
Experimental investigation of Boundary
Layer Flashback in high H2 concentration
turbulent premixed jet flames

Filippo Faldella

Te
ch

ni
sc

he
Un

iv
er
si
te
it
De

lft





Experimental investigation
of Boundary Layer

Flashback in high H2
concentration turbulent
premixed jet flames

by

Filippo Faldella

to obtain the degree of Master of Science
at the Delft University of Technology,

to be defended publicly on Friday 17 April, 2020 at 13:30 PM.

Student number: 4727568
Project duration: February 1, 2019 – April 17, 2020
Thesis committee: Prof. dr. ir. S.A. Klein, TU Delft, supervisor

Dr. ir. M.J. Tummers, TU Delft, supervisor
Prof. dr. D.J.E.M. Roekaerts, TU Delft

An electronic version of this thesis is available at http://repository.tudelft.nl/.

http://repository.tudelft.nl/




Abstract

Hydrogen combustion in gas turbines could play an important role in the future energy transi-
tion. However, the design of flexible gas turbine combustors able to operate with a wide range of
Dutch Natural Gas (DNG) and hydrogen fuels is accompanied by new complex challenges. Small
quenching distance, high burning velocity and propensity to develop instabilities at leaner condi-
tions makes hydrogen-rich fuels particularly prone to boundary layer flashback (BLF). Both academia
and industry are currently involved in developing a better understanding of the BLF phenomenon,
so that new generation combustors can be designed.
From recent experimental investigations carried out by the Technical University of Munich (TUM)
research group, it has been noted that the configuration of the flame plays a crucial role in flashback
propensity. In confined geometry, where the flame is partially or completely surrounded by walls,
the boundary layer flashback propensity is much higher. Indeed, in the confined configuration the
flame-flow interaction effects are very strong. However, even in the unconfined configuration it is
not completely clear how the flame-flow interaction affects the boundary layer flashback onset.
In the present work, tube burners have been used to investigate different hydrogen/DNG turbulent
flames. Particular attention was paid to the lean hydrogen premixed flames relevant for gas turbines
combustors. In the first part of the investigation, flame regime maps have been used to characterize
flashback propensity of different hydrogen/DNG mixtures at different equivalence ratios. Further-
more, the effect of tip temperature has been investigated by comparing flashback onset in both
cooled and uncooled conditions. Particle image velocimetry (PIV) and Mie-scattering measure-
ments have been used, both to obtain useful statistical data and to visualize the flashback transient
phenomenon. Indeed, the lean hydrogen flame and DNG flame behaviour during flashback have
been visualized and compared.
The results highlight that, the flame-flow interaction plays an important role. The interaction is re-
lated to the hydrodynamic or Darrius Landau instability which causes the presence of an adverse
pressure gradient just downstream of the flame front. The adverse pressure gradient leads to a slow-
down of the flow, which allows the flame front to propagate upstream. The coupling of this interac-
tion with the velocity fluctuations of the turbulent field leads to flashback. The flashback location is
outside of the viscus sublayer, but still in the proximity of the wall, where the velocity fluctuations
are stronger and the distance between the average flame front and the burner exit is small. The dis-
tance between the burner tube outlet and the flame front directly affects the strength of the adverse
pressure gradient on the approaching flow. The closer the flame front is to the burner exit, the more
the incoming flow is deflected and retarded by the burner walls.
In these experiments the most significant difference between the DNG and hydrogen flame is not
qualitative but quantitative. The mechanism itself is qualitatively the same, however, hydrogen
flame flashback occurs much more abruptly. This is related to the response of hydrogen flame
speed to stretch. Indeed, since the Lewis number is lower than one, the lean hydrogen flame speed
increases with stretch leading to thermal-diffusive instability.
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ṁt Turbulent flame mass burning rate (kg/s)

M a Markstein number (-)

N Number of samples (-)

n Normal unit vector (m)

pn Pressure at normal conditions (mbar)

pu unburned gas pressure (Pa)

q Energy flux (J/(s·m2))

Re Reynolds number (-)

Rep Particle Reynolds number (-)

Ret Turbulent Reynolds number (-)

S Flow strain tensor (s−1)

s f Flame speed (m/s)

sl Flame speed (m/s)

sl ,0 Unstretched laminar flame speed (m/s)

sl ,s Stretched laminar flame speed (m/s)

st Turbulent flame speed (m/s)

T Experiment measuring time (s)

Tb Burned gas temperature (K)

Ti Ignition temeprature (K)

Tn Temperature at nomal conditions (K)

Tu Unburned gas temperature (K)

Tu Unburned gas temperature (K)

Tad Adiabatic flame temperature (K)

Tt i p Burner tip temperature (K)

u
′

Velocity fluctuation in axial direction (-)



xii Nomenclature

u ′u ′ Normal Reynolds stress axial direction (m2/s2)

u ′v ′ Reynolds shear stress (m2/s2)

u Mean axial velocity (m/s)√
u ′2 urms fluctuations (m2/s2)

~u Velocity vector (m/s)

u
′
0 Turbulent integral velocity scale (m)

u
′
η Kolmogorov velocity scale (m)

u+ Normalized velcotiy (-)

Ub Bulk velocity (m/s)

ub Burned gas velocity 1D (m/s)

u f Fluid velocity (m/s)

up Particle velocity (m/s)

uu Unburned gas velocity 1D (m/s)

uτ Shear stress velocity (m/s)

v
′

Velocity fluctuation in radial direction (-)

v ′v ′ Normal Reynolds stress radial direction (m2/s2)

v Mean radial velocity (m/s)

w
′

Velocity fluctuation in azimutal direction (-)

w Mean azimutal velocity (m/s)

y+ Normalized wall distance (-)

Yi Species i mass fraction (-)

YF,u Fuel mass fraction (-)

YO2,u Oxidaizer mass fraction (-)

Z e Zeldovich number (-)



List of Figures

1.1 Shell Sky scenario of energy demand by source. [56] . . . . . . . . . . . . . . . . . . . . 1

2.1 One-dimensional laminar premixed flame structure, based on the single one-step re-
action asymptotic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Kinematic balance for a steady premixed Bunsen flame . . . . . . . . . . . . . . . . . . 7

2.3 Effects of flame stretch on the flame structure in case of nonequidiffusion. On the left
side of the figure a curved flame front and a uniform flow are shown. In particular,
the grey area is the considered control volume and coincides with the thickness of the
preheat zone δph . The thick black line represents the reaction zone δr . On the right
side a stagnation flame is shown. This flame is characterized by flat flame front and
strained flow [36]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.4 Schematic illustration of the thermal diffusive instability. An initially perturbed flame
front (t = t0) can evolve in two ways: (1) disturbance is damped out (L > 0), (2) the
disturbance grows (L < 0). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.5 Schematic illustration of the Darrius Landau or hydrodynamic instability. A perturbed
flame front convex towards the unburned gas causes a streamtube to diverge, the flow
velocity decreases. As a consequence at this location the flame speed is greater then
the flow velocity and the flame front moves upstream. Conversely if the flame front
is concave the flow accelerates just upstream the flame front, pushing the flame front
downstream. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.6 Dispersion relation resulting from the linear stability analysis of a planar flame, see
equation 2.13. The plot shows the growth rate of a disturbance as a function of the
wave number. In particular the green curve shows that for a lean H2-air mixture, char-
acterized by negative Markstein length, the growth rate is positive. The same can be
said for the red line that show the solution to the Darrius-Landau instability when no
effect of stretch are considered. The three blue curves show how for increasing Mark-
stein length the region of positive disturbance growth rate decreases. . . . . . . . . . . 13

2.7 A sketch of the developed turbulent boundary layer in dimensionless coordinates. . . 16

2.8 Borghi diagram, modes of turbulent premixed combustion . . . . . . . . . . . . . . . . 17

2.9 Turbulent flame front used to define the turbulent flame speed. . . . . . . . . . . . . . 18

3.1 (a) Schematic of the critical velocity gradient model, reproduced from [31]. (b) Flow
velocities and flame speed profiles at flashback conditions, reproduced from [31]. . . 22

3.2 (a) Different flame configurations, image taken from Shaffer et al. [55]. (b) Micro-PIV,
Mie-Scattering and velocity contour of a lean hydrogen flame in a confined channel
burner, image taken from Eichler et al. [16]. . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3 (a) Schematic illustration of the transient mechanism, from stable to unstable flame,
image taken form Baumgartner et al. [6]. (b) Time evolution of the axial velocity field
during upstream flame propagation, image taken form Baumbartner et al. [6]. . . . . . 26

3.4 (a) Critical velocity gradient as a function of hydrogen concentration for burners made
of different materials. (b) Tip temperature as a function of hydrogen concentration for
burners made of different materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

xiii



xiv List of Figures

3.5 (a) Turbulent and laminar hydrogen flames flashback propensity. (b) Critical velocity
gradient results summary for different burner configurations, materials and diameters. 28

3.6 Critical velocity gradient of hydrogen/air mixture as a function of pressure (a) and as
a function of fuel percentage at different pressures (b), reproduced by [19]. . . . . . . . 29

3.7 Critical velocity gradient as a function of preheat temperature at two different pres-
sures, reproduced from [20] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.1 Schematic of the combustion facility with tube burner. . . . . . . . . . . . . . . . . . . . 31
4.2 One of the cooling jackets installed on a tube burner. Tap water enters from the bottom

and leaves from the top to avoid air accumulation in the device. . . . . . . . . . . . . . 33
4.3 Photograph depicting the main components of the PIV system, i.e., the camera (1), the

laser light source (2) and the light sheet optics (3). The tube burner is visible on the
left and the laser light sheet is also drawn in the photo. . . . . . . . . . . . . . . . . . . 34

4.4 (a) Mie-scattering images of a premixed turbulent jet flame at the tube burner outlet.
(b) Instantaneous PIV velocity field of a premixed turbulent jet flame. . . . . . . . . . . 36

5.1 Flashback stability maps in terms of (a) the bulk velocity and (b) the critical velocity
gradient as a function of equivalence ratio for different H2/DNG mixtures. . . . . . . . 42

5.2 (a)Tube burner tip temperatures as a function of equivalence ratio for different fuel
mixture composition. (b) Tip temperature at flashback conditions for different sizes
of tube copper tube combustors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.3 Bulk velocity at flashback conditions for the cooled and uncooled burner configura-
tion (a). Critical velocity gradient at flashback conditions for the cooled and uncooled
burner configuration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.4 Comparison with literature of (a) bulk velocity and (b) critical velocity gradient at
flashback conditions of premixed turbulent jet flames for cooled burners. . . . . . . . 45

5.5 Profile of the mean axial velocity component u and Reynolds normal stress in axial
direction u′u′ measured at 0.1 di downstream of the tube exit. The data with Re ' 1.0
×104 were measured with PIV in the present research while the data for Re ' 2.3 ×104

were measured with LDA by Tummers et al. [60]. . . . . . . . . . . . . . . . . . . . . . . 46
5.6 Reynolds normal stress in radial direction v ′v ′ and Reynolds shear stress u′v ′ mea-

sured at 0.1 di downstream of the tube exit. The data with Re ' 1.0 ×104 were mea-
sured with PIV in the present research while the data for Re ' 2.3 ×104 were measured
with LDA by Tummers et al. [60]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5.7 (a) Average flame signal intensity, (b) average flame front surface indicated with green
curves and linearised average flame front indicated with blue lines. . . . . . . . . . . . 47

5.8 Mean signals strength along a line at 0.2, 0.7 and 1.2 diameters downstream of the tube
outlet. The red dashed line denotes the mean signals strength after filtering . . . . . . 47

5.9 Comparison of mean Velocity field u(r, x)/Ub , Reynolds normal stress in the radial
direction v ′v ′/U 2

b and Reynolds normal stress in the axial direction u′u′/U 2
b of flame 4

and flame 5, which are characterized be same composition and equivalence ratio, but
different Reynolds number. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.10 Comparison of mean Velocity field u(r, x)/Ub , Reynolds normal stress in the radial
direction v ′v ′/U 2

b and Reynolds normal stress in the axial direction u′u′/U 2
b of flame 2

and flame 3, which are characterized be same composition and Reynolds number, but
different equivalence ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.11 Comparison of mean Velocity field u(r, x)/Ub , Reynolds normal stress in the radial
direction v ′v ′/U 2

b and Reynolds normal stress in the axial direction u′u′/U 2
b of flame 1

and flame 6, which are characterized be same equivalence ratio and Reynolds number,
but different fuel composition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54



List of Figures xv

5.12 Time evolution of DNG premixed jet flame flashback, visualized by means of Mie-
scattering. The ∆t between each flame is 0.666 ms. The flame has a Re number of
about 5000, and an equivalence ratio of φ = 0.9. In the figure the inner wall of the tube
burner outlet are indicated with two green marks on the bottom edge of each frame.
Furthermore the flame front in locations of interest is also marked with a red dashed
line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.13 Time evolution of velocity fields of the DNG premixed jet flame during flashback, as
determined by of PIV. The time difference ∆t between each frame is 0.666 ms. In each
subfigure the inner wall of the tube burner is marked with two red lines at the bottom
edge of each frame. The flame front in locations of interest is marked with a black
dashed line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.14 Time evolution of the flashback of the H2 premixed jet flame, visualized by means of
Mie-scattering. The time difference between each frame is 0.133 ms. In each subfigure
the inner wall of the burner is marked with two green marks at the bottom edge. The
flame front, in locations of interest, is marked with a red dashed line. . . . . . . . . . . 57

5.15 Time evolution of velocity fields during flashback of the H2 flame as determined from
PIV. The time difference between each frame is 0.133 ms. In each subfigure the inner
wall of the burner is marked with two red lines at the bottom edge of each frame. The
flame front in locations of interest is marked with a black dashed line. . . . . . . . . . . 57

5.16 In this picture we can see raw data relative to half DNG jet flame on the left side and
the respective PIV computed vector field on the right side. The picture shows a flame
bulge in the top part, just below the flame front. From the colormap representation
and the vector field is possible to see the effect of the adverse pressure gradient on the
incoming flow, caused by the D-L instability. Just ahead of this low velocity pocket the
vectors diverge and the velocity decreases. . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.17 (a) Terms of the simplified momentum balance equation in axial direction. (b) Com-
parison of the adverse pressure gradient of a "stable" and an "unstable" flame and of
a jet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.18 (a) Comparison of pressure gradient in axial direction of a flame at different radial
locations. (b) Change of the Reynolds shear stress gradient in radial direction as a
function of the axial coordinate x, for a flame, at different radial locations, and for a jet
flow at r = 0.3d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60





List of Tables

4.1 Specification of the tube burners employed in the experiments. . . . . . . . . . . . . . 32
4.2 Characterization of the premixed flames investigated in experiment 1 to produce the

flame regime maps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3 Deviations of the bulk velocities computed with method (1) and (2). . . . . . . . . . . . 38
4.4 Characterization of the non reacting flows utilized to validate the velocity field at the

pipe outlet in experiment 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.5 Characterization of the premixed flames investigated in experiment 3 to study the

flame statistics at different conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5.1 Characterization of the premixed flames investigated in experiment 3 to study the
flame statistics at different conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

xvii





1
Introduction

Primary energy demand is continuously growing. Figure 1.1 shows a possible future prediction [56].
On the other hand, there is an urgent need for bringing down global emissions which are causing
climate change. The Intergovernmental Panel on Climate Change (IPCC) reported that the 30-year
period, since 1983 to 2012, has been the warmest of the last 1400 years in the Northern Hemisphere.
Global warming is mainly due to the increase in greenhouse gas emission like carbon dioxide, methane
and nitrus oxide, [41]. A large share of emissions is related to the use of fossil fuel [40], which are
commonly employed in power plant for electricity production purposes. Among the fossil fuel, coal
and natural gas are the main ones utilized for electricity production. Natural gas being preferable
since it is the cleanest-burning and low CO2 emission hydrocarbon [56]. However, carbon dioxide
is a product of combustion so in order to meet emissions reduction other solutions are needed.
Carbon Capture and Storage (CCS) techniques can play a role in reducing and eventually reaching
negative carbon dioxide emissions. Indeed, CO2 can be captured and separated before or after the
combustion process [2]. Once separated, CO2 can be stored underground or by mineral carbona-
tion [46].

Figure 1.1: Shell Sky scenario of energy demand by source. [56]

Apart from the emission associated with the employment of fossil fuel, there are limited re-
sources in a global scenario where energy demand is increasing. This further strengthens the need
to extend the use of renewable energy sources,e.g. wind or solar. Thanks to their economic competi-
tiveness, employment of renewable energy sources is growing, nevertheless it accounts for only 13.5

1
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% (2017) of the world’s Total Primary Energy Supply (TPES), as reported by the International Energy
Agency [3]. One important drawback associated with renewable energy sources is their strong inter-
mittency. Thus, in order to cope with demand peaks, it is necessary to store the energy when there
is electricity production excess.
Hydrogen offers a solution, indeed, it can be employed as energy carrier and reconverted to electric-
ity later. However the sustainability of hydrogen is strictly related to the way hydrogen is produced.
In fact hydrogen can be classified as green, blue or grey. Green hydrogen is produced without any
CO2 emission, in grey hydrogen CO2 is emitted and in blue hydrogen CO2 is emitted and captured.
Currently the share of green hydrogen produced is very low, however, since a significant increase is
expected in the following decades [4], hydrogen can have an important role in world energy tran-
sition. Green hydrogen can be obtained via electrolysis [61], which allows to separate the water
molecule into its constituent, and then reconverted to electricity by means of fuel cells or by burn-
ing it in gas turbines. The latter solution is attractive since relatively small investment cost would
be necessary to the existing power plants. Furthermore gas turbines are suitable to balance inter-
mittent power supply since they offer a fast start-up time, high efficiency and high turn-down ratio
[28, 51]. Most importantly hydrogen combustion is carbon free, so, as long as green hydrogen is
employed this solution is suitable to achieve the carbon signature reduction.
Hydrogen combustion however, introduces new significant challenges, hydrogen is very reactive,
difficult to quench and when employed in lean premixed combustion it is characterized by inher-
ently unstable processes [27]. Furthermore, the higher adiabatic flame temperature that a hydrogen
air mixture has, at given equivalence ratio, compared to a Dutch Natural Gas (DNG) one, also poses
the problem of NOx production. As a consequence of hydrogen behaviour and features, flashback,
in particular boundary layer flashback (BLF) is one of the main issues in gas turbine combustors.
The flashback phenomenon causes the flame to move from the designed anchored location and to
travel upstream in the combustor, reaching sections which are not meant to be at such high tem-
perature. As a consequence life, reliability and performance of combustion systems are drastically
reduced. Therefore BLF of hydrogen and rich hydrogen fuels, is currently a topic of interest of both
academia and industry.

1.0.1. Research question

In this thesis boundary layer flashback of premixed turbulent jet flames has been investigated. The
focus of the present work is to gain insight into the flashback mechanism of hydrogen turbulent
jet flames using Particle Image Velocimetry (PIV) and Mie-scattering measurements. These mea-
surement techniques have been used to visualize the phenomenon with high spatial and temporal
resolution. The thesis also aim to obtain flame regime maps to asses the flashback propensity of a
wide DNG/H2 flames compositions range at different equivalence ratios and burner configurations,
e.g. cooled/uncooled burner tip.

1.0.2. Thesis outline

In chapter 2 some general theoretical background about combustion and turbulence is provided.
In particular the chapter starts with the description of a laminar premixed flame structure. Then
flame stretch and instability mechanisms relevant to flame flow interaction are presented. In doing
so particular attention is posed on the characteristics of hydrogen fuel behaviour. A basic descrip-
tion of turbulent flows and turbulent premixed combustion generalities end the chapter.
Chapter 3 deals with the flashback and, in particular, boundary layer flashback literature study. The
classic critical velocity gradient model is presented, together with experimental results that show
how different parameters and configurations affect the instability. Some recent advancement fo-
cusing particularly on hydrogen flame flashback are also presented.
Chapter 4 introduces the experimental setup, the measurement technique and the experiments car-
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ried out in this study.
In chapter 5 the results are presented and discussed.
Finally, conclusions and recommendations for further investigations are provided in chapter 6.





2
General theory background

In this chapter some important topics related to combustion and turbulence will be covered. The
topics selection presented is meant to be propaedeutic for the next chapters of the thesis. In par-
ticular we will deal with the basics of laminar premixed combustion, flame speed specifically for a
Bunsen flame, the effect of flame stretch on flame speed, the Darrius Landau or hydrodynamic in-
stability and the thermal diffusive instability, some basics of turbulent flow and turbulent premixed
combustion.
If not differently indicated all the content in this chapter refers to [34], [36], [62], [47], [45].

2.1. Laminar premixed flames
2.1.1. Flame structure

Figure 2.1: One-dimensional laminar premixed flame structure, based on the single one-step reaction asymptotic analysis

Figure 2.1 shows a laminar premixed flame structure. This representation assumes the flame
to be one-dimensional, stationary, in the low Mach number limit and single-step large activation
energy chemistry. Based on these assumptions, the combustion process can be considered isobaric
and that no reaction occurs until a sufficiently high temperature is reached, ignition temperature
(Ti ) . Once the ignition conditions are met, the reaction occurs very quickly until the deficient reac-
tant is consumed (under these hypothesis the reaction zone is referred as a sheet). Figure 2.1 shows
three zones: (1) unburned side, (2) reaction zone, (3) burned side.
Unburned side. Fuel and oxidizer, perfectly mixed, are convected from left to right with a velocity
equal to the burning velocity or laminar flame speed, sl , they are characterized by a certain equiva-
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6 2. General theory background

lence ratioφ, pressure pu and temperature Tu , and enter the preheat zone which has a characteristic
thickness δph . Under these assumptions, in the preheat zone there is not heat release. In this region,
convection and diffusion dominates and balance. As approaching the reaction zone, reactants start
to diffuse into it and their mass fraction reduce YO2,u ,YF,u (subscript "u" stands for unburned). At
the same time, the incoming gas are heated by conduction by the burnt gases.
The Lewis number is a very important non-dimensional transport quantity, especially when lean
hydrogen mixtures are employed, see equation 2.1.

Lei , j = α

Di , j
= λ

cpρDi , j
(2.1)

The Lewis number is the ratio between the thermal and mass diffusivity, it indicates which, be-
tween the heat or mass diffusion processes is prominent. In lean hydrogen combustion the Lewis
number is smaller than one, thus hydrogen diffusion towards the reaction zone outbalance heat
back diffusion. A smaller then one Lewis number leads to a local non conservation of total enthalpy,
which causes superadiabatic or subadiabatic flame temperatures. This results in changes in the
flame speed (through the Arrhenius type reaction rate) that can have important consequences that
will be analysed in the thermal diffusive instability and flame stretch sections 2.3 and 2.2. On the
other hand, for mixtures characterized by Le ' 1, (most hydrocarbons), the two transport phenom-
ena balance each other out and the flame speed remains almost unaltered.
Going back to figure 2.1, when the temperature reaches Ti the reactions start, we have entered the
reaction zone which is characterized by a certain thickness δr . In this zone the fuel is consumed,
radicals are initially produced in chain-branching reaction and then oxidized in chain-breaking re-
actions. These phenomena are accompanied by heat release and consequent temperature gradi-
ents. Reactions end when the deficient reactant is depleted (in this lean premixed flame case fuel).
it can be noticed that, due to a very steep concentration gradient, some products, as well as some
radicals, diffuse upstream the reaction zone into the preheat zone. Finally, reaction products and
leftover air coexist in the so called equilibrium region or burned side. This region is characterized
by the maximum value of burned gas temperature, Tb . When assuming no heat loss Tb equals the
adiabatic flame temperature, Tad , which can be calculated starting from the first law of thermo-
dynamics for an adiabatic isobaric process and considering the initial unburned gas temperature
Tu , the enthalpy of reaction or heating value of the fuel, specific heat at constant pressure and the
amount of a fuel reacting.
The flame can be considered made of two zones, the preheat zone, where the phenomenon is dom-
inated by a convection-diffusion balance and the reaction zone in which the diffusion-reaction bal-
ance has the prominent role. Since δph >> δr the flame thickness is δ f ' δph . The flame thickness
δ f can be defined as the temperature difference between burned and unburned gases, divided by
the maximum temperature gradient in the stream wise direction,

δ f = (Tb −Tu)/
dT

d x
|max . (2.2)

This definition is based on the simplification of a linear temperature increase.
The continuity equation holds across the flame front, in this one dimensional case it reads,

d
(
ρu

)
/d x = 0. (2.3)

We can thus define a quantity, the laminar burning flux fl that characterizes the rate of flame prop-
agation,

fl = ρuuu = ρu sl = ρbub . (2.4)

From fl we can do some simple considerations about the velocity increase across the flame front.
Indeed, the velocity of the burned gases can be estimated from the ratio of the unburned and burned
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gas ub/uu = ρu/ρb (methane/air flame ρu/ρb ratio ∼ 7). In particular by means of the ideal gas law
and assuming an isobaric process, the ratio between densities can also be written as temperature
ratio, ρu/ρb = Tb/Tu .
The content presented in this section refer to

2.1.2. Bunsen laminar flame speed
The Bunsen burner is a very widely used burner. It consists of simple tube. The fuel and the oxidizer
enters the burner from one side and start mixing, such that at the tube outlet an evenly premixed
mixture is obtained and a flame can be established. Under steady and laminar flow conditions the
flame has a characteristic conical shape. Since we have used this kind of burner in our investiga-
tion, we want to describe the kinematic balance between the unburned and burned gas velocity
across the flame front. The following description applies to laminar flames. However it can also be
used to describe important aspects of turbulent flames which have been considered in the present
work. In particular, when the average flame is considered its cone angle can be determined, as it
will be shown in 5.3, and this parameter can be related to some extent to features that character-
ize the statistics of the turbulent jet flame. In figure 2.2, the kinematic balance for a steady oblique

Figure 2.2: Kinematic balance for a steady premixed Bunsen flame

premixed Bunsen burner flame is described. The reactants incoming flow, characterized by a con-
stant velocity uu , approaches the flame front at an angle αc . Once the flow has crossed the flame
front it is refracted and it leaves the flame front with a certain angle αb and velocity ub . The kine-
matics of a velocity vector across the flame can be described by assuming tangential velocity con-
tinuity and burning flux continuity in the direction normal to the flame front, equation 2.4. The
laminar flame speed here is then defined as the normal component of uu . Accordingly with what
discussed in the previous section, the magnitude increase of velocity normal component is equal
the burned/unburned gas density ratio σ. It follows that, knowing the flame cone angle αc , the
laminar flame speed can be determined, see equation 2.5.

sl = uusinαc (2.5)

It is interesting to observe that, at the tip of the cone there is no angle between the incoming flow
and the flame front. As a consequence the flame speed has to be the same as the flow velocity. So
the flame speed at the cone tip is larger by a factor equal to 1/si n(α). The explanation for this is the
flame curvature at the tip. Considering as an example a DNG flame, the velocity at the tip is higher
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because in addition of the heat conduction normal to the flame front, also the lateral part of the
flame preheats the incoming reacting mixture. On the other hand in the case of non-equidiffusive
flames (Le 6= 1), like the lean H2 air flames considered in this work, the behaviour is different. If the
Le number is smaller then one the tip results to be less ’energetic’ since there is a defocusing effect
on the concentration of the deficient reactant. This leads to a phenomenon called tip opening ef-
fect. This is further addressed in section 2.2.
Since in this thesis we will investigate the flashback phenomenon, another relevant feature of Bun-
sen flames is their stabilization mechanism. A Bunsen flame is stable for a considerable range of
flow velocity and mixture concentrations. The flame is locally stabilized within the burner rim.
At this location the two main mechanisms affecting the laminar flame speed, which in the stable
regime is locally in balance with the flow velocity (flame anchoring), are heat loss caused by the
combustor rim and the change in mixture concentration due to diffusion and entrainment of am-
bient air. Further is the flame edge location and stronger are diffusion and air entrainment effects
on flame speed, on the other hand, heat loss to the rim diminishes. The distance at which the flame
holds is then defined by a trade off between this two effects.
The effect of flame curvature at the flame tip was explained in this paragraph, in the next section
the concept of flame stretch and its influence on premixed flames will be shown more in general.

2.2. Flame stretch
Flame-flow interaction, flow non uniformity and flame curvature characterize a real flame. These
combined effects are strongly related to the concept of stretch rate. In general, the stretch rate, κ,
can be defined as the Lagrangian time derivative of the logarithm of the area of an infinitesimal
surface element and it has the dimensions of s−1, [34].

κ= 1

A

d A

d t
(2.6)

The flame stretch can also be written as follow, [36],

κ=−n ·S ·n +∇·~u︸ ︷︷ ︸
κs

− s f
(∇·n

)︸ ︷︷ ︸
κc

= κs −κc (2.7)

The advantage to visualize flame stretch as in equation 2.7, is that we can distinguish two contribu-
tions, namely, κs , related to flow non-uniformity (strain) and κc to flame curvature. Furthermore,
the effects of strain can be further divided in the combined effect of κm , related to the mean flow,
and κt , related to turbulence, [59]. In particular, since our investigation focuses on an incompress-
ible fully developed pipe flow of the near field of turbulent free jets, flow divergence and thus κm are
negligible, the flame stretch associated with strain is then mainly related to κt [27].

2.2.1. Flame stretch phenomenology
In this section it is explained how stretch affects the flame structure and response. Mixtures with
different thermal and species diffusivities show a very strong sensitivity to stretch as it can modify
the local flame temperature and flame speed. In order to explain the physics mechanisms intro-
duced by stretch, consider figure 2.3. The right side of the picture shows a situation in which the
flow is strained and the flame front is flat, while the left shows a curved flame front and uniform
flow. In figure 2.3 the reaction zone and a control volume which has the size of the preheat zone are
indicated. Furthermore, the reaction zone is assumed to be a sheet (high activation energy and one-
step kinetic). Let us consider the left side of figure 2.3. Note that both the diffusive fluxes, heat and
species, occur normal to the their respective iso-surface. The heat diffuses from the reaction zone to
the preheat zone, while the species diffuse in the opposite direction. Moreover, there is a convective
flux through the front and the back of the control volume, but not through the sides. From the figure
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Figure 2.3: Effects of flame stretch on the flame structure in case of nonequidiffusion. On the left side of the figure a curved
flame front and a uniform flow are shown. In particular, the grey area is the considered control volume and coincides with
the thickness of the preheat zone δph . The thick black line represents the reaction zone δr . On the right side a stagnation
flame is shown. This flame is characterized by flat flame front and strained flow [36].

it is clear that, when the flame has a negative curvature with respect to the flow direction, there is a
focusing of thermal energy into the control volume and a defocusing of reactant species diffusion.
When the heat and mass fluxes are equal and heat loss is neglected, the control volume is adiabatic.
On the other hand, if one exceeds the other, there is some total enthalpy loss or gain through the
control volume.

q = −λ∇T︸ ︷︷ ︸
Heat flux

−ρ
N∑

i=1
hi D∇Yi︸ ︷︷ ︸

Mass flux

(2.8)

The gain or loss of energy can be estimated by considering the energy fluxes, equation 2.8, [36].
Where radiative heat transfer, DuFour effect are neglected and Fickian diffusion is assumed. λ is the
thermal conductivity, hi is the species specific enthalpy, and Yi is the species i fraction. Now, since
before we said that the convective flux is only entering and leaving the control volume through the
front and the back, a net flux of energy through the sides, would lead to some energy loss or gain.
Whether or not there is a net gain or loss depends on the Lewis number. If Le = 1, in weakly curved
flames, the energy in the control volume does not change. On the other hand, for a negative cur-
vature (left side figure 2.3) and for a mixture with Le < 1, (lean H2-air mixture) the chemical energy
loss through mass diffusion is higher than the energy gained through heat conduction. The control
volume is then characterized by lower energy than the mixture average, resulting in sub-adiabatic
flame temperature and lower flame speed. The opposite effect occurs when the same flame but
positive curvature are considered. The right side of figure 2.3 shows the effect of stretch related to
flow straining, this configuration is equivalent to the one of a positively curved flame. Considering
the lean H2-air mixture, the control volume gains energy. Burning rate increases together with flame
speed.
Another effect that has to be considered is the differential diffusion effect, that can be expressed as
the ratio between the fuel and the oxidizer diffusivity coefficients, e.g. D f uel /DO2 . In the case of
positive curvature (right side figure 2.3) it can be seen that both the reactants diffuse towards the
reaction zone, entering the control volume. However the net gain of H2 through the control volume
is greater than the one of O2. As H2 is lighter and much more diffusive then O2. Thus, the control
volume equivalence ratio (φ) is higher than the one characterizing the incoming reactive mixture.
This leads to higher flame speed, flame temperature and burning rate. Conversely under rich con-
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ditions, differential diffusion effect leads to a leaner mixture. The opposite situation occurs when
the fuel is less diffusive and heavier then O2.

2.2.2. Effect of stretch on flame speed
Under the assumption of weakly stretched flames, valid when the Karlovitz number is much smaller
than one (Ka«1), the dependency of the flame on the different stretch mechanisms (strain and cur-
vature) can be assumed to be the same, [36]. The Karlovitz number is defined later in turbulent
premixed combustion section 2.6. In this case, the flame speed functional relation with stretch can
be expressed by means of one coefficient only, and the stretched laminar flame speed can be de-
fined, see equation 2.9.

sl ,s = sl ,0 −Lκ (2.9)

Where subscript ’s’ and ’0’ indicates stretched and unstretched respectively and L is the Markstein
length. The Markstein length is a coefficient which linearly relates the flame speed sensitivity to
stretch. This result has been obtained by asymptotic analysis based on high activation energy, one-
step kinetics. In particular a negative Markstein length causes the flame speed to increase while
a positive one to decrease. By dividing this quantity with the flame thickness δ f we get a non di-
mensional parameter, called Markstein number Ma. Matalon and Matkowsky derived this equation
by means of asymptotic analysis [38], which is when the entire flame, preheat and reaction zone
together, are treated as a surface.

M a = L

δ f
= σ

σ−1

∫ σ

1

λ (x)

x
d x + Z e

(
Lee f f −1

)
2(σ−1)

∫ σ

1

λ (x)

x
ln

(
σ−1

x −1

)
d x (2.10)

In equation 2.10 we find the Zelodovich number (Ze), non-dimensional activation energy times the
non-dimensional heat release, the thermal conductivity of the mixture λ=λ (T ), function of T only,
x is the one-dimensional flame coordinate, and the effective Lewis number. Lee f f is defined as the
weighted average of the individual Lewis numbers of the fuel LeF and the oxidizer LeO , respectively.
We want to emphasize that, if the effective Lewis number equals one, the second term on the right
hand side goes to zero. This indicating that the Markstein length and consequently the dependence
of a flame to stretch is highly affected by its heat and mass diffusivity. In equation 2.10, both the
laminar flame speed and the Markstein length are defined with respect to the unburnt gas.

2.3. Thermal-diffusive flame instability

Figure 2.4: Schematic illustration of the thermal diffusive instability. An initially perturbed flame front (t = t0) can evolve
in two ways: (1) disturbance is damped out (L > 0), (2) the disturbance grows (L < 0).

With thermal-diffusive instability we mean the combined effect of non unity Lewis number and
differential diffusion effects. In brief, the first mechanism is related to unbalanced thermal and
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species diffusion, while the latter occurs when the fuel and oxidized have different species diffusion,
leading to locally different equivalence ratio. Lean hydrogen combustion is characterized by both
these mechanisms. Here we want to describe the thermal-diffusive instability development. In
order to do so consider figure 2.4. Assume that the flame front is perturbed by an harmonic wave
at the instant t = t0, some bulges of the flame will have a positive curvature while some a negative
one with respect to the flow direction. We also assume that the flow is uniform, and that the only
effect of stretch on flame speed is related to flame curvature. If a mixture characterized by negative
markstein length L is considered (lean H2-air), at the instant t > t0, the perturbations will both
grow. Indeed the negative Markstein length which characterizes these flames, will cause the flame
speed to increase when κ is negative, while the flame speed will decrease for κ > 0. The flame bulge
negatively oriented will then be able to further develop upstream, while the negative bulge will be
pushed downstream. This mechanism will then repeat more drastically since the curvature of the
flame will be even higher, as it can be seen in equation 2.11. This feedback process will continue
until the flame surface, suffering to much stretch will extinguish. Consider a DNG flame, which is
characterized by positive Markstein length, at t > t0, the amplitude of the initial disturbance will
decrease, see figure 2.4. Indeed it can be seen from equation 2.11 that, the positively curved flame
bulge burning velocity will decreases and the flame front will be pushed downstream. On the other
hand, the negatively curved flame bulge burning velocity will increase and the flame front will move
upstream. As a result, for flames characterized by positive Markstein length the thermal-diffusive
mechanism has a stabilizing effect.

s f (κ) = sl ,0 − sl ,0Lκc (2.11)

2.4. Hydrodynamic flame instability

The hydrodynamic instability, also called Darrius-Landau instability is due to heat release associ-
ated with the combustion exothermic reaction, which causes the gas acceleration across the flame
front. The velocity component normal to the flame front, in fact, accelerates of a factor similar to
the density ratio between the burned and unburned gas, see section 2.1.2.
Figure 2.5 shows two streamtubes A approaching and leaving a perturbed flame front. The follow-
ing assumptions hold: (1) the flame is infinitely thin (density jump across flame front), (2) the flame
propagates with constant flame speed (equal to the laminar flame speed), (3) σ across the flame is
constant.
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Figure 2.5: Schematic illustration of the Darrius Landau or hydrodynamic instability. A perturbed flame front convex
towards the unburned gas causes a streamtube to diverge, the flow velocity decreases. As a consequence at this location
the flame speed is greater then the flow velocity and the flame front moves upstream. Conversely if the flame front is
concave the flow accelerates just upstream the flame front, pushing the flame front downstream.

An explanation to this instability can be given using a mass conservation argument, see Law
[34]. The flame surface is perturbed by a small disturbance. Sufficiently upstream and downstream
the flame front the area of streamtubes are the same since any disturbances is present at these loca-
tions. However, because of thermal expansion, the normal component downstream the flame front
is larger than the normal component upstream the flame front. Furthermore, the tangential com-
ponent upstream and downstream the flame front is continuous. From these two considerations it
follows that the streamlines must respectively diverge and converge in approaching the positive and
negative curved segment of the flame. In other words, when the streamtube approaches the convex
segment of the flame it widens and the velocity has to decrease. Since the flame speed was assumed
to remain constant, the flow velocity becomes locally slower than the flame speed and consequently
the flame front moves upstream. Conversely, the opposite situation occurs when the flame front is
concave, the flow accelerates and pushes the flame front downstream. This phenomenon is inher-
ently unstable. Moreover, no wavelength has been considered in the explanation and therefore the
phenomenon is unstable for all wavelengths, [34]. The main point that has to be noticed is that the
flame bulges cause the approaching flow to decelerate if they are positively curved, this is due to an
adverse pressure gradient. The opposite occurs when the flame bulges are negatively curved.
Matalon [38] in his studies about intrinsic flame instabilities shows the result of the linear stabil-
ity analysis for a planar flame, see equation 2.12. He considered the same assumptions presented
before in the paragraph.

σr = sl ,0kw
−σ+

p
σ3 +σ2 −σ
σ+1

(2.12)

σr is the non-dimensional growth rate of the perturbation, σ is the density ratio, kw is the wave
number. The red line in figure 2.6 (L = 0) shows that the Darrius-Landau instability is inherently
unstable for all wave numbers.
Matalon [38] also performed a linear stability analysis taking into account the effect of flame sen-
sitivity to stretch κ. In particular, the assumptions are the following: (1)viscosity, gravity and com-
pressibility in both the burnt and unburnt gas are negligible, (2) the density is discontinuous at the
flame front, (3) only the stretch effect related to curvature are retained. The following dispersion re-
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lation, equation 2.13, shows the results of the linear stability for a planar flame, where the combined
effects of the Darrius-Landau and thermal-diffusive instability have been considered.

σr =
sl ,0kw

1+σ

√
1+k2

wL 2 − 2kwL

σ
+ 1−σ2

σ
− (1+kwL )

 (2.13)

The results can be visualized in figure 2.6 as a function of the wave number. It is shown how the
growth rate changes with the Markstein length L . As the Markstein length grows, more wave num-
bers get stabilized and the instability region decreases.
The wave number is the inverse of wave length, when large wave number disturbances have a neg-
ative growth rate, it means that small wavelength disturbances are dumped out. This shows that
the stretch effects, are stronger at small length scale. Indeed, larger is the flame front radius of cur-
vature and weaker are the effects of stretch, [38]. Following the same reasoning line, the big length
scale disturbances, small kw , are the more hydrodynamically unstable, since no stabilizing effect is
available at such big scale, [38]. A conclusive and crucially important remark is that for mixtures
characterized by a negative Markstein length, such as lean hydrogen-air mixtures, all wave number
disturbances are unstable, see figure 2.6.
The hydrodynamic instability and the thermal diffusive instability combined effect is of primary
importance in the flashback event.

Figure 2.6: Dispersion relation resulting from the linear stability analysis of a planar flame, see equation 2.13. The plot
shows the growth rate of a disturbance as a function of the wave number. In particular the green curve shows that for a
lean H2-air mixture, characterized by negative Markstein length, the growth rate is positive. The same can be said for the
red line that show the solution to the Darrius-Landau instability when no effect of stretch are considered. The three blue
curves show how for increasing Markstein length the region of positive disturbance growth rate decreases.

2.5. Turbulent flow
Turbulent flows are characterized by high Reynolds number (Re), which is defined as the ratio be-
tween inertia and viscous forces in the flow, and by the presence of eddies. Their size differs, largest
eddies scale with characteristic length of the geometry. They tend to break up into smaller ones un-
til the minimum length scale is reached. This process is the way through which the kinetic energy
is transferred from large to small scales, where finally it is dissipated by viscous forces. A turbulent
flow can be described by means of the so called Reynold’s decomposition. An instantaneous velocity
can be written as the sum of ensemble mean and a fluctuating component. The instantaneous axial



14 2. General theory background

velocity u, radial velocity v and azimuthal velocity w can be written in the following way, equation
2.14.

u (x, t ) = u +u
′
, v (x, t ) = v + v

′
and w (x, t ) = w +w

′
(2.14)

The Reynold’s decomposition is then substituted in the Navier Stokes equations which are then av-
eraged in time yielding to the Reynolds averaged Navier Stokes equations (RANS). When the equa-

tions are averaged, some terms in the form of u ′v ′ appear. Since they have the same effect as stresses
acting on a surface these terms are named Reynolds stresses [43]. Considering the two dimensional
form of the Reynolds stress tensor, it has the so called normal stresses on the diagonal, in axial di-

rection u ′u ′ and radial direction v ′v ′ , and the shear stresses off diagonal u ′v ′ .

2.5.1. Turbulent scales
A turbulent flow is characterized by a spectrum of eddies. Each eddy rotational velocity and diame-
ter characterize its velocity and length scale. By means of a normalized space correlation based on
the velocity of two adjacent points is possible to estimate the eddies length scale. Large scale eddies
can be characterized by the integral length scale l0. The largest concentration of turbulent kinetic
energy occurs in the neighbourhood of l0. The integral length scale is typically set by the size of
the device or phenomenon, or confinement of the flow field. By defining the characteristic velocity

fluctuation at integral length scale u
′
0 =

(
u ′2)1/2

and assuming isotropy, the turbulent kinetic energy
of the flow can be expressed, equation 2.15, see [34].

k ' 3

2
u

′2
0 , in general, k = 1

2

(
u ′2 + v ′2 +w ′2

)
(2.15)

The turbulent Reynolds number can then be defined. It is based on the characteristic velocity fluc-
tuations at integral length scale and on the integral length scale eddies.

Ret =
u

′
0l0

ν
(2.16)

Each different size eddy is characterized by a certain amount of kinetic energy, which depends on
the velocity fluctuation at the same eddy length scale. The kinetic energy is then transferred from
large to small scale eddies through various modes. This is the so called energy cascade concept. It is
based on the Kolmogorov’s postulate, which says that at sufficiently high Reynolds number, it exist
a range of scales through which the energy transfer rate is independent of molecular viscosity. This
universal range of scales through which the energy cascade occurs is called the inertial subrange.
Dimensional consideration yields the rate of energy transfer in this range to be as follow [34],

ε≈ u
′3
0

l0
≈ k

3
2

l0
. (2.17)

The turbulent integral time scale or the turnover time of the integral scale eddies, is then

τ0 ≈ l0

u
′
0

≈ k

ε
(2.18)

Under this hypothesis the turbulent kinetic energy is transferred continuously to smaller size eddies
at a constant rate (ε), until at the eddies smallest length scale, it is dissipated through viscosity. The
minimum scale is called Kolmogorov scale. For energy conservation, the rate at which energy is
dissipated at the Kolmogorv scale has to be the same at which kinetic energy is transferred from an
eddy to another in the inertia subrange (ε). Thus, by dimensional analysis argument, using ν and ε
we can define Kolmogorov time scale, length scale and velocity scale.

τη ≈
(ν
ε

) 1
2

, lη ≈
(
ν3

ε

) 1
4

, u′
η ≈

(
ν3ε

) 1
4 (2.19)
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Using definition of ε, see equation 2.17, the integral length and time scales can be related to the
Kolmogorov ones.

l0

lη
≈ Re

3
4
t , and

τ0

τη
≈ Re

1
2
t (2.20)

the difference between l0 and lη grows as Reynolds increases.

2.5.2. RANS equation for Jet flow in cylindrical coordinates
In the experiments we have used tubes burners with inner diameter di . This leading, in case of
isothermal flow, to a jet flow, characterized by a certain Re number. The bulk velocity has been used
to characterize the Reynolds number, equation 2.21.

Ub = 2π
∫ di /2

0 u(r )r dr

πd 2
i /4

, Re = Ubdi

ν
(2.21)

Considering the flow still inside the tube, a turbulent flow characterized by a sufficiently big length
over diameter ratio will get fully developed. This meaning that the mean flow gradients along the ax-
ial direction are zero. We assumed non-swirling, statistically stationary and axisymmetric turbulent
flow. This leads to the following RANS equation in cylindrical coordinates,

∂u

∂x
+ 1

r

∂
(
r v

)
∂r

= 0 (2.22)

∂u

∂t
+u

∂u

∂x
+ v

∂u

∂r
=− 1

ρ

∂p

∂x
− ∂u′u ′

∂x
− 1

r

∂
(
r u′v ′

)
∂r

+ν∇2u (2.23)

∂v

∂t
+u

∂v

∂x
+ v

∂v

∂r
=− 1

ρ

∂p

∂r
− ∂u ′v ′

∂x
− 1

r

∂
(
r v ′v ′

)
∂r

+ w ′w ′

r
+ν

(
∇2v − v

r 2

)
(2.24)

where equation 2.22 is the continuity equation, 2.23 is the momentum balance in axial direction
and 2.24 is the momentum balance in radial direction.
These equations will be used in the last part of the result chapter, 5.5.2, in particular the momentum
balance in axial direction, 2.23. However even in the previous sections of the results chapters the
normal and shear Reynolds stresses, as well as the velocity components will be extensively used to
characterize both the isothermal and reactive turbulent flows.

2.5.3. Boundary layer flow
When there is interaction between a solid wall, for instance a flat plate, and fluid flowing the no-slip
boundary condition at the wall causes the development of a boundary layer.
The boundary layer flow can be divided into three zones: (1) inner layer, (2) overlap region, (3) outer
layer. The velocity profile can be expressed by means of normalized quantities, the normalized
velocity profile (u+) and normalized wall normal distance (y+),

u+ (
y+)= u

(
x, y

)
uτ (x)

and y+ = uτ (x) y

ν
, (2.25)

where the shear stress velocity uτ =
√
τw /ρ depends on the density ρ and on the wall shear stress

τw . Expressing the mean velocity profile by means of these two non-dimensional quantities allows
to classify the flow regions in the following way ,see figure 2.7: (1) viscous sublayer

(
y+)< 5, where

the velocity profile is linear and shear stress plays the prominent role; (2) buffer layer 5 < (
y+)< 30,

which is a transition region between the viscous sublayer and the logarithmic layer; (3) logarithmic
region

(
y+)> 30, where the velocity profile is described by a logarithmic law of the wall, [47].
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In the viscous sublayer or laminar region the velocity profile is linear and the normalized velocity
equals the normalized wall normal distance u+ = y+. The logarithmic region is considered to be-
gin at a certain normalized wall normal distance, where the logarithmic law of the wall holds. The
viscous sublayer and the buffer layer are part of the inner region, where viscous shear is dominat-
ing. The logarithmic region, where both turbulent and viscous shear are important belongs to the
overlap region. Finally there is the outer region, where turbulent shear dominates.

Figure 2.7: A sketch of the developed turbulent boundary layer in dimensionless coordinates.

2.6. Turbulent premixed combustion
In turbulent premixed combustion the turbulent flow interacts with a premixed flame. A laminar
premixed flame front has well defined location and is stationary in time, in contrast, the turbulent
flow velocity fluctuations curve and wrinkle the flame front of a turbulent premixed flame. As a con-
sequence, turbulent premixed flame are characterized by higher flame surface and burning velocity,
[62].
Different modes of turbulent premixed combustion can be classified based on the scale and inten-
sity of the flame thickness, flame speed of the mixture and turbulent eddies. The turbulent premixed
combustion modes can be classified by means of the Borghi diagram. In particular in the present
work the flames that have been investigated belong to the wrinkled flame regime.
The characteristic length and time scales of the flow have been defined in section 2.5.1. For what

concerns the flame, we can defined two different length scales, one related to the flame thickness
(convection/diffusion), (δ f ), and one to the inner layer thickness (diffusion/reaction), (δr ) which is
much smaller than the flame thickness.
The turbulent Reynolds number can be written as the ratio between turbulent flow and flame scales.
Assuming that the Schmidt number is equal to one (Sc = ν/α, viscosity, thermal diffusivity ratio), we
can write the turbulent Reynolds number in the following way,

Ret =
l0u′

0

ν
= l0u′

0

α
= l0u′

0

slδ f
. (2.26)

Another important non-dimensional parameter is the Karlovitz number. It represents the ratio be-
tween the chemical time scale (τc ≈ α/s2

l ) and the Kolmogorov time scale, e.g. if the fastest flame
timescale is much smaller the turbulence timescale, the turbulence is not able to affect the flame
structure. An alternative interpretation of the Karlovits number can also be done considering the
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Figure 2.8: Borghi diagram, modes of turbulent premixed combustion

length scales. If the smallest turbulence length scale is bigger than the flame thickness, then turbu-
lent mixing will not occur inside the flame and turbulence will not be able to affect the combustion
process. The flame front will then result wrinkled because of the large turbulent length scales. On
the other hand, when the Karlovitz number is small, the inner structure of the flame will be affected
by small length scale eddies that will enhance the transport in the flame.

K a = τc

τη
=
δ2

f

l 2
η

=
√
δ f

l0

(
u′

0

sl

)
(2.27)

It useful to define another Karlovitz number based on the thickness of the reaction zone or inner
layer.

K ar =
(
δ f

lη

)2 (
δr

δr

)2

= Z e−2K a (2.28)

Having defined these quantity, we can classify the different premixed combustion modes from the
Borghi diagram, see figure 2.8.

• Wrinkled flamelets u′
0 < sl and K a < 1. The flame thickness is much smaller then the Kol-

mogorov scale, the flame structure remains the same as a laminar flame but is embodied in a
turbulent flow. This is known as laminar flamelet. Furthermore u′

0 can be seen as the turnover
velocity of the large eddies, u′

0 < sl implies that the flamelet surface is only weakly wrinkled.

• Corrugated flamelets u′
0 > sl and K a < 1. The flame still retain a laminar flame structure.

However, being u′
0 > sl the extent of wrinkling is strong. More precisely it is of the same order

of the eddy and the flamelets start folding. Eventually the folding of flamelets might break the
flame front, leading to pockets of burned and unburned mixtures.

• Thin reaction zone K a > 1, δ f ' lη. The turbulent eddies are smaller than the flame thickness
but still bigger than the reaction zone thickness. This causes the flame structure to be affected
by turbulence only in the preheat zone. The smallest eddies in fact, penetrate the preheat
zone of the flame and enhance heat and mass transfer rates. Indeed the the phenomenon is
not only diffusion driven any more, turbulent mixing also plays a role. As a consequence the
flame is broadened.
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• Broken reaction zone K ar > 1. The smallest turbulent eddies are able to penetrate the reac-
tion zone structure. This affecting both the diffusion and reaction processes. The temperature
drastically drop and the flame extinguishes. Indeed the flame inner layer results is destructed
by the small scales turbulent eddies. The flow now behaves like a well-stirred reactor and local
flame structures are not present any more.

The above classification of regimes of combustion modes is based mostly on comparison of charac-
teristic length and time scales. The boundaries, however, can be significantly modified by consid-
ering additional physics. The classification given by the Borghi diagram is made with many simpli-
fication. For instance in the discussion about wrinkled and corrugated flame, the vortex structure
modification that can occur downstream of the flame front because fo thermal expansion has been
neglected. Furthermore, regardless of its size, a vortex represent a disturbance to the flame and can
trigger instability phenomena, such that hydrodynamic and thermo-diffusive instability. Triggering
of these instability is length scale dependent, so the propensity to develop wrinkles is also a function
of the characteristic size of an eddy. The discussion also assumed the flamelet to be stationary and
passively distorted by the vortex. For these reasons figure 2.8 should only be seed as an attempt to
capture the different premixed combustion regime and considered in its asymptotic limits, [34].

2.6.1. Turbulent flame speed
The turbulent flame speed is a very complicated quantity to measure. Considerable effort has been
put in its experimental determination and it has been found that it can be drastically higher then the
laminar burning velocity. Indeed it was explained in the previous section, section 2.6, that turbu-
lence increase the flame surface and can also enhance the transport phenomena in the flame inner
layer.
The laminar burning velocity has been defined through the continuity equation for a one-dimensional
flame, see equation 2.4. We can also write the laminar mass burning rate of a flame as,

ṁl = ρu sl A, (2.29)

where A is the area. Before defining the turbulent flame speed we need to do a distinction based on
the combustion modes considered in the Borghi diagram, see figure 2.8. We can, in fact, distinguish
two regimes. In the first the flame is infinitely thin and just corrugated by turbulence (corrugated
flamelets and wrinkled flamelets regimes). In the second one the inner layer or reaction zone is still
very thin compared to the smallest eddies, it still basically retain a laminar structure, but the mixing
in the preheat zone is highly affected by the vortex structure and is therefore turbulent mixing (thin
reaction zone). We will consider this two regimes individually. In the first regime we can define the
turbulent flame speed in analogy as it has been done with the laminar one.

Figure 2.9: Turbulent flame front used to define the turbulent flame speed.

Let us consider figure 2.9, we can see an instantaneous velocity profile where the flame front
propagates in the normal direction with a burning velocity equal to the laminar burning velocity.
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The turbulent flame speed can be defined as the flame speed that an average flat flame front should
have in order to have the same mass burning rate as the turbulent flame front, see figure 2.9.

ṁl = ṁt = ρu sl At = ρu st A → st

sl
= At

A
(2.30)

Where constant density in the unburned gas has been considered. From equation 2.30, is shown
that the ratio of turbulent and laminar flame speed is the same as the ratio between the areas of
the respective flame fronts. Wrinkling of the flame increases At and consequently it increases st .
In order to asses the area ratio, Damkholer made an analogy with the laminar Bunsen flame. He
noted that in a laminar Bunsen flame the burning rate is larger than the one that would characterize
a corresponding flat flame. Higher burning rate means that the area of the flame cone angle has to
be bigger and consequently, the flame cone angle is narrower. So the assumption is that the area
ratio between a laminar and turbulent flame is related to the velocity turbulent fluctuations in the
following way,

st

sl
= At

A
= 1+ u

′

sl
. (2.31)

In this regimes (corrugated and wrinkled) the chemistry does not play a role in modifying the tur-
bulent flame speed.
The situation is different in the case of the thin reaction zone regime. Based on scaling argument
the flame speed is depending both on the diffusion process in the preheat zone and on the chem-
istry in the reaction zone. The thermal diffusion in this case is not laminar any more but is driven
by turbulence, αt , while the chemical time scale τc remains the same, since the inner layer retains
the same structure of a laminar flame, [45].

sl ∼
√
α/τc → st

sl
≈

√
αt

α
(2.32)

From dimensional analysis also emerges that, in this thin flame regime, turbulent diffusion scales
with turbulence fluctuations and flame thickness. As a consequence the turbulent burning velocity

can be expressed as st ≈
√

u ′
δ f . This relation captures the effect of length scale.





3
Literature review

In this section of the thesis, after a brief introduction about the different flashback phenomena,
boundary layer flashback (BLF) will be considered in detail. In particular the main parameters af-
fecting this instability onset, will be considered. Recent experimental advancement and more clas-
sic approaches like the critical velocity gradient model will be discussed.

3.1. Flashback Phenomenon
A flame in premixed conditions is said to be stable when the velocity at which fresh mixture is fed
to the flame is in balance with the kinetics of the flame. In contrast to a stable configuration, there
are limiting flow and flame conditions below or above which a stable flame can not exist. When
the incoming fresh mixture is too fast with compare to the kinetics of the flame there is not enough
time for the combustion to take place and blow-off occurs. On the other hand, flashback occurs
when the characteristic velocity at which combustion happens is quicker than the rate at which
the fresh charge is supplied. As a consequence, the flame propagates upstream. When this phe-
nomenon happens in a combustor for instance, the flame travels upstream from the combustion
zone, where is designed to be anchored, into the premixing section advecting heat that can cause
severe damages. The main flashback mechanisms are core flow flashback, combustion instability
induced flashback, combustion induced vortex breakdown and boundary layer flashback, Kalantari
et al. [31].

3.1.1. Core flow flashback
This flashback mechanism occurs when the axial flow velocity is smaller than the laminar or tur-
bulent burning velocity. The turbulent velocity is a function of chemical kinetics and turbulent
flame-flow interaction [12, 31]. In a combustor, core flashback can be prevented by increasing the
axial flow velocity. In order to stabilize the flame in a wide operational range, aerodynamics sta-
bilization techniques, such as recirculation zones, are commonly employed in a typical combustor
design. Swirl adoption to stabilize the flame has two effect, both enhancing core flashback tendency.
The first is that the swirl causes higher flame front wrinkling and consequently the turbulent flame
speed increases [12], while the second is that high swirl also reduces the local axial velocity.

3.1.2. Combustion induced vortex breakdown (CIVB)
This flashback mechanism is often encountered in gas turbine combustor and is specific to swirl-
stabilized burners, Benim et al. [8]. Flames in gas turbines combustor are often stabilized by means
of swirled flows. As a consequence of swirled-flow, vortex breakdown occurs and a recirculation
zone arises on the burner axis. Thanks to this effect it is possible to anchor the flame slightly up-

21
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stream of the stagnation point, where the turbulent flame speed equal the axial velocity. At flash-
back onset, the combustion process alters the combustor flow field in such a way that the vortex
breakdown bubble is able to move upstream from the outlet region into the premixing section of
the combustor.

3.1.3. Combustion instability induced flashback
Combustion instabilities produce fluctuations in the flow field that can lead to flashback [31, 53].
Instabilities can be driven by unsteady heat release, acoustic mode interaction and change in the
flow field. In premixed systems we can distinguish two main mechanism for instabilities generation,
equivalence ratio fluctuations and the vortex shedding. In the former mechanism, acoustic mode
interactions in the premixer can cause equivalence ratio fluctuations, which then leads to a change
in the flame composition, flame temperature, flame speed and heat release. The vortex shedding
mechanism is related to the large scale interaction of vortical structures that can distort the flame
front and lead to heat release variation [8].

3.1.4. Boundary Layer Flashback (BLF)
Boundary layer flashback mechanism is typical flashback mechanism of jet-Bunsen flames. During
normal operating conditions, the unburned gas velocity is higher than the flame speed, so core
flashback cannot occur in these burners. However, moving from the axis of the burner to the wall
the velocity decreases approaching the boundary layer, and it reaches zero at the wall, where the no
slip boundary condition is imposed. Also the burning velocity is affected by the wall and at a certain
distance from it, called quenching distance, the flame is not able to sustain itself and the burning
velocity goes to zero. This happens because of radicals quenching and heat loss to the wall, [7, 23].

3.2. Boundary layer flashback

(a) Schematic of the critical velocity gradient model, reproduced from
[31].

(b) Flow velocities and flame speed profiles at flashback con-
ditions.

Figure 3.1: (a) Schematic of the critical velocity gradient model, reproduced from [31]. (b) Flow velocities and flame speed
profiles at flashback conditions, reproduced from [31].

In the 40s and 50s many studied about boundary layer flashback (see figure 3.1a) have been car-
ried out, the critical boundary gradient model was proposed by Lewis and Von Elbe in 1943, [35].
Some flashback experiments about turbulent boundary layer flashback were performed by Edse
[14], preheat temperature and tip temperature were investigated by Grumer and Harris [25] and
[9]. More recent developments, related to the energy transition challenge, renewed the interest for
boundary layer flashback. In particular, the focus has moved to H2 and H2/DNG mixtures. Pre-
dictions models for both confined and unconfined flame configurations, as well as some detailed
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PIV and OH chemiluminescence experiments have been carried out by the Technical University of
Munich (TUM) research group, in particular these papaers provide detailed information about their
findings, [28], [17], [5]. A research group at the Paul Scherrer Institute in Switzerland investigated
turbulent flames flashback at gas turbines conditions, and proposed a model where flame speed
is used as a flashback propensity indicator [37]. Hydrogen boundary layer flashback has also been
investigated at the University of California, Irvine (UCI). Kalantary developed an experimental cor-
relation to include the effects of preheat temperature, operating pressure and tip temperature, [32].

3.2.1. Critical velocity gradient model
This model is the first attempt to describe the boundary layer flashback event of laminar flames,
[35]. The main assumption of the model is that the flame and the flow do not interact. As a result,
the laminar flow velocity profile is undisturbed and known from the analytical solution. Further-
more, to describe the flame characteristics the one-dimensional flame propagation is considered.
Figure 3.1a shows a scheme of the critical velocity gradient model. The laminar flow velocity profile
u(r ) is approaching the flame front that is represented by the flame speed profile s f (r ). The burning
velocity profile s f (r ) is decreasing approaching the wall because of heat loss and quenching of radi-
cals [7]. At a certain distance from the wall, quenching distance (δq ), the combustion reaction is not
able to sustain itself any more and the flame extinguishes. Figure 3.1a also shows the penetration
distance (δp ) that is defined as the distance from the wall at which the local unburned gas velocity
equals in magnitude the flame speed. Line (2) in figure 3.1b shows the conditions at which flash-
back can occur. Indeed, if the flow velocity drops, at the distance δp form the wall, the flame speed
outbalance the flow velocity and the flame flashes back, see curve (1) figure 3.1b. On the contrary, if
at δp the flow velocity increases the flame is pushed downstream out of the tube, see curve (3).
The model predicts flashback event by comparing the flow velocity gradient at wall with the ratio
between laminar flame speed and penetration distance. Under the assumption of laminar and fully
developed pipe flow, the velocity profile can be analytically described by equation:

u (r ) = 2Ub

(
1−

( r

R

)2
)

. (3.1)

Computing the derivative of the velocity profile at the wall equation 3.2 is obtained.

gc =
∣∣∣∣∂u

∂r

∣∣∣∣
r=R

(3.2)

Assuming that in the wall proximity the velocity profile is linear, we can write gc as the ratio between
the flow velocity and the penetration distance, equation 3.3.

gc =
u|y=δp

δp
(3.3)

Under flashback onset critical conditions, at the penetration distance the velocity profile and flame
speed are the same. Furthermore the flame speed value can be assumed equal to the unstreched
laminar flame speed, sl ,0 [35], which can be computed under one-dimensional steady flow assump-
tion. Equation 3.3 can then be written as:

gc =
sl ,0

δp
, (3.4)

it follows then

gc =
sl ,0

δp
= 4Ub

R
. (3.5)

From equation 3.5, we can see that the impact of the fuel on flashback propensity is included in its
flame speed and penetration distance. The penetration distance is not fully described in the model
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and needs indeed to be determined in order to predict flashback propensity of different fuel com-
positions, see Kalantari et al [31]. The penetration distance, according to Wohl [65], which studied
the characteristics distances relevant to flashback and blow off in nozzles and tubes, is proportional
to the quenching distance δq and the flame thickness δ f . Different approach to select the right pen-
etration distance have been proposed, [31]. For instance one of them is based on the conclusion of
Wohl [65] and express the critical velocity gradient as a function of the quenching distance δq :

gc =C
sl ,0

δq
. (3.6)

The critical velocity gradient for laminar flames, developed by Lewis and Von Elbe [35], has also
been extensively employed to characterize turbulent flames flashback. The use of this model has
been justified by the assumption that the turbulent flame flashback occurs in the viscous sublayer
(y+ < 5) where the velocity profile is linear, [31]. The critical velocity gradient for turbulent flames,
as for the laminar case, is based on the equality of the burning flame speed and the flow velocity at
a distance from the wall identified by the penetration distance (δp ). The flame speed, s( f ), is still
considered to be similar to the unstreched laminar flame speed sl ,0 and calculated considering the
one-dimensional steady flow assumption.

gc =
u|y=δp

δp
= sl ,0

δp
(3.7)

For what concerns the unburned gas velocity profile the Bluausis correlations for fully developed
turbulent flow in smooth pipe is used, [64].

f = 0.3164

Re0.25 ; 4000 < Re < 105 (3.8)

gc = 1

8

f Ub

ν
(3.9)

gc = 0.03955 Re0.75 Ub

d
(3.10)

where f is the friction factor and ν the kinematic viscosity. Combining equation 3.7 and 3.10 the
flashback criteria for turbulent flames follows:

sl ,0

δp
= 0.03955 Re0.75 Ub

d
. (3.11)

Similarly, as for laminar flames, the undetermined penetration distance is considered proportional
to the flame thickness δp ' δ f .
The critical velocity gradient model is capable of correlating the flashback propensity for laminar
flames and, under certain conditions also the flashback propensity of turbulent flames, [31]. How-
ever it has been experimentally shown by Baumgartner et al. [5], that flashback is not occurring in
the viscous sublayer of the inner flow, as a consequence, to consider the velocity profile linear at the
flashback location is a wrong assumption. Furthermore the critical velocity gradient model neglects
the flame-flow interaction and the flame speed dependency on other effects, e.g. flame stretch. As
a consequence of these simplifications, the model is not able to explain how the flashback phe-
nomenon occurs.
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3.3. Parameters affecting boundary layer flashback
Boundary layer flashback is a complex phenomenon affected by many parameters which are cou-
pled one another. In order to explain the interaction of these parameters and review some experi-
mental results, they have been divided in three main groups:

• Confined, unconfined flames and boundary layer heating

• Burner material, tip temperature and diameter

• Operating pressure and temperature

This classification is based on the work of Kalantary et al. in their boundary layer flashback review
paper, [31].

3.3.1. Confined and unconfined flames

(a) Different flame configurations, image taken form [55] (b) Micro-PIV, Mie-scattering and velocity contour of hydrogen
flame flashback in the wall region in a confined channel burner
configuration, image taken from [16]

Figure 3.2: (a) Different flame configurations, image taken from Shaffer et al. [55]. (b) Micro-PIV, Mie-Scattering and
velocity contour of a lean hydrogen flame in a confined channel burner, image taken from Eichler et al. [16].

Figure 3.2a shows different flames configurations. In an enclosed or confined configuration the
flame also interacts with the surrounding walls. Moreover when the flame is confined it already
exists in the boundary layer. In particular in this thesis turbulent boundary layer flashback in bare
tube burner configuration has been investigated.
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Unconfined flames. An unconfined flame configuration is the one in which there is the free injec-
tion of the reactants mixture in ambient air, like for instance the case of jet flames. An experimental
investigation has been carried out by Baumgartner et al. [6]. They tried to asses how flame-flow in-
teraction affects hydrogen flame boundary layer flashback in the case of unconfined flame. To do so
they have considered a high aspect ratio channel flow to resemble a 2-D flow. Furthermore, the ex-
periments have been carried out at atmospheric pressure and utilizing PIV, Mie-scattering and OH*
chemiluminescence. Figure 3.3b shows the axial velocity contours in correspondence of flashback
onset and propagation. Streamlines are shown in white, while the black dotted curve represented
the approximate location of the flame front extracted from the Mie-scattering images. As the flash-
back phenomenon is approached the leading edge of the flame starts to propagate upstream. While
travelling upstream, the flame leading edge decelerates the approaching flow. This feedback pro-
cess allows the leading edge to slowly travel upstream until its able to flashback inside the burner.
Figure 3.3a shows the schematic time evolution of the transient phenomenon. In particular, the dis-
tance through which the streamline passes by is in the range between y+ = 13 and y+ = 21, which
does not coincides with the viscous sublayer region where the critical velocity gradient holds, but
instead is localized in the buffer layer. The conclusions of this investigation is that however there
is an interaction between the flame and the flow, it is weak. This is the reason why even though
the critical velocity gradient model is not able to explain the physical process through which the
phenomenon happens it is still able to predict some data in literature.

(a) Schematic illustration of the transient mechanism, from sta-
ble to unstable flame, image taken form Baumgartner et al. [6]

(b) Time evolution of the axial velocity field during upstream
flame propagation, the black dashed line indicates the approx-
imate shape of the flame leading edge, image taken form Baum-
bartner et al. [6]

Figure 3.3: (a) Schematic illustration of the transient mechanism, from stable to unstable flame, image taken form Baum-
gartner et al. [6]. (b) Time evolution of the axial velocity field during upstream flame propagation, image taken form
Baumbartner et al. [6].

Confined flames. Eichler and Sattelmayer [16] investigated confined flames boundary layer flash-
back by means of micro-PIV, Mie-scattering and OH* chemiluminescence. This investigation was
done since in a previous work, [17], was found the important role of flame-wall interaction and the
inability of the critical velocity gradient model to capture the phenomenon dynamics. Thus, focus
of the investigation was the flame-flow interaction in the near wall region at flashback onset condi-
tions. Figure 3.2b shows OH* chemiluminescence on the first row, Mie-scattering along the second
and velocity contour images on the third. It shows how, flames wrinkles turn into cusps. They then
can either travel upstream, downstream or stay at the same location. Furthermore some of these
cusps divided into smaller ones. The bulges able to travel upstream are the ones responsible for
flashback. In the confined flame configuration the flame-flow interaction is very strong. Indeed the
adverse pressure gradient related to thermal expansion strongly affects the approaching flow, that
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is retarded and deflected. Furthermore, this effect coupled with the low velocity streaks in the tur-
bulent flow field enhance the flame flashback.
Gruber et al. [24] performed a direct numerical simulation (DNS) of boundary layer flashback in
a fully developed turbulent channel flow. They observe the creation of flame cusps. In particular
Gruber et al. [24] observed that high speed sweeps lead to the convex flame region towards the
products, while low speed ejections lead to bulges formation which are convex towards the reac-
tants. This mechanism is caused by the Darrius-Landau instability, which was presented in section
2.4 in the previous chapter. The Darrius Landau instability lead to an adverse pressure gradient in
correspondence of the flame front which then is responsible for the flame flow interaction.

3.3.2. Burner material, tip temperature and diameter
In this paragraph, unless explicitly indicated, the presented results are related to the unconfined
flame configuration.

(a) Critical velocity gradient as a function of hydrogen concen-
tration for burners made of different materials, reproduced form
[9]

(b) Tip temperature as a function of hydrogen concentration for
burners made of different materials, reproduced form [9]

Figure 3.4: (a) Critical velocity gradient as a function of hydrogen concentration for burners made of different materials.
(b) Tip temperature as a function of hydrogen concentration for burners made of different materials.

Bollinger and Edse [9], investigated the effect tip temperature burner material, burner diame-
ter, tube and wall thickness on turbulent boundary layer flashback of hydrogen/oxygen flames at
atmospheric pressure. Flashback conditions are approached in a quasi-steady process. Indeed, it
has been observed that if flashback is not approached sufficiently slow to ensure thermal equilib-
rium between the burner tip and the flame front, the event propensity can be significantly different.
Figures 3.4a and 3.4b show the effect of the burner material and of the tip temperature on critical
velocity gradient, for a constant burner thickness. The lower flashback propensity associated with
the copper burner can be related to its lower tip temperature. Burner tip temperature depends on
the heat balance between the flame, the burner, the heat loss to the surrounding air and the incom-
ing reactants flow. Higher is the thermal conductivity of the burner, higher is the heat conduction
across the the tube walls cross sectional area and lower is the tip temperature. Different thermal
conductivity and tip temperature, however, are not enough to explain the difference in critical ve-
locity gradients in the case of stainless steel, Monel and Inconel which are characterized by similar
thermal conductivity.
Shaffer et al. [54] and Duan et. al [13] performed experiments to asses the fuel composition, burner
material, tip temperature effects on flashback for confined tube combustors at turbulent flow con-
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ditions. Different mixtures of hydrogen, carbon monoxide and methane have been considered. The
flow was fully developed and the flashback event was induced at two constant adiabatic flame tem-
peratures, 1700 and 1900 K respectively. Furthermore the experimental conditions were ambient
pressure and room temperature. Shaffer et al. [54] in accordance with Duan et. al [13], shown that
high hydrogen concentration fuels are more prone to flashback. It also noted that adding CO to H2

reduces linearly the laminar flame speed, while when CH4 is added to H2 it diminishes exponen-
tially in accordance with the findings of Huang et al. [30].
Duan et al. [13] studied flashback limits for hydrogen/air unconfined jet flames. Experiments, con-
duced at atmospheric pressure and ambient air temperature, addressed burner material and tip
temperature, flame confinement and burner diameter effects. It was found that burner material,tip
temperature, flame confinement, have strong effect on flashback propensity, while burner diame-
ter effects are negligible. The proposed explanations refer mainly to the tip temperature and differ-
ent thermal conductivity of the considered burners. In particular when the difference in flashback
propensity between an enclosed and open configuration of quartz and stainless steel tube are com-
pared, emerges that the quartz burner shows a bigger difference in flashback propensity. This is
mainly related to how quartz, characterized by lower thermal conductivity, affects the boundary
layer heating. For what concerns confined flame configuration, figure 3.5b shows that, regardless of
burner size and material, flashback propensity is drastically higher. These findings are in agreement
with [17]. Furthermore flashback mechanism has been observed to be different for confined flames,
being the flame-flow interaction strongly affecting the instability event, [16]. From figure 3.5b also
emerges that active cooling of the combustor reduced flashback propensity. Finally effect of the di-
ameter on turbulent boundary layer flashback has been found to be weak, also this observation is
consistent with some previous finding from Khitrin et al. [33], see figure 3.5a.

(a) Turbulent (solid curve), reproduced from [33], and laminar
(dashed curves) hydrogen flames flashback propensity.

(b) Critical velocity gradient results summary for different burner
configurations, materials and diameters, reproduced form [13].

Figure 3.5: (a) Turbulent and laminar hydrogen flames flashback propensity. (b) Critical velocity gradient results summary
for different burner configurations, materials and diameters.

Eichler and Sattelmayer studied boundary layer flashback of methane/hydrogen air in a chan-
nel, [15]. Results were presented in terms of critical velocity gradient and compared literature data
available for tubes. The comparison shows significantly different results, mainly related to the dif-
ferent flame configurations for both channel and tubes burners. To further investigate these dif-
ferences, Eichler [17] performed some more experiments with both a setup similar to the channel
(confined) and tubes (confined and unconfined). Form the results the main differences in flashback
propensity seems again to be related to flame configuration and not to the geometry of the two con-
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sidered combustors.
To summarize, thermal coupling between burner tip temperature and the flame front is crucially
important. The burner rim temperature and more in general the combustor temperature are af-
fected by the material thermal conductivity, they might lead to boundary layer heating and con-
sequently increase flashback propensity. The presence of an enclosure increases tip temperature.
Furthermore, if the enclosure size is reduced, tip temperature gets even higher since heat loss to
ambient air and the entrainment of the fresh oxidizer are both reduced.

3.3.3. Operating pressure and temperature

(a) Critical velocity gradient of hydrogen/air mixture as a function
of pressure at φ =0.95, reproduced from [19].

(b) Critical velocity gradient of turbulent hydrogen/air flame as
a function of fuel percentage at different pressures, reproduced
from [19].

Figure 3.6: Critical velocity gradient of hydrogen/air mixture as a function of pressure (a) and as a function of fuel per-
centage at different pressures (b), reproduced by [19].

Fine [18, 19] investigated the effect of sub-atmospheric pressure on flashback propensity of hy-
drogen flames for laminar, transitional and turbulent conditions. Figure 3.6a shows the critical ve-
locity gradient variation, for hydrogen air mixtures, as a function of pressure at a fixed equivalence
ratio (φ = 0.95). The critical velocity gradient changes exponentially with increasing pressure. Fur-
thermore, its rate of change is almost constant for both the laminar and turbulent flames and it is
independent of the burner diameter. Since the ratio between laminar and turbulent burning veloc-
ity is not big, Fine [18, 19] proposed that the change in critical velocity gradient it is not only due to
the change in burning velocity due to pressure but also to the change in penetration distance. Figure
3.6b shows the change in critical velocity gradient for different hydrogen concentration in the fuel-
air mixture. As the pressure is increased the velocity gradient curve shifts to higher value showing an
increased propensity to flashback. Furthermore, the rate of change of the critical velocity gradient
as we move from lean conditions to rich conditions is bigger at higher pressures. Finally, the peak
for each curve shown in figure 3.6a remains similar at the same equivalence ratio, emphasizing that
the critical velocity gradient is related to the reaction rate.
Fine,[20], analysed the effect of preheat temperature and sub-atmospheric pressure on flashback

propensity of an air hydrogen mixture at a constant equivalence ratio. Figure 3.7 shows the results.
It can be seen that the rate of change of critical velocity gradient with preheat temperature is inde-
pendent of pressure. Indeed the angular coefficients of the two lines in figure 3.7 have almost the
same value.
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Figure 3.7: Critical velocity gradient as a function of preheat temperature at two different pressures, reproduced from [20]



4
Experimental set-up and methodology

This chapter starts with a description of the TU Delft combustion facility used to carry out this
research. Subsequently, the flow measurement technique is presented. Finally, the different experi-
ments conditions, settings and procedure are defined and explained.

4.1. Experimental Combustion facility
Figure 4.1 shows a schematic of the experimental facility. The combustion lab is equipped with
several gas lines, that can be connected to the burner. In this research the air, hydrogen and DNG
lines are used and, each line is equipped with theirs mass flow controller. A UV safety sensor is
also highlighted in the schematic. This device acts as flame detector inhibiting the fuel flow when
combustion is not taking place.

Figure 4.1: Schematic of the combustion facility with tube burner.

31
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4.1.1. Burner geometry
Experiments have been carried out on simple copper tube burners. Three different tubes have been
used in order to obtain a fully developed turbulent flow, characterized by a Reynolds number of
about 104. As illustrated in figure 4.1 each tube burner consists of three sections: one horizontal
with length lh , a 90 ◦ bend with radius rc and a vertical section of length lv . Except for the turn,
which consist of PVC, the burners are made of copper. Initially, the burners consisted of the vertical
part only, but later the horizontal section and the turn were added to increase the effective length
over diameter ratio. Further information on the fully developed flow conditions and their charac-
terization are given in the ’flow validation’ section 5.2. Table 4.1 lists the tube internal diameters
di , lengths of the horizontal and vertical sections lh and lv , wall thicknesses th , radii of the bends
rc , material and length over internal diameter ratio l/di . The burner tubes inner diameters have
been measured by means of a three point inner micrometer. Moreover all the three burners are
characterized by a flat tip.

Burner tube 1 Vertical tube Horizontal tube Turn

Internal diameter, di (mm) 20.06 ± 0.04 20.06 ± 0.04
Thickness, th (mm) 1 1
Length, l (mm) 1250 1450
Length to diameter ratio, l/di (-) 62.3 72.3
Radius of curvature, rc (mm) 85
Material copper copper PVC

Burner tube 2 Vertical tube Horizontal tube Turn

Internal diameter, di (mm) 25.67 ± 0.01 25.67 ± 0.01
Thickness, th (mm) 1.1 1.1
Length, l (mm) 1260 2400
Length to diameter ratio, l/di (-) 49 93.5
Radius of curvature, rc (mm) 88
Material copper copper PVC

Burner tube 3 Vertical tube Horizontal tube Turn

Internal diameter, di (mm) 39.20 ± 0.01 39.20 ± 0.01
Thickness, th (mm) 1.4 1.4
Length, l (mm) 1270 2110
Length to diameter ratio, l/di (-) 32.5 54
Radius of curvature, rc (mm) 177
Material copper copper PVC

Table 4.1: Specification of the tube burners employed in the experiments.

4.1.2. Cooling jacket and thermocouples
The most downstream part of the tube burner is equipped with a cooling jacket as illustrated in fig-
ure 4.2. Thermocouples of type J and K were used to monitor the burner tip temperature. The insert
in figure 4.1 shows the location of the thermocouples on the tube. The type K thermocouple is a
self-adhesive polyimide sensor, with an operating temperature range of -40◦C to 250 ◦C. It has been
selected because, thanks to its small size (6.7 mm wide × 0.13 mm thick × 107 mm long), it can be
placed close to the burner rim without affecting the flow field. Type J thermocouples were used to
check that the temperature distribution in the burners was steady. Their operating range is between
-40◦C to 750 ◦C. Figure 4.1 shows where the thermocouples (denoted by TC1, TC2 and TC3) were
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located. TC1 is at distance h1 = 2 mm, TC2 at h2 = 10 mm and TC3 at h3 = 90 mm from the burner
tip. TC1 (type K) has been used to measure the tip temperature, TC2 (type K) to see the temperature
distribution in the tube and check for TC1 measurement. Finally, TC3 (type J) was used to check
the correct execution of the experiment. This is explained in more detail in the next section about
experimental program and methodology 4.3.
Each tube burner is equipped with a cooling jacket. Since flashback propensity is strongly depen-
dent on the rim temperature, these water cooling jackets allowed to compare flashback propensity
of flames characterized by different adiabatic flame temperatures, flow rates and thermal power.
Figure 4.2 shows one of the employed jackets. The jackets have a cylindrical shape and have been
installed by scrolling them from the top of the burner. Tap water at a temperature of about 15 ◦C has
been used for cooling.

Figure 4.2: One of the cooling jackets installed on a tube burner. Tap water enters from the bottom and leaves from the
top to avoid air accumulation in the device.

4.1.3. Mass flow controller (MFC)
Hydrogen, air, and DNG mass flow controllers, manufactured by Bronkhorst were used, see figure
4.1. They consist of a flow meter and a control valve, Bronkhorst provides detailed MFC datasheet,
e.g. the hydrogen one can be found here [1]. The manufacturer declares an uncertainty of 0.1% with
to respect to the full scale (FS), plus an uncertainty of 0.5 % of the flow rate reading (RD). When the
mass flow controllers are used in a lower range of their capacity the uncertainties is in percentage
higher.
The flow is measured in normal liters per minute which is actually a mass flow unit even though it
looks like a volumetric flow unit. The reference normal conditions are a pressure of pn = 1013.25
mbar and a temperature of Tn = 0 ◦C. All the experiments have been conducted at atmospheric
pressure and a correction to obtain the actual flow rate from the normal liter per minute to liter per
minute has been done on the temperature only, by means of the ideal gas law. The actual flow rate
Qactual (in liter per minute) is then given by

Qactual =Qr eadi ng

(
pn

p

)(
T

Tn

)
(4.1)
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where Qr eadi ng is the flow rate reading measured in normal liter per minute, p is the lab pressure,
T is the lab temperature while pn and Tn are the pressure and temperature at normal conditions.

4.2. Flow measurement technique

Figure 4.3: Photograph depicting the main components of the PIV system, i.e., the camera (1), the laser light source (2)
and the light sheet optics (3). The tube burner is visible on the left and the laser light sheet is also drawn in the photo.

4.2.1. Planar Particle Image Velocimetry
Particle Image Velocimetry (PIV) was used to obtain quantitative and qualitative data on the veloc-
ity fields. PIV is a non-intrusive technique that measures the instantaneous velocity field in a planar
cross section of the flow. Figure 4.3 shows the main components of the PIV setup. The laser beam
with green light at 527 nm wavelength passes through a series of lenses which create a vertical light
sheet (with a thickness of approximately 1 mm) that finally cuts the tube burner outlet along a plane.
The camera is located perpendicular to the laser sheet.
The flows of air and fuel were seeded separately with a dedicated cyclone seeder. Once seeded,
the flows are mixed before entering the burner. The seeding consists of Aluminum-oxide particles
(Al2O3), with a mean diameter of about 1 µm and a density of 3200 kg/m3. The dynamical charac-
teristic of a particle determine its ability to follow fluid velocity fluctuations. A simplified equation
that describes the motion of a spherical rigid particle in a viscous flow is given by Somerscales [57],
equation 4.2. It has been obtained by assuming high particle to fluid density ratio.

ρp

πd 3
p

6

dup

d t
= 3πνρ f dp

(
u f −up

)
, (4.2)

where ν is the fluid kinematic viscosity, dp is the particle diameter, u f and up are the fluid and par-
ticle velocity, and ρ f and ρp are the densities of the fluid and particle respectively. The equation
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describes the balance between the force which accelerates the particle (left-hand side) and the vis-
cous drag (right-hand side), expressed by Stokes’ drag law. Equation 4.2 is valid under the following
assumptions. (1) low particle Reynolds number, Rep = V dp /ν f < 1, where V is the relative velocity
between the particle and the fluid, i.e., (V = up −u f ). (2) the fluid is incompressible and of infinite
extent. (3) there is no slip between the particle and the fluid at the particle’s surface. (4) the par-
ticle is spherical, infinitely rigid.Equation 4.2 can then be integrated to yield rewritten as 4.3 and
integrated.

up = u f e
− 18µ f

ρp d2
p

t = u f e−
t

t0 where t0 =
ρp d 2

p

18µ f
. (4.3)

The quantity t0 is known as particle relaxation time. It indicates the time required for a particle to
adjust to change in the velocity of the surrounding fluid. In order to evaluate the seeding particles
tracers behaviour the Stokes number (Stk) has to be considered. According to Tropea [11] a particle
behaves like a tracer when the Stokes number Stk << 0.1. Stk is defined as

Stk = t0 · u0

l0
. (4.4)

It relates the particle relaxation time to a flow time scale. In order to follow the smallest eddies
which characterize the flow, the Stokes number should be computed considering the particle relax-
ation time and the Kolmogorv time scale ηK . Considering a simplification of the integral flow time
scale d/Ub a typical Stokes number which characterizes the investigated flow has been calculated
Stk = 0.0046. This is indeed much smaller then 1, however the fact that a particle is able to follow the
large-eddy turnover time does not guarantee that it is also able to follow the small-eddy one.
The PIV system uses a Quantronix Nd:YLF dual-cavity laser type Darwin-Duo Pro527-80-M. The 527
nm wavelength laser beam generated by the laser is transformed into a laser sheet by passing the
Gaussian beam through a series of optical components, specifically three plano-concave cylindrical
lenses. The laser sheet illuminates the seeding particles just above the burner exit from the side, as
illustrated in figure 4.3.
Images are taken with a Phroton Fastcam SA1.1 camera, that view the light scattered by the seeding
particles in a direction perpendicular to the laser sheet, see figure 4.3. The CMOS sensor has 1024 x
1024 pixels each with size of 20×20 µm. We carried out some experiments using the full size of the
chip, while for the high frame rate measurements it was necessary to crop its size. In particular, at
4.5 kHz and 7.5 kHz in the double frame mode, only part of the chip was used since the remaining
part it is employed to speed up the data transfer process. The selected size of the cropped sensor
are 768 x 768 pixels and 640 x 512 pixels, respectively.
A Nikon AF Micro-NIKKOR 200 mm f/4D IF-ED lens is fitted on the camera. Furthermore, a typical
field of view size was 40mm × 40mm, resulting in a typical magnification factor of M = ∼ 0.25.
A programmable timing unit (PTU) is used to synchronize the laser pulses and the high speed cam-
era. The time interval ∆t , separating two consecutive pulses of the laser, is an important parameter
and has been selected to obtain an average particle image displacement of around 8-15 pixels (over
the image), [50]. The image acquisition frequency is set to 50Hz and 5000 image pairs are taken in
all the experiments which required statistical robustness. On the other hand, in the transient phe-
nomenon visualization, the acquisition rate were 4.5 kHz or, 7.5 kHz and only 500 image pairs were
taken.
The amount of seeding is also an important parameter. In order to have enough light scattered
by the seeding particles, high density is desired, at least 10 particles in an interrogation window.
However, seeding affect the flame chemistry. Therefore, a trade off is necessary and the amount
of seeding required has to be the minimum that allows to achieve a good signal and consequently
good cross-correlation in the post processing while affecting the flame behaviour the least possible.
The commercial software DaVis 8.4 was used for both the acquisition and the data processing. Im-
age processing operations to enhance the raw data quality and the processing steps have been used
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and are now listed. (1) Image preprocessing, sliding background subtraction with scale 4 pixels and
min-max filter for particle intensity normalization over 3 pixels. (2) Cross-correlation with multi-
pass, one pass with an interrogation window of 32 x 32 pixels and four passes with an interrogation
window of 16 x 16 pixels both with 50 % overlap. In the flashback visualization measurement one
pass with an interrogation window of 48 x 48 pixels and four passes with 16 x 16, both with 50% have
been applied. (3) Vector post-processing, median filtering with universal outlier detection [63], is
applied to the vector field to remove the spurious vectors. Once this filter is adopted, the missing
vectors are linearly interpolated. About 95 % of the vectors are first and second choice. Figure 4.4a
shows an instantaneous Mie-scattering image for one of the considered turbulent jet flames with
the tube burner outlet just visible at the bottom of the image. Figure 4.4b shows the corresponding
instantaneous velocity field obtained after the application of the PIV data processing.

(a) Mie-scattering images of a premixed turbulent jet flame at the
tube burner outlet.The laser sheet illuminates the Alumina seed-
ing particles. A pair of these images are then use to apply PIV.

(b) Instantaneous PIV velocity field of a premixed turbulent jet
flame.

Figure 4.4: (a) Mie-scattering images of a premixed turbulent jet flame at the tube burner outlet. (b) Instantaneous PIV
velocity field of a premixed turbulent jet flame.

4.2.2. Planar Mie-Scattering visualization
Mie-scattering visualization is a technique which uses the particles (seeding) to measure a flow ve-
locity. The signal is produced by elastic scattered light of the particles which need to have a diameter
larger or similar to the wavelength of the incident light. In combustion particle Mie-scattering can
be use to visualize the shape and position of the flame front. Indeed, the seeded flow experiences a
drastic acceleration across the flame front due to heat release induced by combustion. As a conse-
quence of the drastic gas density reduction across the flame front, the seeding particle density (in
terms of number of particles per unit volume) also decreases downstream of the flame front. This
leads to a reduction of Mie-scattering intensity. Figure 4.4a shows that the seeding density is high
in the unburned fuel/air mixture issuing from the pipe exit, while it is low in the post combustion
region. The relatively sharp interface between these two regions is defined as the flame front.

4.3. Experimental program and methodology
The experimental program can be divided in four main experiments. The experiments focused on
the flashback propensity of flames with different hydrogen/DNG fuel mixtures and different equiv-
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alence ratios, the DNG composition considered in the calculation is given in appendix A.
The first experiment investigates different hydrogen/DNG fuel compositions, equivalence ratios
and burner conditions, i.e. cooled/uncooled burner tips. The results of the experiments are re-
ported in the form of flame regime maps which show the flashback propensity.
In the second experiment, the unreacting turbulent jet flow that issues from the burner exit (cold
flow) has been characterized by means of PIV.
In the third experiment, mean flow fields of flames characterized by different Reynolds number,
equivalence ratio and hydrogen concentration in the fuel have been measured and compared to
each other.
Finally, in the fourth experiments, the flashback transient phenomenon has been visualized for both
a hydrogen and a DNG flame using high speed PIV.
In this section the conditions and methodology, as well as the equipment and sensors used in each
of the four experiments are presented.

4.3.1. Experiment 1: producing flame regime maps
The objective of this experiment is to produce flame regime maps in which flashback propensity
(indicated by critical velocity gradient and bulk velocity) is shown as function of equivalence ratio
for different concentration of hydrogen in the DNG/hydrogen mixtures. Furthermore, the tip tem-
perature at flashback conditions and the effect of cooling on the phenomenon have been measured.
A secondary objective of this experiment is to qualitatively reproduce, literature results on how the
flashback propensity is affected by hydrogen addition in DNG/hydrogen mixture and the burner tip
temperature.
Table 4.2 shows the experimental conditions and flame cases considered in this experiment. In par-
ticular, the fuel composition has been varied to investigate the effect of hydrogen addition. The
equivalence ratio ranges from 0.8 to 1.4. In cases 1, 2 and 3 the lower limit of the equivalence ratio
is 0.8 since was not possible to obtain a stable jet flame for leaner conditions. The higher hydrogen
concentration in cases 4, 5, 6 allows to establish leaner flames. Furthermore, in case 6, the hydrogen
mass flow controller capacity limited the equivalence ratio to 1.3. All six cases were investigated
with uncooled burners. In order to guarantee that the tube temperature distribution was steady it
has been measured at three tube locations, see figure 4.1. The tip temperature was also recorded.
Active cooling was applied to cases 4, 5 and 6 only. Under these conditions only one thermocouple
was used to check the temperature values at the burner tip, and typical values of TC1 ranged from
35◦C - 55 ◦C. Finally, in each case, the burner tube size was chosen to achieve the highest Reynolds
number possible. The flashback conditions are in fact related to the fuel/air mixture composition.
In other words, to achieve a high Reynolds number with a mixture characterized by low laminar
flame speed, it is necessary to use a burner with a large diameter.
Flashback is an instability phenomenon that can be induced in different ways. In this experiment

Fuel composition Equivalence ratio Burner tube internal Re Cooled/
φ (-) diameter ID (mm) uncooled

Case 1 100 % DNG 0.8 - 1.4 39.20 600 - 5650 Uncooled
Case 2 80% DNG - 20% H2 0.8 - 1.4 39.20 900 - 7230 Uncooled
Case 3 60% DNG - 40% H2 0.8 - 1.4 39.20 2670 - 9404 Uncooled
Case 4 40% DNG - 60% H2 0.7 -1.4 39.20 5690 - 12800 Both
Case 5 20% DNG - 80% H2 0.6 - 1.4 25.67 7980 -12770 Both
Case 6 100% H2 0.6 - 1.3 20.06 10300 - 14440 Both

Table 4.2: Characterization of the premixed flames investigated in experiment 1 to produce the flame regime maps.

it was decided to induce flashback by changing the flow conditions. In particular, air and fuel mass
flow rates have been simultaneously lowered in small steps in such a way that the equivalence ra-
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tio, and consequently the flame reactivity, was kept constant. In other words through this procedure
flashback is approached at a constant adiabatic flame temperature. In practise, the response time of
the air, DNG and hydrogen mass flow controllers is slightly different. Therefore, to keep the equiv-
alence ratio as much constant as possible, the steps at which the flow rates were decreased were
very small. The equivalence ratio confidence during the experiment was approximately 2.5 % in
the most critical cases, that are the ones at lower flow rates where mass flow controller fluctuations
affect more the uncertainty. However, these flow rates and linked equivalence ratio variations are
always within the uncertainty of the mass flow controller. The procedure to conduct the experi-
ments was as follows: (1) obtain a stable flame,(2) wait long enough to reach a steady temperature
value at the three measurement points where the thermocouples were placed,(3) lower the air and
fuel mass flow rate,(4) repeat steps (2) and (3) until flashback occurs. Flashback was induced three
times for each equivalence ratio. In fact, with the first measurement the approximate bulk velocity
at which the flame was unstable was found. In the second and third measurements the burner is ig-
nited close to instability conditions and the procedure is repeated more precisely by taking smaller
flow rates reduction steps.

4.3.2. Experiment 2: validation of non-reacting flow field at the pipe exit
In this experiment, the mean flow and turbulence statistics of three non-reacting jets were mea-
sured.
The Reynolds number of the non-reacting jets that were considered were close to the Reynolds num-
ber of the flames investigated in experiments 3 and 4. The main objective is to characterize the jet
flows and to determine weather the flows can be considered as fully developed flows. Table 4.4 lists
details of the experimental conditions. The indicated bulk velocities have been computed in two
different ways: (1) by considering the total volumetric flow rate Qactual , and the cross sectional area
of the tube burners (determined from the diameter measured by Mie-scattering) Ub = Qactual /A,
and (2) by integrating the mean axial velocity profile u(r ), obtained from the PIV measurement,
according to

Ub = 2π
∫ di /2

0 u(r )r dr

πd 2
i /4

. (4.5)

Using two methods to compute the bulk velocity enabled a check on the consistency of the exper-
imental data. In the remainder of this thesis the bulk velocity computed with method (1) has been
considered. Table 4.4 shows the selected PIV settings.

Burner internal Bulk Bulk Deviation
diameter velocity (1) velocity (2) %

(mm) (ms−1) (ms−1) (-)

Jet 1 20.06 7.52 7.18 4.7
Jet 2 25.67 6.08 5.85 4.0
Jet 3 39.20 4.16 3.98 4.6

Table 4.3: Deviations of the bulk velocities computed with method (1) and (2).

Equation 4.6 can be used to determine the statistical scatter of the mean velocities that have been
determined from the PIV data, thus gives an indication about the statistical convergence of the data
[22].

σ2
s = u ′2

(
2τ0

T
+ 1

N

)
(4.6)

In equation 4.6,σs is the statistical error of the mean velocity, u ′2 is the variance of turbulence veloc-
ity fluctuations, τ0 is the integral timescale of the velocity, T is the measurement time and N is the
number of samples. The terms within brackets in equation 4.6 tells us that in order to minimize the
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statistical error in a measurement two requirements have to be met. The duration of the experiment
has to be sufficiently large with respect to the integral time scale of the phenomenon, and secondly
the number of samples has to be sufficiently large. Both terms within the brackets have to be small.
If the ratio of the diameter and the bulk velocity, i.e. di /Ub is considered as a rough estimate of the
integral time scale, it is found that a typical value of the sum of the two terms in our measurements
is 2.36·10−4.
A fully developed flow can be achieved if the ratio between the effective length l and the inner di-
ameter di of the tube is sufficiently large, typically l/di = 40-50, see [26]. In the current setup the
ratios for the three burner tubes are l/di = 134.6, 142.6 and 86 for the 20.06 mm, 25.67 mm and 39.20
mm internal diameter tubes respectively. Due to size constraints of the lab it is not possible to in-
stall sufficiently long straight pipes. The problem was solved by using a vertical and horizontal tube
section and connecting these with a 90 ◦ bend, as sketched in figure 4.1.

Burner internal Re Lab T Bulk Air Images Image Pulses
diameter velocity flow rate # rate ∆T

(mm) (-) (°) (ms−1) (nl/min) (-) rate (Hz) (µs)

Jet 1 20.06 9650 21.5 7.39 130 5000 50 40
Jet 2 25.67 9850 21.5 5.90 170 5000 50 45
Jet 3 39.20 10 040 22 3.95 265 5000 50 110

Table 4.4: Characterization of the non reacting flows utilized to validate the velocity field at the pipe outlet in experiment
2.

4.3.3. Experiment 3: measurement of the time-averaged statistics of the reacting flow
field

Once the turbulent jet flows has been characterized and validated we can move forward with a more
detail study on some turbulent premixed flame cases. In this experiment quantitative and qualita-
tive data are obtained by means of planar PIV.
The objective of this experiment is to assess the effect of different parameters on the flame. Namely,
equivalence ratio, hydrogen concentration in the fuel and Reynolds number. Trying to find out
which effects can reveal insights about the transition from a stable flame to flashback. Moreover,
from the flame statistics, the cone angle will first be defined and then computed for each of the con-
sidered flames.
Table 4.5 shows the considered flame cases, experimental conditions, and PIV settings. The Reynolds
number is based on the bulk velocity and computed by considering the corrected mass flow rate
measurement form the MFCs and the tube diameter measured by Mie-scattering (method (1) 4.3.2).
Moreover, for a different mixture the flame speed strongly changes. Therefore to obtain the desired
pixels displacement which provides a good correlation the laser pulses ∆t are very different. The
burner tips were cooled in all the measurements.

4.3.4. Experiment 4: Visualization of the flashback
In the last experiment the flashback was visualized for two selected flames, i.e. a pure DNG flame
and a pure hydrogen flame. In these experiments both Mie scattering and PIV measurements were
performed at high image acquisition rate.
The objective is to visualize the flashback development in time. Trying to understand how the event
occurs, and, in particular, what are the main reasons causing it. A comparison of the results from
the two flames may give insight into the physical mechanism inducing this instability.
In this experiment a lean hydrogen flame and an almost stoichiometric DNG flame were selected.
In the case of the lean hydrogen flame the 25.67 mm inner diameter tube was used, the equiva-
lence ratio was 0.6 and the flashback instability occurred at a Reynolds number of about 11800,
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Burner internal Re Equivalence Lab T Bulk Air flow Fuel flow Fuel Pulses
diameter, di ratio, φ velocity ub rate, Qai r rate, Q f uel H2 % ∆T

(mm) (-) (-) (°) (ms−1) (nl/min) (nl/min) (-) (µs)

Flame 1 20.06 11310 0.8 22 11.24 144.9 48.7 100 27
Flame 2 20.06 13315 0.8 22 13.24 170.5 57.3 100 24
Flame 3 25.67 13310 0.6 21 9.91 217.3 54.7 100 31
Flame 4 25.67 12005 0.6 21.5 8.94 195.9 49.4 100 34
Flame 5 25.67 16139 0.6 22.5 12.02 263.4 66.4 100 26
Flame 6 39.20 10557 0.8 22.5 4.47 258.3 43.1 60 94
Flame 7 39.20 13353 0.8 22 5.65 326.8 54.5 60 74
Flame 8 39.20 11310 0.6 22 4.91 284.1 47.5 80 87
Flame 9 39.20 13805 0.6 22 6.00 346.1 58 80 70

Table 4.5: Characterization of the premixed flames investigated in experiment 3 to study the flame statistics at different
conditions.

corresponding to a bulk velocity of 8.8 m/s. In the case of the DNG flame the 39.20 mm inner di-
ameter tube burner was used, φ was 0.9 and the Reynolds number was about 5000, corresponding
to a bulk velocity of about 2 m/s. The DNG flame was selected close to stoichiometry so that the
highest flame speed and, consequently, the highest Reynolds number was obtained. Both burners
were cooled during the experiment. The nature of the measurement required very different PIV set-
tings from the ones employed in the previous experiment. In this case the focus is on studying a
rapid transient phenomenon and so the image acquisition rate is set to very high values, namely
7.5 kHz for the H2 flame and 4.5 kHz for the DNG flame, both in double frame mode. To obtain
both the Mie-scattering visualization and PIV data, the time between pulses ∆t was chosen in such
a way that the sequenced frames were equidistant in time. In particular, consider the acquisition
rate of 7.5 kHz used for the H2 flame. It means that each 133.33 µs a pair of images is taken. The ∆t
between the first and second frame of each pair was selected to be 66.6 µs. This was done so that
the phenomenon was effectively visualized at an acquisition rate of 15 kHz. This PIV setting lead
to an average pixel displacement of 15 pixels. For the DNG flame the time between the pulses ∆t
was 111.1 µs leading to a pixel displacement of 8-10 pixel and an effective acquisition frame rate of
9 kHz. For both measurements, the sensor size of the camera was cropped. The lower acquisition
rate required for the DNG flame allowed us to use a chip size of 768 × 768 pixels, while for the H2

flame the chip size was 640 × 512 pixels.



5
Results and discussion

This section presents and discusses the results of four different experiments on flashback that have
been explained in detail in the previous chapter.

1. Flames regime maps.

2. Validation of the non-reacting flow fields at pipe exit.

3. Measurement of the time-average statistics of the reacting flow field.

4. Visualization of the flashback.

5.1. Results for experiment 1: Flame regime map
First the flame regime maps will be presented for the uncooled configuration. This is followed by
results of the tip temperature and finally a comparison between the cooled and uncooled burners is
shown. The results from the present investigation are also compared to some results from literature.
Table 4.2, presented in the previous chapter, is here shown to recall the experimental conditions.

Fuel composition Equivalence ratio Burner tube internal Re Cooled and
φ (-) diameter ID (mm) uncooled

Case 1 100 % DNG 0.8 - 1.4 39.20 600 - 5650 Uncooled
Case 2 80% DNG - 20% H2 0.8 - 1.4 39.20 900 - 7230 Uncooled
Case 3 60% DNG - 40% H2 0.8 - 1.4 39.20 2670 - 9404 Uncooled
Case 4 40% DNG - 60% H2 0.7 -1.4 39.20 5690 - 12800 Both
Case 5 20% DNG - 80% H2 0.6 - 1.4 25.67 7980 -12770 Both
Case 6 100% H2 0.6 - 1.3 20.06 10300 - 14440 Both

Table 4.2, repeated. Experiment 1, flames investigated

5.1.1. Flashback propensity of uncooled burner tube combustors
Figures 5.1a and 5.1b show how bulk velocity and critical velocity gradient at flashback conditions
change as a function of equivalence ratio. The different symbols in the graph refer to different fuel
mixture composition. The fuel mixture ranges from 100% DNG, to 100% H2 with the hydrogen con-
centration increasing step of 20%. We first consider the effect of increasing hydrogen concentration
for a given equivalence ratio. When the hydrogen concentration in the fuel increases the flashback
propensity increases. High hydrogen concentration fuels are characterized by high flame speed,
small quenching distance and, if sufficiently lean, by less than unity Lewis number which leads to
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the thermal diffusive instability described in section 2.3. Therefore when these fuels are employed
the flame’s ability to travel upstream increases. If we then consider the effect of equivalence ratio
on flashback propensity, it can be seen that for H2 concentration of 0,20,40,60 and 80%, for con-
stant fuel composition, both the critical velocity gradient and bulk velocity have a maximum value
at about φ' 1. These peaks in flashback propensity, at φ' 1, qualitatively follow the peak in flame
speed, which in turns is related to the adiabatic flame temperature. (The peak in flame speed pretty
much coincides with the one in adiabatic flame temperature). The maximum in adiabatic flame
temperature is not precisely at stoichiometry because CO2 dissociates in CO when φ' 1.05 and, as
a consequence, the mixture specific heat is lower, leading to higher sensible temperature. This is not

(a) Bulk velocity as function of equivalence ratio at flashback con-
ditions, for different fuel composition mixtures.

(b) Critical velocity gradient as a function of equivalence ratio for
different fuel compositions mixtures.

Figure 5.1: Flashback stability maps in terms of (a) the bulk velocity and (b) the critical velocity gradient as a function of
equivalence ratio for different H2/DNG mixtures.

the case when the 100% concentration fuel is considered. In fact, when hydrogen is employed as a
fuel, the peak in adiabatic flame temperature is found atφ' 1.05 as for the other mixtures, while the
peak in unstretched laminar flame speed shifts towards richer conditions, i.e. φ ' 1.7. This shows
the connection between the flame speed and flashback propensity. As suggested by Sanchez et al.
[52] the peak in hydrogen burning velocity, both for experimental and computational data is at fuel
rich conditions because of the high effect of thermal diffusivity and the fuel-rich stoichiometry of
the first step of the H2 reaction mechanism (3H2 + O2 ↔ 2H2O + 2H). Finally, we can observe both
in figures 5.1a and 5.1b that an increase in 20% of hydrogen concentration does not cause the same
increase in flashback propensity. In fact, the flame speed increase is highly non linear with H2 ad-
dition, Huang et al. [30]. The behaviour for the 20% and 40% hydrogen concentration resemble the
behaviour of 100 % DNG. Also, when the fuel is made of 60% H2 the change in flashback propen-
sity is not very strong. However at 80%, and in particular at 100% hydrogen content in the fuel, the
propensity changes drastically.

5.1.2. Burner tip temperature at flashback conditions
Figure 5.2a shows the measured tip temperature at flashback conditions as a function of equivalence
ratio for different DNG/H2 mixture. Consider first the change of the tip temperature with hydrogen
concentration in the fuel, for a fixed equivalence ratio. For the fuel air 0,20,40,60% hydrogen con-
centration, the tip temperature increases with increasing hydrogen content. The reason for this is
that, at a given equivalence ratio, the adiabatic flame temperature increases with H2 concentration.
For these mixtures the burner with an inner diameter of 39.2 mm was used. However, for the 80%
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(a) Tube burner tip temperatures as a function of equivalence
ratio for different fuel mixture composition.

(b) Tip temperature at flashback conditions for different sizes of tube
copper tube burner. The curves relative to di = 14.17 and 10.30 are
taken from [9], while the curve di = 20.06. is form the present work.

Figure 5.2: (a)Tube burner tip temperatures as a function of equivalence ratio for different fuel mixture composition. (b)
Tip temperature at flashback conditions for different sizes of tube copper tube combustors.

and 100% H2, the burners used had a diameter of 25.67 mm and 20.06 mm. The smaller tube di-
ameters imply smaller thermal power, so, even though the adiabatic flame temperature at a given
equivalence ratio further rises for these two mixtures, these curves of 80% and 100% are not always
above the others curves. The tip temperature for these flames is mainly related to the conductive
heat transfer through the burner. Let’s now analyse how the tip temperature changes with equiva-
lence ratio φ, for a fixed fuel composition. Considering the 60% and 80% H2 mixtures particularly,
but also the 100% H2, the tip temperature rises with increasing equivalence ratio. This trend is in ac-
cordance with literature results, see Bollinger et al. [9]. However this is not the case for the 0,20,40%
H2 concentration mixture. It can be seen that these curves peak at around φ' 1.2-1.3. This is prob-
ably due to the fact that these mixtures have a very small laminar flame speed at high equivalence
ratio, consequently the flow rates and thermal power at flashback conditions are small. In other
words the reason for the peaks in tip temperature is not related to the fact that the adiabatic flame
temperature is decreasing as the mixture gets richer, but to the fact that the burner is able to transfer
heat very effectively because of the high conductivity of the copper burner and the thermal power
of the flame decreases with decreasing laminar flame speed sl . Indeed, the adiabatic flame tem-
perature is more than 5 times higher than the combustor tip temperature also in the case of lowest
adiabatic flame temperature. Said that, seems reasonable to assume that this drop in temperature
is related to the smaller thermal load. Figure 5.2b shows a comparison between data from Bollinger
et al. [9], where copper tubes with internal diameters of di = 14.17, 10.30 mm were used, with the
data obtained in the present work for a copper tube with diameter di = 20.06 mm. The differences
between these measurements can be associated with the differences in the thickness and diameter
of the tubes. Comparing the results for the tube with di = 14.17 to those for di = 10.30 mm, it is seen
that the one with the smaller cross sectional area gets warmer. This is in accordance with what has
been observed previously, the tip temperature is strongly influenced by the amount of heat that is
transferred by conduction through the cross sectional area of the burner, defined as πdi th .

5.1.3. Comparison of the flashback propensity of cooled and uncooled tube burners

As shown by Duan et al. [13], the tip temperature strongly affects flashback propensity. This is also
confirmed by the results of the present measurements. Figures 5.3a and 5.3b show how flashback
propensity, in terms of bulk velocity and critical velocity gradient, is affected by the burner tip tem-
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(a) Bulk velocity at flashback conditions for the cooled and un-
cooled burner configuration, as a function of equivalence ratio for
different H2 content in the fuel.

(b) Critical velocity gradient at flashback conditions for the cooled
and uncooled burner configuration, as a function of equivalence
ratio for different H2 content in the fuel. configurations.

Figure 5.3: Bulk velocity at flashback conditions for the cooled and uncooled burner configuration (a). Critical velocity
gradient at flashback conditions for the cooled and uncooled burner configuration.

perature. As reported in table 4.2, only the fuels with 60%, 80%, 100% hydrogen concentration have
been considered in this comparison. Both figures indicate that the differences in flashback propen-
sity between the cooled burner and the uncooled burner are small at leaner conditions, when tip
and adiabatic flame temperature are lower. As the H2 content in the fuel increases the distance
between the curves increases. This indicates that hydrogen rich fuel are strongly affected by the
combustor tip temperature. An explanation for this is that the stabilization mechanism of these tur-
bulent jet flames is heat loss. By cooling the tip the heat transfer from the flame to the combustor
increases, this causes the flame to be anchored further downstream from the tube burner tip. Sim-
ilarly, when H2 concentration in the fuel increases, the adiabatic flame temperature will increase
together with the deviation between the cooled and uncooled configuration.

5.1.4. Flashback propensity compared with literature

Figures 5.4a and 5.4b show a comparison of the results obtained in the present investigation with
those in the literature. The fuel consists of 100% H2 and the burners were all cooled. Khitrin et al.
[33] have reported on bulk velocities and critical gradients for turbulent jet flames in tube burners
with internal diameters of 18, 25.8 and 38 mm, see figure 5.4a, while the critical velocity gradient
data in figure 5.4b are taken form Eichler et al. [17], who used a tube burner with an internal di-
ameter of 40 mm. Even though there is some scatter in the data, a clear trend can be observed. In
particular the data obtained in the present investigation are the 20.06 mm tube burner ones and
these match quite well with the 18 mm tube burner data from Khitrin et al. [33]. These data can be
compared even though the diameters of the tubes are different. Indeed it was shown in figure 3.5a
section 3.3.2 that the influence of diameter on flashback is weak for turbulent flames. An additional
remark can be made regarding to the fully development of the flow. The length of the tube burners
employed by Khitrin et al. [33] was 80 cm and there are not information about the ’cold’ flow char-
acterization. On the contrary Eichler et al. [17] measured with PIV and compute with models the
velocity profile of the non reacting mixture at the tube outlet, showing that the mean velocity profile
of the unreacted mixture resemble a fully developed flow. Similarly in the present investigation the
mean velocity profile at the tube outlet has been measured by means of PIV and compared to other
experimental data in order to show that the flow is fully developed.
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(a) Bulk velocity at flashback conditions of premixed turbulent jet
flames for cooled burners. The data relative to the 20.06 mm inner
diameter tube burner are form the present work while the 18, 25.8,
38 mm ones are taken from[33]

(b) Critical velocity. A cooled tube has been employed as a burner
in all the shown investigation. 40 mm inner diameter tube data are
from [17], 18, 25.8,38 mm from [33], 20.06 from the present study.

Figure 5.4: Comparison with literature of (a) bulk velocity and (b) critical velocity gradient at flashback conditions of
premixed turbulent jet flames for cooled burners.

5.2. Results for experiment 2: validation of non reacting flow fields at pipe
exit

This section is about the validation and characterization of the non-reacting isothermal flow at the
pipe exit. Flow field statistics in the form of the mean velocity profile in axial direction u, Reynolds
normal stresses in axial and radial direction u′u′, v ′v ′ and the Reynolds shear stress u′v ′, were de-
termined with PIV for all the three burners. All these quantities are normalized with the flow bulk
velocity Ub . For each burner we selected a Reynolds number that is close to the Reynolds number
of the jet flames considered in the next section. Table 4.4 provides information on the experimental
conditions.
Figure 5.5a compares the axial velocity profiles measured for the three burners to the LDA data of
Tummers et al. [60]. These velocity profiles have been taken 0.1 diameter downstream the tube
outlets. This was done because the PIV results very close to the pipe exit are inaccurate. Compari-
son of the Reynolds normal stresses u′u′/U 2

b and v ′v ′/U 2
b , in figures 5.5b and 5.6b, also show good

agreement between the results. In figures 5.6b and 5.5b we can notice that close to the pipe wall r /d
= ± 0.5, our results are lower than the values measured by Tummers et al. [60]. This is inherently
associated with our measurement technique. In fact, the stagnant surrounding air was not seeded
and therefore it could not be measured.
Finally, figure 5.6a shows the Reynolds normal stress for the radial direction v ′v ′. From these re-
sults two conclusions can be drawn. The first is that the three jet flows considered in this study are
very similar and can therefore be compared one another. The second is that these flows are fully
developed turbulent pipe flow.

5.3. Flame angle calculation
This section shows how we define the cone angle of the investigated flames. It was shown before
in section 2.1.2 that the change in velocity magnitude across the flame front is related to the cone
angle and that the gas expansion related to the heat produced by the exothermic reaction affects
only the velocity component normal to the flame front. The flame cone angle has been used by
Hoferichter et al [29], in the sense that it is one of the main parameters used to predict flashback in
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(a) Profile of the mean axial velocity component u measured at 0.1
di downstream of the tube exit. The data with Re ' 1.0 ×104 were
measured with PIV in the present research while the data for Re '
2.3 ×104 were measured with LDA by Tummers et al. [60].

(b) Reynolds normal stress in axial direction u′u′ measured at 0.1
di downstream of the tube exit. The data with Re ' 1.0 ×104 were
measured with PIV in the present research while the data for Re '
2.3 ×104 were measured with LDA by Tummers et al. [60].

Figure 5.5: Profile of the mean axial velocity component u and Reynolds normal stress in axial direction u′u′ measured
at 0.1 di downstream of the tube exit. The data with Re ' 1.0 ×104 were measured with PIV in the present research while
the data for Re ' 2.3 ×104 were measured with LDA by Tummers et al. [60].

(a) Reynolds normal stress in radial direction v ′v ′ measured at 0.1
di downstream of the tube exit. The data with Re ' 1.0 ×104 were
measured with PIV in the present research while the data for Re '
2.3 ×104 were measured with LDA by Tummers et al. [60].

(b) Reynolds shear stress u′v ′ measured at 0.1 di downstream of
the tube exit. The data with Re ' 1.0 ×104 were measured with
PIV in the present research while the data for Re ' 2.3 ×104 were
measured with LDA by Tummers et al. [60].

Figure 5.6: Reynolds normal stress in radial direction v ′v ′ and Reynolds shear stress u′v ′ measured at 0.1 di downstream
of the tube exit. The data with Re ' 1.0 ×104 were measured with PIV in the present research while the data for Re ' 2.3
×104 were measured with LDA by Tummers et al. [60].

Burner tube internal Re Lab T (°) Bulk Air flow Images # Image Pulses∆T
diameter ID (mm) velocity (ms−1) rate (nl/min) (-) rate (Hz) (µs)

Jet 1 20.06 9650 21.5 7.39 130 5000 50 40
Jet 2 25.67 9850 21.5 5.90 170 5000 50 45
Jet 3 39.20 10 040 22 3.95 265 5000 50 110

Table 4.4:Characterization of the non reacting flows utilized to validate the velocity field at the pipe outlet in experiment
2.
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(a) Average flame signal intensity. The signal intensity along lines A,
B and C are shown in figure 5.8

(b) (Average flame front surface (green curves) and linearised average
flame front (blue lines).

Figure 5.7: (a) Average flame signal intensity, (b) average flame front surface indicated with green curves and linearised
average flame front indicated with blue lines.

Bunsen flames and it has been found to be strongly related to the onset of the instability.
By means of the Mie-scattering measurement it is possible to accurately determine the instanta-
neous flame front location, as was discussed in section 4.2.2 and shown in figure 4.4a. In that figure,
4.4a, the cold core of the flame is characterized by higher seeding density while thermal expansion
accelerates the gas just downstream of the flame front causing a sharp drop in seeding density. The
average signal intensity is then obtained from 5000 instantaneous images and is shown in figure 5.7.
Figure 5.8 shows the average signal along the three lines indicated by A, B and C in figure 5.7a. The

(a) (A) Mean signal strength along a line at
0.2 diameters downstream of the tube out-
let. The red dashed line denotes the mean
signal strength after filtering.
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(b) (B) Mean signal strength along a line at
0.7 diameters downstream of the tube out-
let. The red dashed line denotes the mean
signal strength after filtering.
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(c) (C) Mean signal strength along a line at
1.2 diameters downstream of the tube out-
let. The red dashed line denotes the mean
signal strength after filtering.

Figure 5.8: Mean signals strength along a line at 0.2, 0.7 and 1.2 diameters downstream of the tube outlet. The red dashed
line denotes the mean signals strength after filtering

raw average signals along these lines, have then been filtered with a simple multistep filter in order
to reduce the scatter and to produce a smooth curve. The full width half maximum (FWHM) is then
used as a measure for the width of the flame cone. By applying this procedure to the data the green
curve, which shows the shape of the flame front, in figure 5.7b is obtained. The flame cone angle can
then be computed by fitting a straight line to the green curve. The blue curve in figure 5.7b denotes
the least squares fitted lines.
Results concerning the compute cone angles are shown in table 5.1.
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Burner tube internal Re Equivalence Bulk Fuel Flame cone
diameter, di (-) ratio, φ velocity ub composition angleαc

(mm) (-) (ms−1) (-) (-)

Flame 1 20.06 11310 0.8 11.24 100 % H2 41.6°
Flame 2 20.06 13315 0.8 13.24 100 % H2 39.6°
Flame 3 25.67 13310 0.6 9.91 100 % H2 38.6°
Flame 4 25.67 12005 0.6 8.94 100 % H2 34.5°
Flame 5 25.67 16139 0.6 12.02 100 % H2 31.3°
Flame 6 39.20 10557 0.8 4.47 60 % H2 40.6°
Flame 7 39.20 13353 0.8 5.65 60 % H2 39.6°
Flame 8 39.20 11310 0.6 4.91 80 % H2 38.6°
Flame 9 39.20 13805 0.6 6.00 80 % H2 31.3°

Table 5.1: Characterization of the premixed flames investigated in experiment 3 to study the flame statistics at different
conditions.

5.4. Results of experiment 3: measurement of the reacting flow field
In this section the statistics of some lean premixed turbulent jet flames are analyzed. The aim of this
section is to see how Reynolds number (Re), H2 content in the fuel (H2%) and equivalence ratio (φ)
affect the flashback propensity of the flame.
Table 4.5 shows the characteristics of the nine flame that were considered in this study. The results
of six of them have been selected and will be presented here, these are: flames 1, 2, 3, 4, 5 and
6. Flames 1, 4 and 6 are very close to flashback conditions. Flame 2 has been compared to flame 3.
These flames are characterized by a very similar Reynolds number and both have a fuel composition
of 100% H2, but the equivalence ratios are different. Flame 4 and 5 have the same equivalence
ratio and fuel composition, but the Reynolds numbers are different. Finally flame 1 and 6 are also
compared. The flames are both close to flashback conditions and have the same equivalence ratio,
but the fuel compositions are different. Flame 1 and flame 6 have 100% and 60% H2 content in the
fuel respectively. The selected statistical quantities for the analysis are the mean velocity field, the
Reynolds normal stress in radial direction (v ′v ′) and in axial direction (u′u′). These quantities are
scaled with Ub , while the radial coordinate is scaled with the tube inner diameter di .

Effect of Reynolds number: flame 4 vs flame 5 Flames 4 and 5 both used the 25.67 mm inner di-
ameter burner, the equivalence ratio is φ = 0.6 and the fuel composition is 100% H2. The difference
between the two flames is the bulk velocity Ub which leads to different Reynolds numbers, i.e. 12
005 for flame 4 and Re 16139 for flame 5. Moreover flame 4 is very close to flashback, its bulk velocity
is 2% higher than the bulk velocity at which flashback occurs, while Ub of flame 5 is 35 % above the
flashback limit.
When comparing figures 5.9a, 5.9c, 5.9e with 5.9b, 5.9d and 5.9f, respectively, it can be seen that
flame 4, which is close to flashback, is shorter, meaning that the cone angle is bigger than that in
flame 5. This difference in cone angle leads on average to a higher acceleration of the flow across
the flame front, as can be seen in figures 5.9a and 5.9b by considering the colormap in the region
just above the flame front. Flame 4 has a bigger region where the velocity magnitude increase (ratio
of local velocity and bulk velocity) is 1.4, while flame 5 has a smaller ratio, around 1.3 in a much
smaller region. Figures 5.9e and 5.9f, compare the intensity of the Reynolds normal stress in axial
direction u′u′ for flame 4 and 5 respectively. It can be clearly seen that the intensity of u′u′ in the
region above the flame front is relatively high in flame 4. Furthermore in flame 4 the intensity of
u′u′, starts to increase considerably at around a distance of 1.2 di from the outlet, while its increase
for flame 5 is at around 1.6 di . These effects, caused by the different bulk velocities, can probably
be related to the difference in cone angles. Consider the kinematic of a Bunsen flame, see section
2.1.2, at the tube outlet the unreacted gas mean velocity component is axially directed. Once the
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mixture reaches the flame front, the reaction occurs and the exothermic process expand the gas.
This expansion results in an increase of the velocity component normal to the flame front. It follows
from a simple one-dimensional balance equation that the increase in velocity has to be equal to the
density ratio, or temperature ratio, between the burned and unburned mixture. Now, this analysis is
very simplified and holds for one dimensional cases, so considering a flat flame front. Nevertheless,
the results of the analysis are qualitatively correct for our case, in the sense that a larger angle (or
shorter cone) results in a larger increase in velocity magnitude across the flame front.
The high values of the turbulence fluctuations in correspondence to the flame front can be ex-
plained by considering that the instantaneous flame front is sometimes located above and some-
times below the average location of the flame front. In other words, when for instance the instan-
taneous flame front is located below the average location, there will be burned gases with a rel-
atively high velocity at the average flame front location. With the same reasoning, the opposite
situation occurs when the instantaneous flame front is located above the average location. In other
words the intermittency between reacted/unreacted gases causes high values of the Reynolds nor-

mal stress u ′u ′ . A higher velocity increase also leads to higher flame front fluctuations due to the
stronger flame flow interaction associated with hydrodynamic instability, see section 2.4. Conse-
quently, flame 4 is characterized by higher values of the Reynolds normal stress, both for the axial
and normal direction, 5.9c, 5.9d and 5.9e, 5.9f. Finally, another aspect that might cause stronger
interaction could be the location at which the flames are anchored. Indeed Flame 4 is anchored
closer to the tube outlet, this might causes a stronger interaction between the flame and the flow,
since the flow approaching the flame has less space to adapt to change in pressure imposed by the
flame front.

Effect of equivalence ratio: flame 2 vs flame 3 Flames 2 and 3 both have the same fuel (100 % H2)
and very similar Reynolds number, i.e. Re = 13316 for flame 2 and Re = 13308 for flame 3. The main
difference between the two flames is the different equivalence ratio, i.e. φ = 0.6 for flame 2 and φ

= 0.8 for flame 3. In order to obtain a very similar Reynolds number, flame 2 uses a burner with an
inner diameter of 20.06 mm, while the inner diameter for flame 3 is 25.67 mm.
When comparing figures 5.10a, 5.10c, 5.10e with 5.10b, 5.10d, 5.10f it can be seen that the average
cone angles of the two flames are very similar, i.e. 39.6◦ for flame 2 and 38.6◦, for flame 3. Both
flames are at conditions slightly above the stability limit. More precisely, flame 2 has a bulk velocity
that is 17 % higher than the bulk velocity at which flashback occurs, while flame 3 has a bulk velocity
that is 10 % above the flashback limit.
In the effort of explaining the differences between these two flame we have again to consider the hy-
drodynamic instability. The hydrodynamic instability depends on the velocity magnitude increase
across the flame front. In turn, this increase is a function of burned to unburned gas density ratio
and cone angle. Burned to unburned gas density ratio depends on fuel composition and equiva-
lence ratio, while the cone angle depends on the flow field flame speed balance (for a given mixture
composition and equivalence ratio, cone angle could be write as function of Ub). The fuel compo-
sition for these two flames is the same, cone angles are also very similar while φ is different. Given
these considerations we would expect flame 2 (which has an higher equivalence ratio) to exhibit a
larger velocity increase across the flame front. However, the comparison between figure 5.10a and
5.9f does not show that (ratio between flame temperature and ambient temperature is 7.4 and 6.3
for flame 2 and 3 respectively). A possible explanation for this could be that the leaner flame shows
some effect of the thermal diffusive instability, see section 2.3. Indeed, flame 3 has a smaller Lewis
number and it is characterized by negative a Markstein length. Effectively flame 3 burning velocity
is enhanced by the instability that manifest itself when the flame is stretched [30]. Furthermore,
considering flame 3, some differential diffusion effects might also lead to differences between the
local equivalence ratio and the average equivalence ratio. However, comparing figures 5.10c with
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(a) Flame 4. Mean Velocity field u(r, x)/Ub for Re 12005 (b) Flame 5. Mean Velocity field u(r, x)/Ub for Re 16139

(c) Flame 4, Reynolds normal stress for the radial direction v ′v ′/U 2
b

for Re 12005
(d) Flame 5, Reynolds normal stress for the radial direction v ′v ′/U 2

b
for Re 16139

(e) Flame 4, Reynolds normal stress for the axial direction u′u′/U 2
b for

Re 12005
(f) Flame 5, Reynolds normal stress for the axial direction u′u′/U 2

b for
Re 16139

Figure 5.9: Comparison of mean Velocity field u(r, x)/Ub , Reynolds normal stress in the radial direction v ′v ′/U 2
b and

Reynolds normal stress in the axial direction u′u′/U 2
b of flame 4 and flame 5, which are characterized be same composi-

tion and equivalence ratio, but different Reynolds number.
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5.10d and 5.10e with 5.10f emerges that the richer flame shows higher turbulence Reynolds stress
both in the axial and radial direction. This is in agreement with the fact that flame 2 is characterized
by a bigger density ratio across the flame front, consequently bigger velocity magnitude increase
and stronger effect of the hydrodynamic instability, which causes a strong flame-flow interaction
that leads to a bigger oscillation of the flame front around its average location.
Another interesting fact that emerges from the comparison, flame 3, the leaner one characterized
by smaller Markstein length, has higher v ′v ′ and u′u′ in the neighbourhood of the rim at the burner
outlet. This might be related to the fact that, in accordance with equation 2.9, flame 3 is more sen-
sitive to stretch effects which cause the increase in burning velocity.
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(a) Flame 2. Mean Velocity field u(r, x)/Ub for φ = 0.8 (b) Flame 3. Mean Velocity field u(r, x)/Ub for φ = 0.6

(c) Flame 2. Reynolds normal stress for the radial direction v ′v ′/U 2
b

for φ =0.8
(d) Flame 3. Reynolds normal stress for the radial direction v ′v ′/U 2

b
for φ = 0.6

(e) Flame 2. Reynolds normal stress for the axial direction u′u′/U 2
b

for φ = 0.8
(f) Flame 3. Reynolds normal stress for the axial direction u′u′/U 2

b for
φ = 0.6

Figure 5.10: Comparison of mean Velocity field u(r, x)/Ub , Reynolds normal stress in the radial direction v ′v ′/U 2
b and

Reynolds normal stress in the axial direction u′u′/U 2
b of flame 2 and flame 3, which are characterized be same composi-

tion and Reynolds number, but different equivalence ratio.
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Effect of hydrogen concentration: flame 1 versus flame 6 Flames 1 and 6 have the same equiv-
alence ratio, flame 1 Reynolds number is Re = 11 310 and flame 6 Reynolds number is 10 557. Fur-
thermore both flames are very close to flashback conditions. More precisely bulk velocity of flame 1
is 2 % above flashback Ub and the bulk velocity of flame 6 is 3 % above flashback limit. Flame 1 has
a fuel concentration of 100% H2, while flame 6 has a fuel concentration of 60% H2 and 40% DNG.
Furthermore flame 1 is characterized by a cone angle of 41.6◦ and a temperature ratio across the
flame front of 7.4, while flame 6 has a cone angle of 40.6 ◦ and a temperature ratio of 6.9.
Comparing figures 5.11a and 5.11b the velocity magnitude increase is very similar for the two flames.
Furthermore, it can be seen that, in the neighbourhood of the burner rim, flame 1 has more pro-
nounced low velocity pockets than flame 6. This suggests that, when using pure H2 as a fuel, the
flame experiences a different flame flow interaction. The values of the Reynolds normal stress in
radial direction v ′v ′ are slightly higher for flame 1 than for flame 6, see figures 5.11c and 5.11d.
Figures 5.11e and 5.11f compare the Reynolds normal stress in axial direction u′u′. Flame 6 shows
much higher values of this quantity and in general higher than all the other H2 flame considered. We
can try to explain this fact as a consequence of the thermal diffusive instability, that was described
in section 2.3. In general, Bunsen flames that are characterized by a non unity Lewis number can
show a behaviour called tip-opening effect [42]. In particular, consider a lean laminar H2 premixed
flame and consider the flame front to be negatively curved, as it is at the tip of a Bunsen flame. There
is heat diffusing from the reaction zone to the preheat zone, while the incoming unburned mixture
diffuses towards the reaction zone. Less than unity Lewis number means that mass diffusion is pre-
dominant over thermal diffusion, when the flame curvature is negative, it causes to have locally a
leaner mixture and some enthalpy of reaction is lost. The tip of a Bunsen lean H2 flame is then char-
acterized by a weaker burning rate. When the radius of curvature is sufficiently small the reaction
does not occur any more and is possible to see this tip-opening effect. Our flames are turbulent,
nevertheless this phenomenon that is clearly observed in H2 premixed laminar flames could be the
reason why flame 1 has a weaker normal Reynolds stress in axial direction.
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(a) Flame 1. Mean Velocity field u(r, x)/Ub for 100% H2 concentra-
tion.

(b) Flame 6. Mean Velocity field u(r, x)/Ub for 60% H2, 40% DNG con-
centration.

(c) Flame 1. Reynolds normal stress for the radial direction v ′v ′/U 2
b

for 100% H2 concentration.
(d) Flame 6. Reynolds normal stress for the radial direction v ′v ′/U 2

b
for 60% H2, 40% DNG concentration.

(e) Flame 1. Reynolds normal stress for the axial direction u′u′/U 2
b

for 100% H2 concentration.
(f) Flame 6. Reynolds normal stress for the axial direction u′u′/U 2

b for
60% H2, 40% DNG concentration.

Figure 5.11: Comparison of mean Velocity field u(r, x)/Ub , Reynolds normal stress in the radial direction v ′v ′/U 2
b and

Reynolds normal stress in the axial direction u′u′/U 2
b of flame 1 and flame 6, which are characterized be same equivalence

ratio and Reynolds number, but different fuel composition.
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5.5. Experiment 4: Visualization of the flashback

Figure 5.12: Time evolution of DNG premixed jet flame flashback, visualized by means of Mie-scattering. The∆t between
each flame is 0.666 ms. The flame has a Re number of about 5000, and an equivalence ratio of φ = 0.9. In the figure the
inner wall of the tube burner outlet are indicated with two green marks on the bottom edge of each frame. Furthermore
the flame front in locations of interest is also marked with a red dashed line.

This section presents the results of the visualization of the flashback event for two different
flames, i.e. (1) a 100% H2 lean flame (φ = 0.6) at a Reynolds number of Re ' 11 800 and (2) an almost
stoichiometric 100% DNG flame (φ = 0.9) at a Reynolds number of Re ' 5000. The visualization is
done using the Mie-scattering technique described in section 4.2.2, which allows to identify the in-
stantaneous flame front location. Instantaneous velocity fields obtained by means of PIV will also
be shown. The aim of this experiment is to identify the mostly relevant physical mechanisms for the
instability occurrence and to determine if there are substantial differences between the flashback
phenomenon for the two different flames.
The techniques used in this experiment (Mie-scattering and PIV) have certain limitations, because
flashback has a stochastic nature and it is strongly three-dimensional. Mie-scattering and PIV are
planar and for this reason it is not possible to assure with 100% confidence where the phenomenon
started. However the experiments have been repeated multiple times, with around 25 realizations
for each flame. Thanks to this, some experience and understanding were developed, which allowed
to understand when the instability onset was sufficiently close to the measurement plane. Bound-
ary layer flashback visualization has already been carried out by Baumgartner et al. [6]. However,
they considered a different geometry, i.e. a channel combustor, purposely designed with an asym-
metric wall aiming to induce flashback on that side of the channel.
The results of the visualization will be presented in the form of two graphs, each showing eight
sequential snapshots of the Mie-scattering intensity and the corresponding velocity field obtained
from PIV. The snapshots have been selected such that the first frame represents the beginning of the
flashback phenomenon and the last frame shows the flame inside the tube burner. For clarity, in
each frame the inner diameter has been indicated with two vertical marks at the base of the figure.
Furthermore, the position of the flame front has been highlighted in the locations of interest.

5.5.1. Flashback dynamics
Figure 5.12 shows the DNG flashback as visualized by the Mie-scattering experiment. The time in-
terval between each frame is 0.666 ms. The sequence shows the development of the flame front
location in time. It can be seen that a flame bulge that first happens in the second frame moves to-
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wards the axis while consuming the incoming unreacted mixture. While the flame front propagates
through the mixture, it is also advected downstream by the flow. The size of the bulge drastically
grows in time. It also flattens out in time. This might be related to the combined effect of thermal-
diffusive and hydrodynamic instabilities, as discussed in section 2.4, where it can be seen from the
solution of equation 2.13, shown in figure 2.6, that mixtures characterized by positive Markstein
length (DNG and most hydrocarbons) are able to dump out big wave number disturbances. Indeed
when the fuel is characterized by a positive Markstein length the thermal-diffusive instability has a
stabilizing effect. In the second last frame of figure 5.12, it can already be seen that the flame suc-
ceeds in travelling upstream and it is able to enter the burner. In the last frame this is even more
clear since a wide low particle density area emerges from the tube outlet. Figure 5.13 shows the ve-

Figure 5.13: Time evolution of velocity fields of the DNG premixed jet flame during flashback, as determined by of PIV.
The time difference∆t between each frame is 0.666 ms. In each subfigure the inner wall of the tube burner is marked with
two red lines at the bottom edge of each frame. The flame front in locations of interest is marked with a black dashed line.

locity fields related to the raw Mie-scattering images of figures 5.12. It is interesting that regions of
high velocity are located just above the burner outlet in the last two frames. This confirms the occur-
rence of thermal expansion due to the flame which is located just below the high velocity pockets.
Figures 5.14 and 5.15 illustrate the flashback for the 100% H2 flame. The flashback phenomenon
develops qualitatively in the same way as in the DNG flame. However, the flame bulge growth is dif-
ferent. In this case the flame front at flashback location is characterized by more irregularities; it is
not as smooth and flat as in the case of the DNG flame. Indeed, the Markstein length of the lean hy-
drogen flame is negative, which causes the small wavelength disturbances to have a positive growth
rate, see figure 2.6 in section 2.4. For these flames all disturbances are unconditionally unstable up
to very large wavelengths [39]. Another substantial difference is that in the H2 flame, flashback event
takes place in about 1 millisecond which is almost 5 times less than the time required for the flash-
back of the DNG flame. Hydrogen flame speed grows drastically with flame stretch. This is related to
the mixture Markstein length and Lewis number. As shown in equation 2.11 in section 2.3, the lean
hydrogen mixture burning velocity can drastically increase with stretch. In the last three frames of
figure 5.15, in particular in the third last, a low velocity pocket is clearly visible just upstream of the
flame front. We will develop the observation more in depth, but before doing so we note that flash-
back is not really occurring inside the thin boundary layer on the tube wall. This can be seen from
the last two frames of figures 5.12 and 5.14, in which patches of high density seeding are located just
above the burner rim, and is in accordance with what has been observed by Baumgartner et al. [5].
This indicates that the flame has not reached the tube inner wall, but has travelled inside the burner
at some distance from the inner wall. To explain this observation, attention will now be focused on
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Figure 5.14: Time evolution of the flashback of the H2 premixed jet flame, visualized by means of Mie-scattering. The
time difference between each frame is 0.133 ms. In each subfigure the inner wall of the burner is marked with two green
marks at the bottom edge. The flame front, in locations of interest, is marked with a red dashed line.

the effect of the adverse pressure gradient due to the flame presence.

Figure 5.15: Time evolution of velocity fields during flashback of the H2 flame as determined from PIV. The time difference
between each frame is 0.133 ms. In each subfigure the inner wall of the burner is marked with two red lines at the bottom
edge of each frame. The flame front in locations of interest is marked with a black dashed line.

5.5.2. Flame induced adverse pressure gradient
Figure 5.16 (right side) show a low velocity pocket just upstream the flame front location which is
easily identified by looking at the velocity gradient or from the corresponding Mie-scattering image
located in the left part of the figure. Focusing on the low velocity region it can clearly be seen that
the velocity vectors diverge and decrease in magnitude just upstream of the flame front. The deflec-
tion of the velocity vector is then related to the presence of the flame front. This kind of flame flow
interaction can be observed frequently in the PIV data for both the Hydrogen and DNG flames.
The pressure rise just upstream the flame front has been computed in a DNS investigation by Gru-
ber et al. [24], and it depends on the velocity magnitude increase across the flame front and on
its curvature and orientation. In their study, Gruber et al. [24] investigates a flame anchored in
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a boundary layer, while in the present work the flame flow interaction occurs relatively far from a
wall, approximately 1.5 diameters downstream the burner outlet.

To support the previously done observations an effort in computing the adverse pressure gradi-

Figure 5.16: In this picture we can see raw data relative to half DNG jet flame on the left side and the respective PIV
computed vector field on the right side. The picture shows a flame bulge in the top part, just below the flame front.
From the colormap representation and the vector field is possible to see the effect of the adverse pressure gradient on the
incoming flow, caused by the D-L instability. Just ahead of this low velocity pocket the vectors diverge and the velocity
decreases.

ent has been done. To do so the Navier-Stokes equations in cylindrical coordinates has been con-
sidered. In particular the flow was assumed to be incompressible and isothermal and the viscous
terms were neglected since our investigation is limited to regions sufficiently far from the wall. The
equation of motions have already been presented in section 2.5.2 as equations 2.22, 2.23 and 2.24.
The momentum equation in axial direction, equation 2.23, is now made dimensionless by intro-
ducing dimensionless coordinates x∗ and r∗, dimensionless velocity component u∗ and v∗ and
dimensionless pressure p∗.

x∗ = x

D
; r∗ = r

D
; u∗ = u

ub
; v∗ = v

ub
; p∗ = p

ρu2
b

. (5.1)

After neglecting the viscous terms, the simplified dimensionless form of the continuity equation
and the momentum balance in axial direction read,

∂u∗
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. (5.3)

Equation 5.3 further simplifies when we consider the terms along the centerline of the burner. The
velocity component in radial direction is zero, v = 0. The Reynolds shear stress gradient in radial
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(a) Terms of the simplified momentum balance equation in ax-
ial direction. Namely, the advection term, the Reynolds normal
stress, the Reynolds shear stress and the pressure gradient.

(b) Pressure gradient in axial direction of a "stable" flame, an "un-
stable" flame and of a jet.

Figure 5.17: (a) Terms of the simplified momentum balance equation in axial direction. (b) Comparison of the adverse
pressure gradient of a "stable" and an "unstable" flame and of a jet.

direction can be rewritten in the following way,

− 1

r∗
∂
(
r∗u ′∗v ′∗

)
∂x∗ =−u ′∗v ′∗

r∗ − ∂u ′∗v ′∗

∂r∗ . (5.4)

The first term on the right hand side of equation 5.4 is zero. We are then left with the following
equation,

u∗ ∂u∗

∂x∗ =−∂p∗

∂x∗ − ∂u ′∗u ′∗

∂x∗ − ∂u ′∗v ′∗

∂r∗ . (5.5)

In order to compute each of these terms form the experimental data a finite central difference
scheme with second order accuracy has been used.
Figure 5.17a shows each of the four terms of equation 5.5. Notice that the contribution of both the
Reynolds stresses is close to zero, so that the pressure gradient balances the advection term in axial
direction. The important result is that the pressure gradient is positive until a distance of about 0.5
inner diameter from the burner outlet. As expected, solving the momentum equation in axial direc-
tion 2.23 for an isothermal jet, it can be seen that the pressure gradient is zero at tube burner outlet.
Indeed, figure 5.17b shows the pressure gradients as determined for the isothermal (non reacting)
jet and for two flames; one close to flashback conditions and named "unstable" and the other "sta-
ble". This clearly indicates that the adverse pressure gradient is due to combustion. Furthermore,
the adverse pressure gradient compared in figure 5.17b results are relative to two flames which are
characterized by same fuel composition (100% H2) and equivalence ratio (φ = 0.8). The difference
between these two flames is the Reynolds number, which in this case means bulk velocity since the
same tube burner was employed. The "unstable" flame is very close to flashback and shows a signif-
icantly higher adverse pressure gradient. This might be due to the fact that the "unstable" flame has
a larger cone angle (41.6◦ versus 39.6◦ of the stable flame). The larger cone angle then causes larger
velocity magnitude increase across the flame front and so the adverse pressure gradient is higher. At
the same time, larger cone angle means smaller distance between the burner outlet and the average
flame front.
In order to further investigate what is the effect of the distance between the average flame front
location and the burner outlet, the change of the adverse pressure gradient with the burner tube ra-
dius has been computed. To do so equation 5.3 has to be considered and it is necessary to carefully
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(a) Comparison of pressure gradient in axial direction of a flame.
Each curve is computed at a different radial location.

(b) Change of the Reynolds shear stress gradient in radial direc-
tion as a function of the axial coordinate x, for a flame, at different
radial locations, and for a jet flow at r = 0.3d .

Figure 5.18: (a) Comparison of pressure gradient in axial direction of a flame at different radial locations. (b) Change of
the Reynolds shear stress gradient in radial direction as a function of the axial coordinate x, for a flame, at different radial
locations, and for a jet flow at r = 0.3d .

define the region of the domain where equation 5.3 holds. In particular, in deriving equation 5.3 the
viscous terms were neglected, which means that the equation does not hold in the near wall region.
Also isothermal flow was assumed, which means that a sufficient distance has to be kept from the
flame front in order to consider the density constant. The region of the flow field where the equation
is valid has been determined by considering the Reynolds shear stress gradient in radial direction.
The Reynolds shear stress gradient in radial direction contains information about both the turbu-
lence fluctuations in radial and axial direction. Figure 5.18b shows the change of the Reynolds shear
stress gradient in radial direction as a function of the axial coordinate x, for a flame, at different
radial locations, and for a jet flow at r = 0.3d . As expected, closer we are to the burner wall and
earlier the flame Reynolds shear stress deviates from the jet Reynolds shear stress. This is due to the
fact that, moving in axial direction, the distance between the flame front average location and the
burner outlet is smaller as we get closer to the rim. It is assumed that, if there are not turbulence
fluctuations due to the flame front oscillations, the flow upstream the flame front can be considered
to be isothermal and consequently the simplified momentum equation in axial direction 5.5 can be
considered valid. From figure 5.18b then, equation 5.3 holds up to x/d ' 0.35 at r = 0.3 d, up to x/d
' 0.45 at r = 0.2 d, up to x/d ' 0.6 at r = 0.1 d and up to x/d ' 0.70 at r = 0 d.
The results in figure 5.18a show that closer we get to the wall and higher is the adverse pressure
gradient. All the results in figure 5.18a belong to the same flame. As a consequence the difference
in adverse pressure gradient moving in radial direction it is not related to a different average cone
angle but has to depend on the distance between the average flame front location and the burner
outlet. The highest value of the adverse pressure gradient is located close to the rim at r= 0.3 d, while
the lowest value is found along the centerline. Previously, in section 3.3.1 it has been shown how the
flame confinment affect the flashback propensity. In particular, Eichler et al. [17] shown the higher
flashback propensity associated with confined flame. The results of figure 5.18a suggest that smaller
is the distance from the tube outlet and the average flame front location and stronger is the effect
of the burner walls that hampered the flow deflection leading to an even more higher retardation of
the approaching flow.
In figures 5.12 and 5.14 the flashback was visualized for both the DNG flame and H2 flame, it was
seen that the flashback location is close to the tube inner wall, but outside the thin viscus layer.
The velocity fluctuations in the buffer layer combined with the strong effect that the adverse pres-
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sure gradient has on the incoming flow might explain why the transition mechanism occurs at this
location.

5.5.3. Discussion on the flashback phenomenon
The instantaneous flame front location of a turbulent premixed flame changes in time as a func-
tion of the velocity fluctuations and of the local burning velocity. The velocity fluctuations can be
related to the turbulent intensity of the flow while the local burning velocity depends on stretch. As
a consequence of this two coupled effects, locally, the orientation of the flame front is sometimes
perpendicular to the axial direction. In this case, the mixture experience the strongest acceleration
through the flame front. The velocity magnitude increase across the flame front induces the adverse
pressure gradient just upstream the flame front which leads to the flame-flow interaction. Indeed
the flame deflects and retards the incoming flow, see figure 5.16. This interaction and dynamic of
the flame has been observed experimentally for both stable and unstable flames, figures 4.4a and
the left side of 5.16 show the instantaneous location of a stable and an unstable flame front, respec-
tively. However, approaching the flashback onset, this interaction becomes stronger. The reason is
that an unstable flame is closer to the tube burner outlet. The tube burner walls in fact, hampers
flow deflection and retardation leading to an even stronger slowdown of the approaching flow. The
effect of flow hampering can be captured by the value of the flame cone angle αc . Indeed, bigger
is αc and closer is the average flame front to the tube burner outlet. Furthermore, for a give flame
composition, αc can be expressed as function of the bulk velocity. Thus, not only the lower bulk ve-
locity induces bigger cone angle, it also cause the flame bulge to be advected more slowly allowing
therefore a bigger growth. When these bulges grow close enough to tube burner wall, the hampering
effect is sufficiently strong to induce flame flashback.
From the experimental evidence, see figure 5.12 and 5.14, the flashback phenomenon is qualita-
tively the same when lean hydrogen flame are considered. The reason why the event occurs more
abruptly is that lean hydrogen flame are characterized by a negative Markstein length. This means
that the flame stretch caused by the combined effect of turbulence fluctuations and adverse pres-
sure gradient makes the hydrogen flame burning velocity higher, further enhancing the upstream
propagation of the flame.
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Conclusions and recommendations

In the present work, turbulent boundary layer flashback of premixed hydrogen/DNG air flames in
tube burners has been investigated. The outcome of the results can be divided into three groups:

1. Flame regime maps.

2. Measurement of the time-average statistics of the reacting flow field.

3. Visualization of the flashback.

In the first group, flashback propensity for different mixture compositions and equivalence ratios
has been studied experimentally at different burner conditions, e.g. cooled/uncooled.
In the second group, the statistics of premixed flames have been obtained by means of PIV and
compared. These flames are characterized by different Reynolds numbers, equivalence ratios and
hydrogen concentrations in the fuel.
Finally, flashback has been visualized with high spatial and temporal resolution PIV and Mie-scattering
measurements.

Conclusions:

1. From the flame regime maps following conclusions can be drawn:

• Higher hydrogen concentration in the fuel mixture leads to a higher flashback propen-
sity.

• The peak in flashback propensity is found at equivalence ratios where the burning flame
speed is the highest.

• The tip burner temperature strongly affects the flashback propensity. The uncooled
burner configuration consistently shows the highest propensity for flashback.

2. For the time-average statistics of the reacting flow field, the effects of different Reynolds num-
bers, H2 concentrations in the fuel and equivalence ratios have been compared.

• When the same burner tube is employed and two different Reynolds number flames are
compared, the actual parameter which makes the two Re different is the bulk velocity.
At lower bulk velocity the flame is closer to flashback and is characterized by a bigger
average cone angle. This leads to a higher acceleration of the flow across the flame front.
The gas acceleration across the flame front is related to the hydrodynamic instability and
causes a greater adverse pressure effect. Therefore, the flame characterized by a lower

63
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Reynolds number shows stronger Reynolds normal stresses, both in the axial and radial
direction. This result can also be related to the fact that this flame front average location,
when compared to the flame with higher Reynolds number, is closer to the tube burner
outlet.

• Comparing two flames, characterized by the same Reynolds number and equivalence
ratio, but different H2 concentration, is it seen that with increasing H2 content the flame
shows a stronger flame-flow interaction. Furthermore, it is noticed that the pure hydro-
gen flame shows a lower Reynolds normal stress in the axial direction. The explanation
for this is the fact that hydrogen flames, because of the thermal diffusive instability, are
characterized by sub-adiabatic conditions in the neighbourhood of the flame tip.

• When two flames, characterized by the same Reynolds number and H2 concentration
in the fuel but different equivalence ratio, are compared it can be seen that the one that
has the higher equivalence ratio experiences a higher velocity magnitude increase across
the flame front. This is due to the fact that the ratio between the density of burned and
unburned gases is higher. This effect is observed when the Reynolds normal stresses in
axial and radial direction are compared, however, from the comparison of the velocity
magnitude increase of the two flame across the flame front no sharp difference can be
seen. The explanation why no clear difference can be seen might be that the leaner flame
suffers more the effects of the thermal-diffusive instability.

3. In the flashback visualization section a DNG-air and a H2-air flame flashbacks have been
compared.

• The flashback mechanism occurring in the two flames is qualitatively the same.

• The adverse pressure gradient is responsible for the flame flow interaction which causes
the approaching flow to be deflected and retarded, eventually leading to flashback.

• The strongest effect of the adverse pressure gradient is found to be when the flame front
is locally perpendicular to the axial direction.

• Because of the simultaneous effect of turbulence fluctuations and adverse pressure gra-
dient flame bulges are created. When flashback onset conditions are approached these
bulges occur closer to the burner outlet. When these bulges reach a location close enough
to the burner outlet, the burner walls hamper the flow retardation and deflection. This
allows the flame bulge to further travel upstream and to, eventually, cause flashback.

• The main difference between the H2 flame and DNG flame flashback is the duration of
the phenomenon. It can be seen that flashback propensity of hydrogen flame is much
stronger, in fact it takes approximately only one fifth of the time needed for the DNG
flame.

Recommendation and further developments:

• It is recommanded to visualize the flashback phenomenon using a quartz tube in order to
have insight on the flame propagation in the tube burner. This can be done by simply adding
a quartz section of the same inner diameter to the existing tube burner.

• To better understand the effect of the adverse pressure gradient, it would be interesting to
compute it for a confined burner geometry. This could be done by adding to the tube outlet a
quartz tube with a larger inner diameter. Furthermore, a confined configuration is character-
ized by some recirculation zones at the location of change in cross sectional area. This would
make the flame more stable allowing to investigate even leaner mixtures, where the effect of
thermal-diffusive instability associated with hydrogen is expected to be stronger.
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• Unburned gas preheating could be applied to compare the combined effect of thermal-diffusive
and hydrodynamic instability. By doing so the burned/unburned density ratio of the gases
could be decreased. This would reduce the hydrodynamic instability effect.

• A comparison between rich and lean H2-air flames would allow assessing the effect of the
Lewis number.

• Finally, for more extensive visualization of the flashback phenomenon tomographic PIV is
required. In this way a clearer insight of the flashback phenomenon three-dimensionality
could be obtained.





A
Dutch Natural Gas composition

Table A.1a shows the Dutch Natural Gas (DNG) and the air compositions, considered for the cal-
culation of the mixuture properties and equivalence ratio. The same DNG composition used by
Oldenhof et al. [44] has been adopted.

Mole percentage % Dutch Natural Gas

CH4 81.27
N2 14.44

C2H6 3.73
Rest 0.6

(a) DNG composition in mole fraction

Mole percentage % Air

N2 78
O2 21
Ar 1

(b) Air composition in mole fraction
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