

BSA Range/Gain

Velocity Units m/s m/s

Range - Center variable m/s

Range - Span variable m/s

Record Length 32 -

High Voltage On/Off On -

High Voltage 1000 V

Signal Gain 30 dB

Calibration 2.95 m/s/MHz

BSA Timing/Triggering

Clock Source Private -

Coincidence Mode Private -

Arrival Time Clock Internal -

BSA Data Collection/Buffering

Data Collection Mode Burst -

Output Buffer Mode FIFO -

Number of Bursts 10000 -

Meas. interval 10 s

Validation Yes/On -

Validation Level 0 -

Dead Time 0 ms

Duty Cycle 0 %

BSA Advanced Options

Frequency Shift Yes/On -

Manual shift 0 Hz

Quality Factor 80 %

Oversize Reject Level 1 -

Anode Current Limit 1.6 mA

Burst detection mode Both -

Pedestal Attenuation 0 -

Table A.1: Geometrical Parameters and BSA Settings for LDA experiments.

1 Prior to beam expansion
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B Measurement Accuracy of the µ-PIV
System

The following discussion will be concerned with an estimation of main error
sources during µ-PIV measurements with the used setup. The error sources
considered can be divided into four categories:

• Flow-particle and particle-flow interaction.

• Optical distortions between object and image plane.

• Evaluation of the PIV images by cross-correlation.

• Random errors in the whole experimental setup.

These different error sources will be discussed below.

Influence of High Seeding Density on Turbulent Fluctuations

It has already been discussed in Sec. 3.2.3 that the seeding particles should be
sufficiently small to follow turbulent fluctuations with negligible slip. It was
also shown that the TiO2 particles used here are expected to follow turbulent
fluctuations without appreciable slip, such that this error source can be ex-
cluded. However, the derivation of the BBO equation mentioned in Sec. 3.2.3,
which was used to approximate the particle tracking, assumes that there is
no feedback of the particles to the flow, such that energy transfer only occurs
unidirectionally from the flow to the particles. It is obvious though that this as-
sumption is not feasible anymore for flows with high particle volume fraction
Φp , defined as

Φp = NpVp

V
(B.1)
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In Eq. (B.1), Np is the number of particles in the volume V and Vp is the vol-
ume of the particle. There exists a broad literature on particle-turbulence in-
teraction in particle-laden flows due to their importance for the process in-
dustry. A recent overview on the topic has been given by Poelma and Ooms
[PO06]. They mention the work of Elghobashi on the influence of particles
on the spatial turbulence spectrum of a fluid, who tabulated different ways
of particle-turbulence interaction in dependence on three nondimensional
groups in a chart [Elg94]. The three groups wereΦp (see Eq. (B.1)) and the ratio
of the particle response time (assuming Stokes flow) to two different turbulent
timescales. The limit of one-way coupling, i.e. negligible influence of the par-
ticles on turbulence, was specified as Φp ≤ 10−6. The particle density in the

Table B.1: Particle volume load in seeded flow.

Mean particle
diameter [µm]

Φp at 50µm mean
particle spacing

0.3 1.1 ·10−7

0.5 5.2 ·10−7

1.0 4.2 ·10−6

3.0 1.1 ·10−4

5.0 5.2 ·10−4

µ-PIV experiments presented here has been determined very roughly by esti-
mating the mean particle spacing of the smallest particles (1-2 pixel diameter)
on raw PIV images. Since the particle size is much smaller than the pixel size of
the image sensor, the particles considered lie in the focus plane or a small dis-
tance outside, such that their unfocused image still does not exceed the pixel
size of the image sensor. This results in a rough, conservative estimate of 10
pixels or 50µm mean particle separation. Table B.1 lists the according particle
volume fractionsΦp for different mean particle diameters and the assumption
of an isotropic particle density distribution. The result is putting emphasis on
the sensible choice of seeding density for PIV experiments, as the table shows
that the chosen volume load for the TiO2 seeding used (dp = 0.3...1µm) is at
the upper limit for a feasible assumption of one-way interaction.
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Figure B.1: Refraction of focused light beams passing through a window.

Effect of a Window Between Measurement Volume and Microscope Lens

The unique feature of the present study in comparison with other long-
distance µ-PIV investigations is the investigation of highly-reactive flows with
the possibility of fast deflagrations and even detonations in the worst case. For
security reasons and owing to the demand of flush walls inside the channel,
the measurement section is equipped with strong windows of 41mm thick-
ness. On the one hand, windows absorb some of the scattered light energy,
which was not a problem for the chosen dimensions though. On the other
hand, light rays are refracted due to the difference of the refractive index of
air (n1 ≈ 1) and quartz glass (n2 ≈ 1.47). In contrast to macroscopic PIV, where
object distances are high and numerical apertures are small, refraction effects
cannot be neglected for µ-PIV setups. Two effects can be identified for a plane
window in the framework of geometrical optics [GS27] (diffraction is not in-
cluded). To explain the first effect, Fig. B.1 shows the geometrical configura-
tion of a pair of focused light beams passing through a window of thickness
d. The refraction at both sides of the window causes an increase of the focal
distance by ∆z, which is equal to

∆z = d

(
1− cos(α)√

(n2/n1)2 − sin2(α)

)
(B.2)

Equation (B.2) shows that the distance ∆z is dependent on the incident angle
α. Only for small values of α, ∆z is approximately constant. If a particle in the
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focal plane is considered, only light beams with small α will contribute to a
sharp image, while other beams still captured by the aperture will produce a
defocused image.

The second aberration is observed if the particle position does not coinci-
dence with the optical axis in the focal plane. This effect is known as astigma-
tism, but it occurs in a slightly different form for a plane window as compared
to classical astigmatism of lens systems. For lenses, a separation of merid-
ional and sagittal focus planes is observed since the incident beam is refracted
asymmetrically [GS27]. In contrast to a lens, the refraction through a window
is always isogonic. However, the displacement between two parallel beams on
each side of the window is depending on the incident angle, as already de-
scribed by Fig. B.1. Now if the main axis of the light beam emitted by the par-
ticle hits the window surface at a finite angle, the sectional line of the beam
and the window plane is an ellipse. Hence the distribution of incident angles
is not rotationally symmetric anymore with respect to the main axis of the
incident beam. The cross-section of the beam will be deformed to an ellipse
after passing the window, which is then focused by the microscope lens. This
astigmatism is additive to the defocusing effect explained in Fig. B.1.

The final question whether the presence of the window causes a systematic
velocity bias in the PIV results is not straightforward to answer. The first ef-
fect described above blurs the particle image, which possibly leads to reduced
correlation signals. The second effects distorts the shape of the particle im-
age. However, a velocity bias is only expected if the shape of the particle image
changes appreciably during the particle displacement by ∆x. Since particle
displacements are small with respect to the image plane, this bias is consid-
ered to be negligible.

Optical Aberrations and Distortions of the Microscope Lens

The imaging characteristics of the microscope lens used here have been care-
fully analyzed by Kähler et al. [KMS05, KSO06] for monochromatic laser light.
They came to the conclusion that the device is well apt for µ-PIV investiga-
tions with respect to the quality of particle images and the magnitude of op-
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tical aberrations. The authors used a camera with a large CCD chip (36.6 mm
x 24.5 mm), which the microscope is not designed for. Indeed, they observed
image distortions in the boarder region of the image which had to be corrected
during postprocessing. The camera used for the present experiments has an
image sensor of 20.5 mm x 20.5 mm, and appreciable distortions could not
be determined in the calibration image. This observation will be validated to-
wards the end of this discussion by comparing average velocities of an undis-
turbed boundary layer at constant height y , where no systematic bias should
be observable in x-direction.

True Measurement Volume due to Out-of-focus Particles

As mentioned in the text, the depth of field in µ-PIV investigations is usually
much smaller than the thickness of the illuminated flow volume. To get an
estimate of the relation for the present setup, the thickness of the focused
lightsheet at the measurement position has been determined by measuring
the thickness of its image on a metal block which was inclined by a small
angle to the lightsheet axis. The measured lightsheet thickness at focus was
δL ≈ 0.2mm, which is an order of magnitude larger than δF . Consequently,
the thickness of the measurement volume is not well-defined by δF because
out-of-focus particles are likely to contribute to the image, too. The derivation
of a more representative concept was conducted by Meinhart et al. [MWS00].
They define the measurement depth as twice the distance from the center of
the object plane from which the image intensity of a particle is a certain frac-
tion of the maximum in-focus intensity. The authors recommend an intensity
fraction of 0.1 as a sensible choice. For the case that the pixel size of the image
sensor is much larger than the particle diameter and measurements in air, as
it is the case for the present setup, the according measurement depth δm can
be calculated by

δm = 3λ

N A2 +
3.568 e

M −dp

N Ap
1−N A2

(B.3)

In Eq. (B.3), N A is the numerical aperture of the lens,λ is the laser wavelength,
M is the total magnification of the system and e is the spacing between pix-
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els on the image sensor. Table B.2 lists the results from Eq. (B.3) for different

Table B.2: Measurement depth for the present µ-PIV optics.

Mean particle
diameter [µm]

δF [µm]

0.3 182

0.5 181

1.0 178

3.0 165

5.0 152

particle diameters. It can be concluded that the depth-of-field is a factor of 9
smaller than the measurement depth for the current setup, which means that
also defocused particles will contribute to the correlation. On the one hand,
this will broad the correlation peaks and eventually may lead to a lower num-
ber of valid vectors. On the other hand, it is important to know the true depth
δF of the measurement volume to specify the spatial resolution of the system
as well as the influence of velocity gradients ∂u/∂z and ∂v/∂z.

A concept similar to the measurement depth defined in Eq. (B.3), which is
known as depth of correlation analysis (e.g., [OA00]), investigates the influ-
ence of defocused particles on the correlation function (see Eq. (3.11)). How-
ever, as Raffel et al. [RWWK07] point out, the correlation function is approxi-
mately proportional toδ2

m, such that Eq. (B.3) is a proper representation of that
concept, too. It follows that the chosen intensity fraction of 0.1 for Eq. (B.3)
corresponds to a cut-off influence of about 1% for the correlation function.
Recently, Olsen [Ols09] showed that the depth of correlation is also depen-
dend on fluid shear in the object plane. The effect is limited to high numerical
aperture lens and the results indicate that the long-distance microscope with
N A = 0.152 used here is not susceptible to this issue.
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Velocity Bias and RMS Errors from Cross-correlation Analysis

In addition to optical distortions, the quality of the velocity field resulting from
cross-correlation analysis is depending on several factors [FMPS04,RWWK07]
(recommended values in brackets):

• Cross-correlation algorithm

• Particle image diameter (2-3 pixels)

• Particle image shift (small as possible)

• Particle image density (5-10 particles per interrogation area)

• Fraction of optical active sensor area (high as possible)

• Background noise

• Out-of-plane velocity component

• Velocity gradients

Each of these factors contributes to systematic velocity bias as well as RMS
errors. The cross-correlation algorithm used by VidPIV 4.6 uses an adap-
tive window-deformation technique (see [RWWK07] for principles) with sub-
pixel shifting using B-spline interpolation and Whittaker peak fitting. This ad-
vanced algorithm largely reduces errors from velocity gradients and large par-
ticle image shifts. Regarding particle image diameter, the recommended value
of 2-3 pixel is matched closely for most particles. The recommended value for
the particle density is typically reached for interrogation areas of 16x16 pixel in
the present study. The fraction of the optically active area of the image sensor,
also called CCD fill, has no influence on the velocity errors for current par-
ticle image diameters of 2-3 pixels, as shown in [FMPS04]. The background
noise has been estimated from the pixel intensities of dark regions between
particles, which results to about 10%. According to [RWWK07], this amount of
noise has virtually no influence on the derived velocity field. The influence for
out-of-plane motion is restricted to turbulent fluctuations in the z-direction
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for the boundary layer measurements presented here. The magnitude of these
fluctuations can be approximated by w

′ ≈ 1.5uτ [FMPS04]. The mean out-of-
plane displacement during two pulses, w

′
∆tPIV , should be lower than about

20% of the effective lightsheet thickness for negligible influences on errors. For
the present measurements, out-of-plane displacements only amount to about
10% of the depth-of-field of the microscope (which is an order of magnitude
lower than the effective measurement depth, as already explained), thus ap-
preciable errors due to out-of-plane motion can clearly be excluded here.

In sum, the µ-PIV measurements with the current setup and evaluation soft-
ware are close to the optimum to ensure a cross-correlation with low bias and
noise as along as wall reflections are not deteriorating the particle images. To
get an estimation of the remaining errors, results of [FMPS04] for an optimized
setup and a bicubic subpixel interpolation for the window-shift technique are
considered, which result in a mean bias of ±0.02 pixel and an equal RMS un-
certainty of ±0.02 pixel. Thus for instantaneous velocity plots, the overall un-
certainty is ±0.04 pixel. For time-averaged values, the RMS error vanishes for
large sample sizes and only bias errors with ±0.02 pixel are expected.

Experimental µ-PIV Measurement Accuracy

The discussion of random and bias errors will be completed by analyzing own
isothermal boundary layer measurement results.

The influence of small interrogation areas compared to particle size and den-
sity will be discussed first. Figs. B.2 compares cross-correlations of identical
data sets with interrogation areas of size 16x16 and 8x8 pixels. Figure B.2a
shows dimensionless mean axial flow profiles. The experimental data sets
were non-dimensionalized by the same wall shear determined from the 8x8
correlation results. It can be seen that apart from the first point above the wall,
which is underestimating the velocity gradient, the results of 16x16 correlation
windows follow exactly the 8x8 values. The fluctuating velocities shown in Fig.
B.2b reveal slight deviations of about 3% (axial) and 8% (wall-normal) in the
logarithmic region, were gradients are comparably small. Small interrogation
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Figure B.2: PIV: Comparison of 8x8 and 16x16 interrogation areas.

windows thus seem to introduce only noise in the current setup, which is can-
celled out in the mean, but shifts rms velocities to slightly higher values.

Potential bias due to aberrations of the window and microscope optics is eval-
uated from mean PIV velocities by calculating the standard deviation of axial
velocities along the x-direction at a fixed height above the wall. The aberra-
tions explained in Sec. 3.2.4 become stronger with increasing distance from
the optical axis, such that their influence on the cross-correlation increases
towards the borders of the image at a fixed y-position, an effect that should
appear in the velocity values. Figure B.3 shows the standard deviations of av-
erage velocities, σx , related to the mean velocity at a given height y , which
has been normalized by the y-height of the PIV measurement area hPIV , in
percent for the laminar data sets at E1, E2 and E3 already shown in Fig. 3.27.
Please note that the position of the microscope and the orientation of the laser
sheet has been re-adjusted for each measurement position, hence inaccura-
cies from this manual procedure are included. On the x-axis, the distance from
the wall related to the height of the PIV measurement plane is shown. The
standard deviations have their maximum close to the wall due to the low ve-
locities and spurious wall reflections. Within the remaining part of the flow
field, the deviations are exceptionally low. It is concluded that the µ-PIV ar-
rangement does not introduce any appreciable bias due to optical distortions.
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Figure B.3: PIV: Horizontal standard deviation of average velocities for laminar flow.
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Figure B.4: PIV: Repeat accuracy and timestep dependence.

Each PIV set presented in the main part of this work represents the average of
one single measurement due to the large amount of data and time-consuming
evaluation. Therefore, it is important to estimate the reproducibility of the
measurements. Figures B.4 show the profiles of three measurements at the
same nominal operation point of 30g/s at position E2. Measurements No. 1
and 2 were taken successively without touching the PIV setup. Measurement
No. 3 is taken after a re-adjustment of the system at a different day. Further-
more, the temporal separation ∆t between PIV pulses is about twice as high
as for No. 1 and 2. Figure B.4a shows dimensionless axial velocities of the three
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sets, which have been related to the mean of the three shear stress values. The
individual shear stresses have a spread of ±4% from the mean. The mean ax-
ial velocities show very good agreement, deviations from the mean are within
±1%. The corresponding rms velocities are shown in Fig. B.4b. The repro-
ducibility for fluctuating velocities is satisfying, deviations from the mean are
within ±10%.
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