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Abstract

Hydrogen is a promising fuel for both reducing greenhouse gas emissions and being used
as an energy carrier for renewable energy sources. The adaption of hydrogen instead of
natural gas as a fuel in gas turbine combustors introduces additional challenges regarding
flame stability. One instabilities is boundary layer flashback. This phenomenon occurs if the
flame speed exceeds the local flow velocity. Then the flame can propagate upstream, which can
result in equipment failure. Lean premixed hydrogen mixtures are more prone to boundary
layer flashback because hydrogen flames have both a smaller quenching distance and higher
flame speed compared to natural gas. Therefore, operating at 100% hydrogen fuel content
is an enormous challenge. Active control strategies are a promising strategy to prevent and
withstand possible occurrences of boundary layer flashback in gas turbine combustors. In this
work, the detection, prevention, and counteraction of flashback are investigated in unconfined
Bunsen burners. After an experimental analysis of suitable sensors, a tracking controller is
therefore designed and different control design approaches evaluated.
Both the increase in flame fluctuations and in flame angle are reasonable as indicators for a
flame moving towards flashback as the flow velocity is reduced. However, the complex nature
of a flame makes it challenging to measure these effects in a flame. Four types of sensors,
i.e. an ion sensor, a thermocouple, a photo-detector and a microphone, were investigated for
their ability to detect flashback and to find precursors that indicate the onset of flashback.
A Bunsen burner equipped with the different types of sensors was used in an experiment
to determine the most suitable sensor type. Of the investigated sensors, the thermocouple
is the most promising sensor for both flashback detection and use the temperature signal
as a control variable. The temperature is a precursor for the onset of flashback since the
temperature increases with increasing flame angle. Also, by placing multiple thermocouples
in 360oC configuration on the burner rim, it is possible to estimate the position, where the
flame entered the burner.
A complete fault-tolerant framework to control a flashback event is proposed. This framework
increases the flashback resistance of the system and it counteracts possible flashback events,
which is considered as a fault in the system. A supervisor block has two functions. Firstly,
the supervisor uses a fault detection method, known as trend checking, to detect flashback.
Secondly, it decides which strategy should be applied, based on the temperature measure-
ments. The fault-tolerant control strategy is threefold. First, the prevention controller closes
the loop, so it can steer away from flashback conditions by rejecting disturbances and tracking
a desired reference path using the temperature data. Different tuning methodologies based
on the traditional proportional and integral (PI), linear-quadratic-integral (LQI) and pole
placement regulator (PPR) are explored for this purpose. The robustness of the proposed
controller was verified through loop shaping interpretation. However, flashback could be con-
sider as an stochastic process that still could be triggered. Therefore, the second task is to
detect present flashback events and apply counteraction to oppose the fault. A design is pro-
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posed by the injection of pressurized air upstream of the burner rim to push back the flame
by diluting the boundary layer and increasing the flow speed. A proof-of-concept is validated
in the experimental set-up as a possible and feasible counteraction. The third task is a final
safety measure. A safety switch would be applied to shut off the fuel supply to fail safe after
a potential unsuccessful counteraction attempt. The fault-tolerant control framework was
simulated in Simulink for a demonstration purpose, where the models were identified from
experimental data.

The proposed fault tolerant control framework is intended to increases the flashback resistance
of the system by being more robust towards disturbances and flashback events that would
normally require a restart of the system. Its potential to do so has been confirmed by simula-
tions. However, further research on the prediction of flashback and controller implementation
are still required to run burners on 100% hydrogen without flashback.
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Chapter 1

Introduction

The global energy demand is expected to grow 50% in the period from 2020 to 2050, as stated
during the International Energy Outlook 2020 [1]. However, the energy required for power
generation is currently mainly produced by the combustion of fossil fuels, like coal, natural
gas, and oil. The Intergovernmental Panel for Climate Change (IPCC) [17] states that 78% of
the total amount of emitted greenhouse gasses is produced by industrial processes and com-
bustion of fossil fuels. Fossil fuel combustion mainly results in the emitting of the greenhouse
gas CO2. Power production is therefore related to an increase in global greenhouse gas con-
centrations. These increased gas concentrations are likely the main driver for the increase in
global temperature. In 2020, the average global temperature has increased by approximately
1.2◦C compared to the 19th century [18]. To limit the effects of global warming, the goal has
been defined to keep this average global temperature increase below 2oC, negotiated in the
international treaty of the Paris Agreement [19]. Therefore, the European Commission (EC)
targets in its long-term strategy to achieve net-zero greenhouse gas emissions by 2050 [20].

Figure 1-1: The expected worldwide consumption trend of different fuels for power genera-
tion. The global energy demand increase is covered by utilizing renewable energy sources. The
worldwide use of fossil fuels, except for liquid fuels, still has a large role. Image from Capuano
[1].

To realize this goal, energy from renewable sources will become the primary contributor. The
share of renewable energy sources, like wind, solar photovoltaic, biomass, and hydro-power,
is predicted to grow substantially over the years, as seen in Figure 1-1. The challenge of
using renewable energy as a primary energy source is its fluctuating nature. The availability
of wind power and solar radiation is both daytime and seasonal-dependent. This results in a
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2 Introduction

mismatch between the energy production and demand. Therefore, the electricity grid requires
flexible power plants to balance the grid [2].

Gas turbine power plants could fulfill this task as a balancing system for the future. These
generators have three main advantages [21]. Firstly, they can handle frequent startups. Sec-
ondly, they can quickly adapt the output to the current demand on the grid. Thirdly, they
are efficient, as state-of-the-art combined-cycle gas turbines have efficiencies of around 60%
[22]. At the moment, natural gas is the most used fuel in gas turbines for power production
[17]. The combustion reaction of natural gas is much cleaner than the combustion reaction
of for example coal. It is both more efficient and produces fewer pollutants, such as CO2 and
soot [23]. To achieve low NOx emissions, lean premixed combustion is employed [24]. Here,
fuel and an abundant amount of air are premixed upstream to control the adiabatic flame
temperature .

Figure 1-2: Power grid of the future where renewable energy is stored in hydrogen. Adopted
from Fairley [2].

However, the use carbon-free fuels is necessary to reach net-zero greenhouse gas emissions.
Work is done on utilizing different fuel blends in gas turbines. A promising fuel is hydro-
gen since the combustion of hydrogen does not produce carbon dioxide [25]. Furthermore,
hydrogen can also be used as an energy carrier in a hydrogen ecosystem. This concept is
illustrated in Figure 1-2. If the production of renewable energy sources is higher than the
current demand, the excess energy is used for the production of hydrogen. Via electrolysis,
water is converted into hydrogen and oxygen. The produced hydrogen can be stored. If the
energy demand is higher than the current production, the hydrogen can be converted back
again. Hydrogen can be either be combusted in gas turbines to generate electricity or be
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directly consumed by the industry.

Figure 1-3: Laminar flame speed as function of equivalence ratio for H2/Air flames, CH4/Air
flames and flames with fuel blends of H2/CH4/Air. Adopted from Dunn-Rankin [3].

The use of hydrogen introduces stability challenges for the design of gas turbines. According
to Dunn-Rankin et al. [3], the flame velocity of hydrogen is much faster compared to natural
gas flames for two reasons. Firstly, the reaction rate is faster and secondly, the diffusion
coefficient is larger. Figure 1-3 shows the laminar burning velocity for different fuel blends.
The laminar flame speed is a measure of the reactivity and diffusivity of a flame, which
indicates the flame front propagation velocity. Fuel blends with high hydrogen contents have
a substantially higher laminar flame speed. This property results in a higher risk for the
upstream propagation of the flame from the desired flame location into the premixing zone
[26] . In this zone, the fuel and oxidizer are mixed. This phenomenon is known as flashback
and it is a safety issue. Furthermore, hydrogen has a low quenching distance, so the flame
sustains itself close to a cold wall. Due to the non-slip boundary, the flow velocity reduces
to zero at the wall. In this low velocity region close the wall, the hydrogen flame is more
likely to propagate upstream. This phenomenon is called boundary layer flashback and is the
main flashback mechanism for lean premixed combustors, like open air or unconfined Bunsen
burners. When the flashback event is triggered, the operator should quickly switch off the
gas turbine to prevent equipment failure. The components upstream are not designed to
withstand the high flame temperatures.

This elevated risk for flashback sets a limit on the usage of 100% hydrogen as fuel. Existing
gas turbines can handle fuel blends with up to 20% hydrogen content without major mod-
ifications. This results in a reduction of 9% in CO2 emission [27]. The world’s largest gas
turbine manufacturers committed to contribute to the energy transition by developing gas
turbines that can handle renewable fuels [21]. They target to gradually increase the goal for
the hydrogen-burning capability of the gas turbines. Starting with fuels with at least 20% hy-
drogen content by 2020 towards 100% hydrogen content by 2030. The industry is developing
methods to achieve this goal. The current state-of-the-art combustion systems with diffu-
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sion flames and nitrogen or steam dilution injection methods operate at 100%. Nevertheless,
those gas turbines have even higher NOx emissions than conventional gas turbines because
the peak flame temperature is higher due to diffusion effects [28]. Diluting the mixture with
steam has energy and environmental disadvantages and nitrogen cannot lower the flame tem-
perature enough to reach low NOx levels [21]. Therefore, lean premixed combustion is a more
promising solution as lower emissions can be achieved. Currently, fuel blends with up to 60%
hydrogen are possible, but more developments are required to achieve 100%.

Active control strategies are a promising strategy to prevent and withstand possible occur-
rences of boundary layer flashback for high hydrogen content fuels in gas turbine combustors.
The use of these fuels concerns safety and stability issue as the upstream propagation of the
flame can be considered as a fault. Blanke et al.[4] described a fault as the cause of a change
in the system behavior. It leads to degraded system performance or can eventually result in
system failure. A failure is a permanent system interruption to perform the required function
[29]. This is different from a malfunction, where there is an intermittent irregularity in the
system’s function fulfillment. The flashback fault can have damage the equipment but is also
a risk for human operators and bystanders. To avoid the effect of flashback, it should be
detected early on to take counteractive measures. Therefore, a systems safety can be im-
proved by aiming for a fault-tolerant system. By making the burner system fault-tolerant
to flashback, it can prevent flashback events and counteract the occurrence of flashback. A
typical architecture of a fault-tolerant controller is shown in Figure 1-4. It adds a supervision
level to a typical control schematic. In this layer, the system behavior is analyzed to diagnose
a fault. If a fault is detected, it changes the control law to reject the faulty behavior and steer
the plant performance to an acceptable region. This structure can be used to deal with high
flashback propensity systems. This will be the focus of this work.

Figure 1-4: Architecture of fault-tolerant controller. Adopted from Blanke et al. [4].

A literature review on boundary layer flashback research has been conducted by Kalentari et
al. [30]. Many numerical and experimental studies have been conducted to understand the
mechanism behind the flashback phenomenon. However, research on controlling this problem
is limited. The focus of this work will therefore be on applying the control principles to deal
with flashback.
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Research objective

This master thesis aims to design a fault-tolerant control framework as a solution for the
problem sketched above. Process engineering knowledge is combined with theories from the
field of control engineering. Both experiments and simulations are employed to discuss the
feasibility of a possible active controller. As a guidance, the following main research question
is formulated:

Can boundary layer flashback be prevented by active control?

This question is subdivided into four sub-questions:

• What causes boundary layer flashback?
• How to detect the occurrence of flashback?
• How to find precursors for the onset of boundary layer flashback?
• How to use control to prevent boundary layer flashback in unconfined Bunsen burners?

Report structure

The report is divided in three parts. In the first part, the theoretical fundamentals of the
problem are studied. Chapter 2 describes the fundamental concepts for a lean premixed
combustion Bunsen burner. In Chapter 3, the flashback phenomena and indicators of the onset
of flashback are explained, according to the relevant experiments, simulations and theories
found in the literature.

After the fundamentals, the second part focuses on the detection of flashback and precursors,
indicating the onset of flashback. Measurements are required to get state information of the
burner. Therefore in Chapter 4, different sensors are tested. Afterwards, the sensors are
compared against each other to choose an appropriate sensor.

In the third part, the chosen sensor and the findings from the previous chapters are inte-
grated to construct a controller framework. This framework has multiple functions to both
prevent and counteract flashback. In Chapter 5, different counteracting systems are investi-
gated. A prototype is constructed for the most promising solution to proof the concept. The
performance of this design is evaluated by a performing lab test. In Chapter 6, the design
of a fault-tolerant control framework is explained. The framework has multiple tasks. A
supervisory system decides, which task to execute. By performing simulations, the switching
controller behavior is evaluated.

Finally in Chapter 7, the thesis is summarized and concluded. Several recommendations are
proposed for future research.

Master of Science Thesis T.H.M. van der Laan



6 Introduction

T.H.M. van der Laan Master of Science Thesis



7

Part I

Fundamentals of boundary layer
flashback
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Chapter 2

Lean premixed combustion in Bunsen
burners

Flashback prevention is investigated in a unconfined Bunsen burner, where the fuel and oxi-
dizer are premixed upstream. Therefore, the fundamentals of the lean premixed combustion
in these burners is discussed, which are relevant to get a better understanding of the physics
behind the problem. This chapter covers the function of premixed combustion, the laminar
premixed flame, the flame configurations and the definition of the Bunsen flame angle.

2-1 Premixed combustion

When the fuel and oxidizer mixture is premixed upstream of the flame front, it results in
a homogeneous mixture. If this mixture is stoichiometric, it contains the exact amount of
air needed to let all oxidizers in the air react with the fuel. The richness of the mixture is
expressed by the equivalence ratio φ [31]. The equivalence ratio is displayed in equation 2-1,
where ṁ is the mass flux. It is defined as the relation between the fuel/air ratio of the mixture
to the fuel/air ratio of a stoichiometric mixture. The mixture is called lean if φ < 1, so more
air is present than needed to combust all the fuel. If φ = 1, the combustion is stoichiometric
and when φ > 1 the conditions are rich. The equivalence ratio determines the flame properties
of the combustion.

φ = ṁfuel/ṁair

(ṁfuel/ṁair)st
(2-1)

The primary drive to operate at fuel-lean conditions is to reduce NOx emissions [3]. The
remaining air absorbs heat to reduce the adiabatic flame temperature and material hot spots
in the combustion chamber. This has a positive effect on emissions and complete combustion.
A typical hydrocarbon profile can be seen in Figure 2-1. Two elements in this graph stand
out. Firstly, the concentration of unburned hydrocarbons and soot increases again at too lean
conditions. Secondly, the maximum adiabatic temperature is reached at richer conditions.
Endothermic molecular reactions reach their maximum reaction rate at strict stoichiometric
conditions, resulting in a lower temperature. The thermal efficiency of the process is also
improved at leaner conditions due to better thermodynamic equilibrium properties [3].

Dependent on the nature of the flow, it can interact with the reaction chemistry in the flame.
A flow is considered laminar if the ratio between momentum and viscous forces is dominated
by viscous forces. This ratio is also known as the Reynolds number. It is defined in equation
2-2, where l is the characteristic length, U is the flow velocity and ν is the kinematic viscosity.
The flow in a pipe is laminar when Re < 2300 [32]. For flows with Reynolds higher than 4000,
the momentum forces dominate. These flows are called turbulent. Compared to laminar flows,
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Figure 2-1: Temperature and relative emissions as a function of the fuel-air equivalence ratio.
Adopted from Dunn-Rankin [3].

the turbulent flow interacts with the flame. The chaotic fluctuations in a turbulent flow can
alter the shape of the flame front. In turbulent premixed combustion, the flame can locally
behave as a laminar flame, which is the topic of the next section.

Re = lU

ν
(2-2)

2-2 Laminar premixed flame model

The simplest way to describe laminar flames is with the plain laminar flame model [33].
This model is illustrated in Figure 2-2. Several assumptions are made [24]. The flame is
one-dimensional and the Mach number is low. Mechanical energies, viscous dissipation, and
the pressure difference across the flame front are negligible. Furthermore, the specific heat
capacity, thermal conductivity and diffusivity have constant values. Also, the flame is thin,
unity Lewis number and the reaction is single-step irreversible. Additionally, the unburned
mixture is continuously heated to the point where the ignition takes place during the sustained
combustion [34]. At the left unburned side, the oxidizer YO2 and fuel YF mixture enter the
reaction region with unstretched laminar flame speed sl,0 and temperature Tu. The laminar
flame speed is dependent on the equivalence ratio. Since the mixture is lean, there is more
oxygen in the form of air present than fuel.

The flame thickness δf is composed of the preheat region with thickness δph and the reaction
zone with thickness δr. The preheat zone is assumed to be greater than the reaction zone,
so δph ∼= δf . In the preheat zone, the convection-diffusion balance dominates. Whereas in
the reaction zone, the diffusion-reaction balance is dominant. These balances are described
with the Lewis number Le, given in equation 2-3, where α is the thermal diffusion, and D
is the mass diffusion. For lean hydrogen-air mixtures, the Lewis number is smaller than one.
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10 Lean premixed combustion in Bunsen burners

Figure 2-2: Schematic profiles of temperature and concentration for a simplified laminar flame
front. Adopted from Peters [5].

This results in an instability between the heat and mass diffusivity. This thermal-diffusive
instability increases flame front curvature.

Le = α

D
(2-3)

As the unburned fuel and oxygen concentrations diffuse into the reaction zone, their concen-
trations in the preheat zone decrease. The combustion heat YP is dissipated in the opposite
direction from the reaction zone into the preheat zone. If the unburned mixture reaches tem-
perature Ti, the combustion reaction ṁi will start. The exothermic reaction converts all fuel
into heat. The temperature increases rapidly.

The gross combustion reaction of a typical natural gas can be seen in equation 2-4 [6]. How-
ever, the actual reaction consists of many chain reactions. A reduced mechanism is shown in
Figure 2-3.

CH4(g) + 2O2(g)→ CO2(g) + 2H2O(g) (2-4)

2-3 Flame configurations

Two different flame configurations can be identified, which are shown in Figure 2-4a [8]. In the
confined situation, the flame is settled in the premix section and is enclosed by the walls. In
the unconfined configuration, the flame is emitted in the free air and is stabilized at the burner
rim. Eichler et al.[35] showed that the unconfined flames have a higher flashback resistance
than flames in confined geometries. Baumgartner et al.[36] ascribed this observation to the
insignificant interaction between flame and the flow for a stable unconfined flame, caused by
outward deflected flame at the burner exit.
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Figure 2-3: Reduced reaction mechanism for the methane-air mixtures. Adapted from Son [6].

2-4 Bunsen flame angle

The Bunsen burner produces an unconfined flame. Fuel and air are premixed upstream and
ignited at the exit of the burner tube. The produced flame has a conical shape. In Figure
2-4b, the schematic of half of the conical shaped flame front is shown. The black solid
line represents the flame front. The flame makes a flame angle αf with the velocity of the
approaching unburned mixture Uu. The normal and tangential components of the unburned
mixture velocity are Uu,n and Uu,t respectively. The laminar flame speed is denoted by Sl and
has a velocity component normal to the flame front. The combustion reaction accelerates the
burned mixture, so the outgoing normal component Ub,n is larger than the incoming flow [31].
Therefore, the velocity of the burned mixture Ub makes a different angle β with the flame
front.

Master of Science Thesis T.H.M. van der Laan



12 Lean premixed combustion in Bunsen burners

(a) At the left in the confined flame configuration, the
flame is surrounded by walls. At the right in the uncon-
fined flame configuration, the flame is emitted in the free
air.

(b) The schematic of half of the conical shaped premixed
laminar flame front. Adapted from Lambers [37].

Figure 2-4: Schematics describing flame configurations and definitions.
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Chapter 3

Boundary layer flashback phenomenon

To prevent flashback, the understanding of the phenomenon is useful. Therefore, the first
section explains the different flashback mechanisms. In the section thereafter, the boundary
layer flashback phenomenon is described according to the main findings in the literature. In
the remainder of this chapter, possible indicators for the onset of flashback are discussed.

3-1 Flashback mechanisms

During flashback, the flame burning speed locally exceeds the local flow velocity, which results
in an upstream propagation of the flame into the premixing section. Four main mechanisms
are identified to trigger flashback [8]:
Core flow flashback
If the turbulent burning velocity of the flame exceeds the local velocity of the flow in the
core, the flame will flashback and propagate upstream. The magnitude of the turbulent
burning velocity causes the initiation of flashback. This velocity is a relation between the
turbulent-flame interaction and chemical kinetics. Hence, the fuel composition and turbulent
flame structure are determinative of the flashback limit. The occurrence of core flashback is
reduced by increasing the axial flow velocity, so the turbulent flame velocity cannot exceed
the core flow velocity. However, flame stabilization techniques, such as swirl burners, decrease
the velocity of the axial flow and consequently increase the risk of core flashback.
Combustion instability induced flashback
Different instabilities induce flow fluctuations. They are generated by the interaction of
acoustic modes, unsteady heat release and flow structure. These instabilities cause velocity
and pressure oscillations, which in turn induces flame movement and large vortices. This
eventually will lead to flow reversal and is a potential risk for flashback.
Combustion Induced Vortex Breakdown (CIVB)
To stabilize a flame, a possible method is to use a swirl stabilized combustion chamber. The
strength of the swirl is described by the swirl number. It relates the azimuthal velocity to the
axial velocity. If the swirl number exceeds a critical value, a reverse flow region is created by an
abrupt vortex breakdown. During this breakdown, the vortex structure is changed abruptly.
It results in the formation of both a stagnation point and a recirculation zone downstream
of the structure. On the one hand, the volumetric expansion of the gases in the flame front,
generating positive vorticity, pushes the vortex bubble downstream to stabilize the flame. On
the other hand, the produced baroclinic torque causes negative vorticity. This enhances the
negative axial velocity and the vortex bubble propagates upstream. The unbalance between
these two forces eventually leads to the occurrence of flashback.
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14 Boundary layer flashback phenomenon

Boundary Layer Flashback (BLF)

BLF is the typical flashback mechanism in premixed Bunsen burner flames, investigated in this
work. During regular operations in these burners, the core flow exceeds the flame burning
speed. Therefore, flashback cannot arise in the core region of the burner, but the no-slip
boundary condition assumes zero velocity at the solid boundaries. This results in a reduction
of the flow speed towards a boundary. Hence, the flashback risk shifts to regions closer to a
wall. The burning velocity also decreases close to the wall because heat is lost to the wall and
the flame stretches. Eventually, the flame cannot sustain itself and it quenches. This distance
to the wall is described as the quenching distance. BLF will occur if the flame burning speed
exceeds the flow velocity close to the wall but further than the quenching distance.

3-2 Describing boundary layer flashback

To get a better understanding of the BLF phenomenon and triggers, leading to the onset of
the event, the fundamentals are investigated by using models and theories from the literature.

Capturing BLF events

Faldella [7] conducted experiments to visualize the boundary layer flashback events for both
hydrogen-air and methane-air mixtures by using Mie-scattering and PIV techniques. This
resulted in two series of eight time sequence snapshots. In Figure 3-1 and 3-2, the results are
shown for the Mie-scattering experiment. Methane flashback events take place in about five
milliseconds. However, hydrogen flashback events are five times faster. They occur in less
than one milliseconds

Figure 3-1: Time sequence of Mie-scattering experiment to capture BLF in METHANE-AIR
flames at 100% CH4 (φ = 0.9) at Re ≈ 5000. The time between each image is 0.666 ms. The
inner wall of the tube burner is indicated with the green marks at the bottom of the frames. The
part of the flame front that eventually flashes back is indicated by the red dashed line. Adopted
from Faldella [7].
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3-2 Describing boundary layer flashback 15

Figure 3-2: Time sequence of Mie-scattering experiment to capture BLF in HYDROGEN-AIR
flames at 100% H2 (φ = 0.6) at Re ≈ 11800. The time between each image is 0.133 ms.
The inner wall of the tube burner is indicated with the two green marks at the bottom of the
frames. The part of the flame front that eventually flashes back is indicated by the red dashed
line. Adopted from Faldella [7].

Critical velocity gradient prediction model for BLF

In 1943, Lewis and Von Elbe [38] conducted experiments on BLF. They developed the first
prediction model for BLF for a perfectly mixed mixture of natural gas and air at atmospheric
pressure and temperature. This model is constructed for laminar confined burners and it is
used to illustrate the mechanisms behind BLF. Two main assumptions are made. Firstly, the
flow velocity is undisturbed and secondly, the flame-flow interaction are neglected.

The model schematic is illustrated in Figure 3-3a. The height y is measured from the wall
at the bottom. The velocity profile of the incoming laminar unburned mixture is defined
by u(y) with a non-slip boundary condition, so the velocity is zero at the wall and has an
approximately linearly increasing velocity profile. The burning flame speed is represented by
sf (y). The quenching of the flame occurs at the quenching distance from the wall, denoted
by δq. Flashback will take place if the flame burning velocity locally exceeds the flow velocity.
The location from the wall, where this happens is denoted by penetration distance δp.

In Figure 3-3b, three flow velocity profiles and one burning velocity profile are drawn. At the
quenching distance δq from the wall, the burning velocity is zero and from there it increases
exponentially to the constant one-dimensional laminar flame velocity. For the flow velocity,
the gradient of the velocity at the wall depends on both the shear stress and viscosity of
the flow. For trajectory 2 there is a critical point where the two velocities meet. At this
location, a risk for flashback is present. If the flow velocity is further reduced as for trajectory
1, the flow will flashback and propagate upstream. On the other hand, if the flow velocity is
increased in trajectory 3 the flame will be pushed downstream.

The bulk velocity, at which flashback occurs, is determined by the critical velocity gradient
gc at the wall. The critical velocity gradient is defined in equation 3-1. The laminar flow
is assumed to have a linear velocity gradient within the penetration distance close to the
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16 Boundary layer flashback phenomenon

(a) Schematic overview of the critical boundary layer
model in confined configuration.

(b) Three flow velocity and one burning velocity profiles
for the critical boundary layer model.

Figure 3-3: Schematic drawings of the critical boundary layer model. Adopted from Kalentari
[8]

wall. Therefore, the critical velocity gradient simplifies to be approximately equal to the
ratio between the local velocity and the penetration distance. If the critical velocity gradient
is considered for a fully developed pipe flow, the bulk flow can be related to the radius of the
tube (For more details see [8]). For the flame speed, a comparable ratio is derived between the
laminar flame speed sl and the penetration distance δp in equation 3-2. The burning velocity
is assumed to be close to the laminar flame speed. If equation 3-1 and 3-2 are equalized, the
flashback bulk velocity can be determined.

gc = |∂u
∂y
|y=δp =

u|y=δp

δp
= 4Ū

R
(3-1)

gc = sl
δp

(3-2)

The assumptions made in the critical velocity gradient prediction model are not generally true.
By doing measurements on BLF for laminar propane-air mixtures, Dugger [39] found that
the penetration distance is smaller than the quenching distance. According to the model of
Lewis and Von Elbe, this is not possible, since the flame would propagate below the quenching
distance to the wall. He therefore suggests that the flame might influence the velocity profile
of the approaching flow. Eichler et al. [9] investigated the flame in a confined configuration
experimentally and numerically. Their simulations showed that the backflow region already
was present before the occurrence of flashback. In the backflow region, the pressure reduces
until stagnation or even becomes negative. This decelerates the flow velocity and reverses
the flow. It eventually supports upstream flame propagation. Furthermore, laminar flames
alter the backflow region upstream during flashback. The conclusion was that the flame-
flow interaction is significant in the confined configuration, so the critical velocity gradient
prediction model contains unmodelled effects to fully capture the phenomenon.
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Figure 3-4: Numerical simulations showing the existence of backflow regions for the laminar
premixed flame in both stable and flashback conditions. Adopted from Eichler [9].

Figure 3-4 shows that flow reversal is already present at the wall as the flame approaches
flashback. Lieuwen [40] explained that the flame is accelerated and refracted across the flame
front, caused by the expansion of the gas. The presence of a wall further amplifies the
flow displacement. The deflection of the fluid results in an increased pressure gradient for
the approaching reactant. This pressure provokes a backflow region close to the wall as is
illustrated in Figure 3-5.

Figure 3-5: Schematic representation of the pressure increase upstream of the flame front,
resulting in a back flow region. Adopted From Eichler [10]

Eichler et al. [35] showed that unconfined flames have a higher flashback resistance than flames
in confined configurations. In Figure 3-6, the velocity gradient limit is shown for both confined
and unconfined burners. Indeed the values for confined burners are larger than for unconfined
burners. Baumgartner et al. [36] ascribe this observation to the insignificant interaction
between flame and the flow for a stable unconfined flame, caused by outward deflected flame
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at the burner exit. Again the critical velocity gradient model did not predict the flashback
limit perfectly. Gruber et al. [41] did a Direct Numerical Simulations (DNS) study on the
mechanisms of premixed unconfined hydrogen-air flame flashback in the turbulent boundary
layer. They found that reversed flows are present ahead of the upstream propagating flame
in the near-wall region (y+ < 20). This flow is convex towards the reactant flow. Together
with Darrieus Landau (DL) instabilities, the reverse flow region contributes to the upstream
acceleration of the flame. DL affects both the pressure field and the turbulent motion with
the wrinkled flame.

Figure 3-6: Boundary layer flashback limits for both confined and unconfined hydrogen-air flames.
Adopted from Eichler [9].

Turbulent BLF prediction model from TU Münich for unconfined flames

Hoferichter et al. [42] developed an improved prediction model for boundary layer flashback
limit for flames in confined ducts or Bunsen burners compared to the original BLF model.
They included the strong coupling between the flame and the flow as observed by Eichler et
al. [9] and Baumgartner et al. [36]. They added the Stratford criterion [43] to the model,
which is used to predict boundary layer separation.

In another research of Hoferichter et al. [11], they developed an analytical prediction model
for unconfined BLF limits in premixed hydrogen-air flames. According to Baumgartner et al.
[36], the turbulent flame front forms a notch at the distance ∆xFB at flashback conditions.
The flame starts to propagate upstream at a distance of yFB ≈ 1mm from the burner wall.
After the transient from the outside to the inside of the burner, as shown in Figure 3-7, the
flame behaves as a confined flame. In essence flashback is an intermittent phenomenon, where
the flame transitions from the stable position at the burner rim into the premixing zone.

The flashback mechanism arises when the local turbulent flame velocity exceeds the local flow
velocity. The local velocities close to the wall are schematically illustrated in Figure 3-8a.
At the flashback height yFB, the x component of the local flow velocity u(yFB) is equal to
the local turbulent flame velocity St, calculated in equation 3-3. The local turbulent flame
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velocity is determined using velocity fluctuations and stretched laminar burning velocities.

St(yFB) = u(yFB)sin(αFB) (3-3)

To determine the local flow speed at flashback, not only the local turbulent flame velocity is
required but also the flame angle αFB. The flame angle αFB can be calculated in different
ways. Hoferichter used a global analysis, as in Figure 3-8b. The flame angle, which is assumed
constant, is determined from the mass conservation balance as given in equation 3-4. Here,
AB is the cross-sectional area of the burner, AF is the cross-sectional area of the flame front,
ρu is the density of the unburned mixture and S̄t is the average turbulent burning velocity.
The cross-sectional areas can be related to the flame angle, shown in equation 3-5. So the
flame angle is determined by combining equation 3-5 and 3-4 into equation 3-6. Finally, this
equation together are solved simultaneously since the local flow speed u(yFB) is related to
the average bulk flow velocity at flashback ŪFB.

ρuABŪFB = ρuAF S̄t (3-4)
AF
AB

= 1
sin(αFB) (3-5)

sin(αFB) = S̄t

ŪFB
(3-6)

Flame transient behavior

At the TU Delft, Willems [13] conducted experiments with turbulent natural gas/hydrogen-air
flames at stoichiometric and lean equivalence ratios. He visualized the onset of flashback and
the transient from unconfined to confined flame in a burner Bunsen by performing Particle
Image Velocimetry and Mie-scattering. The tube was made of quartz glass to measure the
flow approaching the flame. One of the visualizations of the flashback process for a hydrogen
flame is shown, at the end of this chapter, in Figure 3-12. Here, a positive velocity fluctuation
pushes the flame outwards in the first three images. This positive velocity fluctuation is
followed by a negative velocity fluctuation in image 4. The interaction between the flame and
the negative velocity fluctuation results in a local convex flame front in image 5. As a result,
the flame loses its anchoring point and propagates upstream in the remaining images.

Figure 3-7: BLF mechanisms for an unconfined burner for timestamp (1) up to (3). Adopted
from Hoferichter [11].
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20 Boundary layer flashback phenomenon

(a) Local analysis of the flame at flashback conditions. (b) Global analysis of the flame at flashback conditions.

Figure 3-8: Schematics for the local and global flame analysis to determine the flashback flow
velocity limit. Adopted from Hoferichter [11]

By comparing the speed of the upstream propagating flame for both natural gas flames and
hydrogen flames, the upstream propagation speed are 0.6ms−1 and 1.4ms−1 respectively.
Hence, hydrogen propagates upstream considerably faster than natural gas flames.

When the Reynolds of a stable unconfined flame is reduced towards flashback conditions, the
Reynolds stresses increase in magnitude and cover a larger area. The Reynolds stresses are a
measure for the stress tensor due to turbulent fluctuations in the flow. For this behavior two
reasons are proposed:

• By reducing the Reynolds number of the flow, thermal-diffusive instabilities have more
time to develop. Therefore, the flame front becomes unstable and the flame tip location
moves in a larger area, hence the spread of the Reynolds stresses is higher.

• By reducing the Reynolds number of the flow, the average flame angle increases. As a
result, the flow has a higher acceleration across the flame front and hence the Reynolds
stresses increase in magnitude.

Regions with negative velocity fluctuations in the approaching unburned gas mixture are the
main factors for the onset of unconfined flashback. However, other boundary conditions are
also influencing the onset of flashback. Such as the flow’s bulk velocity, the position of flame
front, the magnitude of fluctuations, and the presence of positive velocity fluctuations after
the negative velocity fluctuation interacted with the flame front. As a result, unconfined
flashback is a stochastic process, where the flashback chance increases for a decreasing bulk
flow velocity.

3-3 Indicators of flashback onset

In the previous sections, the BLF phenomenon has been described. Flashback has a rapid
and abrupt nature. Hence, indicators announcing the event provides extra time to interfere
with the flame to stop further development of flashback. This section therefore discusses
the average flame profile and transient phenomenon. These flame properties can be used as
indicators for the onset of flashback.

Average flame profile

The flame angle might be an important parameter for indicating the onset of flashback [37].
This can be useful for inside a flashback prevention system. The prediction model for uncon-
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fined flames, discussed in section 3-2, uses this flame angle to determine the flow velocity at
flashback.

Figure 3-9: Average flame front surface indicated by the green lines and linearized average flame
profile indicated by the blue line. Adopted from Faldella [7].

In the work of Faldella [7], Mie-scattering measurements were used to determine the flame
front location and shape. An image of the determined average flame front can be seen in
Figure 3-9. If the orientation of the flame front is perpendicular to the axial direction, the
flow will experience the strongest acceleration through the flame front. The acceleration of
the flow induces an adverse pressure gradient, affecting the incoming flow. As the flame
condition moves towards flashback, the flame angle increases. The flame front is therefore on
average closer to the burner exit. At this location, the flame-flow interaction is stronger and
incoming flow is retarded even further. This increases the risk on flashback.

(a) Average time the flame spends inside t̄f and outside
t̄b the premix area as a function of mean peak propaga-
tion depth D̄p.

(b) Rate of intermittent flashback events f as a function
of mean peak propagation depth D̄p.

Figure 3-10: Link between intermittent flashback events and propagation depth. Adopted from
Schneider [12].

Transient phenomenon
In the work of Schneider and Steinberg [12], they studied the flame behavior at conditions,
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approaching flashback. For fuel-lean premixed swirl flames in a central bluff-body flame
holder, they investigated the statistics of the flame dynamics. They captured the flame and
flow development with high-speed OH∗ chemiluminescent and PIV images for multiple flow
configurations. The propagation depth and duration of the intermittent flashback event were
offline statistically analyzed.

Figure 3-10a shows the two relations for the average time the flame spends in a certain section
as a function of the mean peak propagation depth D̄p. One of the relations is for the average
time spent in the premixing area t̄f and the other relation is the average time spent outside
the premixing area t̄b. It shows that the duration of an intermittent flashback event increases
linearly with the depth of propagation. On the other hand, the time spends outside the
premix zone between intermittent flashback events decreases hyperbolically with the propa-
gation depth. These observations result in a general relation between the rate of intermittent
flashback events f against the mean peak propagation depth D̄p. The relation is described
by f̃ = (t̃b + t̃f )−1. In Figure 3-10b, this relation is plotted on top of the measurement data.
A transition from fast shallow depth flashback events to slow deep flashback events is present
at Dp ≈ 10mm.

Apart from the characteristics of the intermittent flashback events they also took a closer look
at the influence of operating conditions. In Figure 3-11a, the mean peak propagation depth D̄p

is plotted against the equivalence ratio of hydrogen φH2 for different methane mixtures φCH4.
The propagation depth remains small until complete flashback. In Figure 3-10b, the rate
of intermittent flashback events f is also plotted against the equivalence ratio of hydrogen
φH2. Interestingly, the maximum rate of intermittent flashback events is reached at lower
equivalence ratios of hydrogen conditions than the complete flashback conditions. This may
be a useful early warning sign for flashback.

(a) Mean peak propagation depth D̄p against the equiv-
alence ratio of hydrogen φH2.

(b) Rate of intermittent flashback events f against the
equivalence ratio of hydrogen φH2.

Figure 3-11: Effect of fuel composition on intermittent flashback properties. Adopted from
Schneider [12].
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Figure 3-12: Time sequence of images visualization of the transient during the flashback process
for an lean unconfined flame operating with 100% hydrogen and φ = 0.4. The time interval
between each image is 0.8 ms. The flame front at the side of flashback is highlighted in red.
Each time frame consist of a pair of images, with a Mie-scattering on the left-hand side and the
corresponding axial velocity fluctuations u′ on the right-hand side. Adopted from Willems [13].
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Part II

Measuring flashback: detection and
precursors
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Chapter 4

Flame analysis

In the previous section 3-3, discussed the potential of measuring the flame front continuously
for flashback prevention. Both the flame location and fluctuations might provide indicators
for the onset of flashback. Theretofore, sensors are required to collect data about the current
state of the flame and/or the approaching flow. In this chapter, different sensors are evaluated
for their abilities to detect and predict flashback. First, the different flame properties are
described, which can be exploited to gather information about the undefined state of the
flame. In the second section, the main test setup is described. Then for each sensor, the
working principles, testing principles and data analysis are explained. In the last section, all
sensors are compared to choose the most appropriate sensor.

4-1 Extracting data from flames

Fire is different from other matter in the universe. In the era of the agent Greeks, fire was
considered as an element. Since fire consists of different chemicals in different states, this
assumption is incorrect. The chemical combustion reaction between oxidizer and fuel results
in a heavy reaction. This reaction is exothermic, so heat is released. The hot gasses in the
reaction zone are visible as flames and emit light. The flame’s heat is hot enough to ionize
atoms, which is also the case in plasma [44].
The three basic ingredients for fire to exist are fuel, oxygen, and heat. Therefore, the flame
ingredients should be sustained otherwise the flame extinguishes. For measurements, sensors
cannot be attached directly to a flame because of the flame’s abstract nature. Measurements
can only be done indirectly. Multiple physical principles can be exploited to get informa-
tion about the state, location, and presence of the flame and flow. Commonly used sensors
for combustion monitoring in gas turbine are thermocouples, optical sensors, and dynamic
pressure sensors [45]. Table 4-1 shows the different possible options for the physical and chem-
ical properties of fire that can be measured with currently existing sensors. Four promising
properties are identified.

Table 4-1: Morphological overview of the physical mechanism of the flame that can be exploited
by sensors to gather information about the flame.

Mechanism Free radials Heat release Pressure Chemiluminescence
Sensor options Ion sensor Thermocouple Microphone Photodetector

The first mechanism in the table is free radials present during the reaction by the ionization
of particles. As shown before in Figure 2-3, the reaction consists of many chain reactions
and in this process hot gases are able to ionize atoms and the free electrons, that are shortly
present, can be detected by ion sensors.
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The second mechanism exploits the exothermic nature of the reaction. Heat is produced and
is emitted in the form of radiation. The radiation heat can be sensed by heat-sensitive sensors,
such as thermocouples.

The third mechanism is the acceleration of the hot gasses across the flame front. The heat
accelerates the flow and this generates a pressure difference, which can be measured by a
pressure transducers or microphones.

The final mechanism is the emitting of light, in the form of electromagnetic waves, by the
chemical reaction. The fuel composition of the fire affects the electromagnetic radiation,
emitted by the flame. If the frequency of the electromagnetic radiation is in a specific band,
it is visible for the human eye. There exists a wide range of light-sensitive sensors, that
capture different parts of the light spectrum. An array of these photosensitive sensor points
form an imaging sensor. The image output of these photo-sensitive sensor can be analyzed
to get information about flame position and angle.

4-2 Experimental setup

The sensors are tested on the setup located in a combustion lab at the TU Delft. A schematic
overview can be seen in Figure 4-1. Further details can be found in Appendix A. The main
setup was previously used in another master thesis project from [7], [37], [13]. The fuels,
natural gas and hydrogen and oxidizer, air, are line supplied. The flow of these gasses are
indivually controlled by three mass flow controllers. The fuel mixture and oxidizer are mixed
upstream. The mixture flows through the burner pipes and it is ignited at the burner exit.
The exit of the base burner is a simple copper tube with an outer diameter do = 28mm.
To accommodate a collection of different sensor configuration and interchange them easily, a
compression fitting is installed on top of the main setup.

Figure 4-1: Schematic view of the burner setup in the experimental facility. Modified image of
Faldella [7]
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4-3 Sensors

The proposed sensors are evaluated for their abilities to detect and find precursors for in-
dicating flashback onset by measuring the related property of the flame. The sensors are
discussed with the following structure. Firstly, the working principle of each sensor is ex-
plained. Then a hypothesis is formulated on the expected use of the sensor. Next, the sensor
setup design and test method are discussed. The test setup can run at different operating
conditions. The system variables are the Reynolds, stoichiometric ratio of the fuel and air
mixture, and the hydrogen content of the fuel. In previous experiments performed on this
setup, the stoichiometric value and hydrogen fuel content was mainly constant, so only the
Reynolds number was varied. As a starting point, the same procedure is used in this research
by taking the Reynolds as the varying parameter and keeping the other variables fixed. The
flame is operated at stoichiometric conditions (φ = 1) and the fuel contains 100% natural
gas.The combustion reaction of natural gas is less reactive than fuel mixtures containing
hydrogen. Therefore, the use of nature gas makes it simpler to investigate the flame for pre-
cursors. In the case some indicator are found, their efficiency could be demonstrated under
different conditions to support the claim.

4-3-1 Ion sensing sensor

Working principle

During the combustion process, the energy in the elementary reactions becomes large enough
to ionize some molecules [46]. This ion production is called the chemi-ionization process. From
the complex reaction schematic of methane, previously shown in Figure 2-3, not all reactions
contribute equally to the production of ions. Calcote [47] showed that ionization occurs only
in the thin reaction zone. This ionization cannot be explained by thermal ionization. After
the reaction zone the temperature remains high, but the ion concentration drops. He proved
that the mechanism in reaction equation in equation 4-1 is the key reaction for the presence
of free ions in hydrocarbon flames. The high concentration of ions in the reaction zone is a
useful property to locate the flame front by measuring the flame conductivity. Although the
reaction in equation 4-1 is the main contributor to the ion production, the ion CHO+ is not
dominantly present. The ion is the ion is faster consumed by the reaction in equation 4-2
than produced [46]. For this reason, H3O

+ is more abundantly present. This ion is in turn
converted into the molecules via the recombination reaction in equation 4-3.

CO +O → CHO∗ → CHO+ + e− (4-1)

CHO+ +H2O → CO +H3O
+ (4-2)

H3O
+ + e− → H2O +H (4-3)

The property of flame ionization is already used as a safety measure in many central heating
systems to detect if the fuel has been ignited. If the gas valve has opened, the flame rod
should detect the flame conductivity within a couple of seconds. Otherwise, the gas valve
closes again and the process repeats until the fuel has been ignited successfully [48].
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In the work of Thornton et al.[49], they describe the basic working principle of a 360 degrees
circumferential sensing sensor. An illustration of the sensor working principle can be seen in
Figure 4-2a. Two isolated electrodes are placed in the premix area at the end of a central bluff-
body. The electrode most upstream is called the sense electrode and the most downstream
electrode is called the guard electrode. The cathode is connected to the electrodes and the
anode is connect to the burner tube. If a voltage is applied to both electrodes, current can
flow from the electrode through a flame to close the circuit. Signal data from their experiment
can be seen in Figure 4-2b. The guard electrode measures the presence of the flame during
stable conditions, whereas the sense electrode has only a significant ionization current output
during intermittent flashback events. Since electric field lines do not cross, the presence of
the guard electrode in front of the sense electrode block the excess of the potential gradient
lines of the sense electrode to the combustion section. In the second part of the signal graph,
a voltage is only applied to the sense electrode. The output signal of the sense electrode is
significantly higher as the electrode can detect the flame in the combustion zone.

(a) Ion sensor, based on work of [49][50][51], where (1)
is the guard electrode, (2) is the sensing electrode,
(3) is the burner tube, (4) is the premixing section, and
(5) is the desired flame region or combustion zone. The
dotted lines represent the electrostatic field lines.

(b) Signal plot of both guard (red) and sense (blue)
electrode. Adopted from [50].

Figure 4-2: The ion sensor

This sensor can fulfill three types of functions [51]:

1. The signal from the guard electrode can be used to determine if a flame is present in the
main combustion. This is either useful during startup to detect the successful ignition
or during operations to detect blown out under fuel-lean conditions.

2. The guard electrode can also detect the onset of dynamic pressure oscillations as the
variation in flame ionization is proportional with pressure fluctuations.

3. The signal of the sense electrode detects flashback and intermittent flashback events.
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A disadvantage of this sensor is the low signal magnitude. In [51], the magnitudes are in
the order of 10−6 to 10−4 Ampere. Amplifying the signal with an operational amplifier can
enhance the signal strength. In Cheng et al.[52], the ionization of hydrogen flames was almost
negligible, but the signal became apparent with the addition of hydrocarbons. Ongkiehong
[53] stated that the conductivity of hydrogen flames is very low in the order of κ = 10−12Ω−1,
but in addition of a small amount of organic material the conductivity increases. Holm [54]
found that the signal strength of the sensor decreases by increasing the hydrogen content in
the fuel mixture.

Hypothesis

In section 3-3, the rate of intermittent flashback events was an indicator for the onset of
flashback. If these intermittent flashback events could be measured, the rate of the events can
be related to the change of flashback. It might be a precursor for indicating the occurrence
of flashback. The ion sensing sensor could fulfill task. The sense electrode detects flames
entering the premixing section. Therefore, the hypothesis is that the ion sensor can detect
intermittent flashback events in operation conditions to predict the onset of flashback.

Design

In Figure 4-2a, the guard and sensing electrodes were installed in the center body of a burner.
However, the setup for this project, described in Section 4-2, does not have a central bluff-
body. The electrodes are instead attached to the burner rim. An idea for the sensor design
is sketched in Figure 4-3a. It is called a spekkoek configuration since the electrodes are
stacked with layers of insulation in between. The two positive electrodes fulfill the task of
the guard and sense sensor with a common ground. The electrodes are electrically insulated
from each other to prevent a short circuit. A clamp connection holds the setup together. The
construction is connected to the burner via a screw thread.

For testing, the design is simplified by using two electrodes. The ion sensor is built from a
drilled-out compression fitting and was clamped on top of a piece of copper tube. The cathode
is attached to a body ring and the anode is attached to the copper tube. To electrical insulate
the two metals from each other, a single sheet of Novamica THERMEX is used [55]. The use
of Mica has two main advantages. Firstly, it has a high electrical resistance and secondly, it
can withstand heat up to 1000oC. Silicon kit is used to glue the parts together. This glue has
also high thermal resistance and it cannot conduct electricity. The final test sensor setup can
be seen in Figure 4-3b. The wires diagram is shown in Figure 4-4. A direct voltage Ub = 30V
is applied to the circuit. When a flame enters the tube, electrons can conduct through the
flame from the anode to the cathode. This generates a small current in the loop. This current
is converted to a voltage as the data acquisition device (explained in Appendix A) reads out
voltage data. Current is converted to a voltage signal by measuring the induced voltage drop
over a resistor. Applying a voltage of 30V results in a current in the order of I = 1µA. If the
voltage drop should be mapped to U = 1V , a resistor of R = 1MΩ is required, according to
Ohm’s law.
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(a) Sketch of the cross-section of the "Spekkoek" config-
uration for the electrodes of the ion sensor. The brown
parts are the electrodes, the orange are the insulating
layers, the gray parts are the metal connections. The
dotted lines are the potential gradient lines of the cur-
rent. When an ionized flame front is present, negative
charge can travel from negative to the positive electrode.

(b) Image of the ion sensor. The green cable connects
the anode to the copper tube. The black cable connects
the cathode to the body ring on top of the setup.

Figure 4-3: Ion sensor design and setup

Method

To test the ion sensor, flashback is triggered by reducing the Reynolds number from a stable
region to critical conditions. The experiment is recorded to analyse the behavior of the sensor.

Figure 4-4: Wiring diagram of the electrical circuit of the ion sensor.
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Results

The result of one of the ion sensor test is shown in Figure 4-5. At time t = 14.5s, a high peak
is visible in the data, which indicates the flame passing the sensor. During the non-flashback
conditions, a stationary sinusoidal noise of 0.2Hz is present in the data.

Figure 4-5: Result of testing the ion sensor with burner operating at 100% natural gas flame
and φ = 1.

Conclusions

The results show that the ion sensor can detect flashback. However, no intermittent flashback
events are detected, so the hypothesis is not true. The flame only enters the tube during the
full flashback event. As mentioned in the previous Chapter 3, the work of Schneider et al. [12],
they used a swirl burner with a central bluff-body, where the flame is behaving differently.
The flame behaves more like a confined flame as flame-flow interaction has a stronger effect, so
the flame can move in the axial direction. Therefore, the ion sensor is probably more suitable
for detecting the movement of confined flames. Also mentioned in that chapter, the quartz
tube research of Willems [13] revealed that there are no transient flashback events observed
for unconfined flames. The ion sensor cannot capture the instability of the flame, but it can
detect flashback. Since one sensor detects the entire 360 degrees circumferential, it cannot
distinguish the flashback location. For the sinusoidal noise is no clear explanation. It might
be a disturbance in the measurement circuit or a slow oscillating motion in the approaching
flow, but further research is required to pinpoint the real cause.

4-3-2 Thermocouples

Working principle

Thermocouples are heat-sensitive devices and are the most common method for measuring
temperature [56]. In the industry, they are often applied for flashback detection [45]. However,
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they have two disadvantages. Firstly, the sensor measures the temperature only at one specific
point. Secondly, the sensor’s mass takes time to heat up, so the response time has a delay.
They consist of two different electrical conducting joined metals [57]. The connection between
these two alloys is called the junction and can be made by different methods such as welding
and soldering. Different types of junctions exist: insulated, grounded, and exposed as shown
in Figure 4-6a [58]. The exposed junction offers the fastest response time, but the exposed tip
limits the robustness. Therefore, a trade-off is made between response time and durability.
The response time of an exposed junction is shown in Figure 4-6b, the smaller the tip the
faster the response. The junction produces a temperature-dependent output voltage. The
relation between these two is dependent on the materials and it is expressed by the Seebeck
coefficient αAB = ∆U/∆T [56].

(a) Different types of thermocou-
ple junctions. Adopted from [58].

(b) Response time of a typical exposed junction at the left and grounded junc-
tion at the right for different diameters. It is defined as the time required to
reach 63.2% of an instantaneous temperature change. The thickness 0.004
inches corresponds approximately to a thickness of 1 mm. Adopted from [59].

Figure 4-6: Thermocouples types of junctions and their response times.

Hypothesis

In section 3-3, different indicators for the onset of flashback are formulated. The effect of
change in average flame shape and flame fluctuations might be detectable detected with
thermocouples to indicate flashback onset. Therefore, two hypothesis are formulated:

• The thermocouples measure higher temperatures when the flow velocity is reduced. The
increased temperatures can be related to the decrease in the average flame angle.

• The thermocouples can measure the flame’s time constant because more fluctuations
are observed as the flame approaches the flashback point.
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Design

Multiple types of thermocouples are available, which differ in material composition, sensitivity,
and temperature range. The K-type thermocouple is a combination of r-Nickel-10% chromium
for the cathode and nickel-5% aluminum and silicon for the anode. This thermocouple is
used in this research for three reasons. Firstly, it has a wide temperature range (−270oC to
1260oC). Secondly, it is reliable and thirdly, it is accurate [56]. If multiple thermocouples are
used, they can be aligned in different configurations, for example:

• By placing the thermocouples in line along the tube, the position of the upstream
propagating flame can be determined.

• By placing thermocouples in a 360o configuration around the burner rim, the effect of
the wiggling flame can be detected. If the flame tip moves from one side to another,
one sensor will cool down as the other will heat up. Furthermore, the flashback location
can be detected since at this location the sensor heats up first.

For this design, the 360o configuration is chosen to test the hypotheses. The thermocouples
used in this experiment are exposed K-type thin 0.3 mm thermowires isolated protected by
an optical fiber sleeve, which sleeves can withstand temperatures up to 400oC. According
to Figure 4-6b, this thickness corresponds to a time response of 300ms. Although, this time
scale is slower than the flashback time scale, the temperature change is more relevant than
the exact temperature. The built 360o configuration is shown in Figure 4-7. Four small holes
are drilled 2 mm below the burner rim approximately 90o separated from each other. The
holes are sealed with silicon kit. The tip of the thermocouples should stick out as little as
possible because both the flow can be disturbed, and the flame can hatch to the thermocouple
instead of the rim.

Figure 4-7: The built 360o thermocouple configuration. The thermocouples are distinguished by
their cardinal location on the tube. The northern thermocouple is at the top side of the image,
the eastern thermocouple is at the right side of the image, etcetera.
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Method

To obtain the required information to test the hypothesis, multiple experiments are conducted
to collect the data. Two sets of experiments can be considered. During the first set, the flow
speed is reduced in small steps of 100 Reynolds to bring the flow from stable to flashback
conditions. Between each step, the flow got time to converge. During the second set, the
Reynolds was set at different constant values for the Reynolds number for each experiment.
This way measurements are less influenced by the transfer phenomena to limit disturbances.
The sampling rate is set to 50 Hz for most experiments to achieve maximum sampling with
four thermocouples. A couple of experiments are also conducted with fewer thermocouples
to enable higher sampling rates.

Results

The experimental results are presented in this section. The measurements are both visualized
and analyzed in the time and frequency domain to get different inside in the data.

(a) The temperature profiles for the four thermocouples
are shown in blue. They are indicated with cardinal points
to indicate the position on the burner. The temperature
is sampled with 50 Hz and is plotted as a function of Time
for a 100% natural gas flame at stoichiometric conditions.
The Reynolds is reduced in steps from 4500 to 3100,
shown in red. The flashback peak is visible.

(b) Zoomed in on the temperature at the flashback time
point. The flame flashed back at the eastern thermocou-
ple since this sensor was the first to increase significant
in temperature.

Figure 4-8: Temperature plots of a flashback experiment with thermocouples.

Time vs Temperature

Figure 4-8a shows a typical temperature profile behavior for the burner approaching flashback.
All sensors measured an increased temperature as the Reynolds reduces. The flashback peak
is visible at 563.5 seconds. If zoomed in on the temperature around the flashback time point
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in Figure 4-8b, the thermocouple in the eastern position was the first to increase rapidly in
temperature. Flashback, therefore, occurred probably at that side.

Reynolds vs Temperature

In Figure 4-9, the measured temperatures as a function of the Reynolds number are shown. If
the flow’s Reynolds number was reduced, the temperature increased slightly. A small spread
in the temperature is present at each Reynolds point. This variance is investigated further
in Figure 4-10. The variance is taken for a window size of 100 samples. The second-order
curve fitted on this data shows a minor increasing trend for the variance as the Reynolds
number was reduced. The flashback event is clearly visible as the variance speaks out of the
domain. Furthermore, reducing the Reynolds number resulted in a temporarily increase of
the variance.

When the variance is average at for a given Reynolds number set-point, it results in Figure
4-11. Here, a second-order fit on the data shows a parabolic trend with higher variance for
Reynolds numbers far away and close to flashback conditions.

Figure 4-9: Temperature as function of Reynolds number for the four thermocouples.

Correlations

Apart from verifying this with the variance it is also interesting to look into the correlation of
the sensors. The correlation indicates if there is a relation between the change of one variable
compared to another. In Table 4-2 the determined correlations for one experiment are shown.
All off-diagonal values are close to one, so the sensors are highly correlated.
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Figure 4-10: Variance of the temperature data for the four thermocouples with a window of 100
samples is plotted in blue. A second order curve fit is added on top of the variance. The Reynolds
is plotted in red.

Reynolds vs Frequency

In the time domain, the signal change over time is analyzed, but the frequency domain might
also give data inside. Figure 4-12a shows the frequency content in the data. This data is
recorded from an experiment where the burner is operated at three different constant Reynolds
numbers: far from flashback (Re=4500),closer to flashback (Re=4000), and critically close to

Table 4-2: Correlation of temperature data for an experiment up to flashback.

1.0000 0.9953 0.9971 0.9967
0.9953 1.0000 0.9954 0.9936
0.9971 0.9954 1.0000 0.9983
0.9967 0.9936 0.9983 1.0000
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Figure 4-11: Variance of the temperature for all data with the same Reynolds number set point.
A second order fit is added on top of the data. The flashback event occurred at Re=3200.

flashback (Re=3300). A 256-point symmetric Hamming window filter is applied to the data.
The data is highly correlated, resulting in a large overlap. No significant frequencies popped
up when comparing conditions far and close to flashback.

Spectrogram

A spectrogram is shown in Figure 4-12b. The window overlap is 50% and window size is
28 = 256 samples. This graph visualizes the frequency content of the signal at each time
step. The flashback event is clearly visible as the bright frequency band at the end of the
experiment. Up to flashback, no particularity frequencies are present as the frequency signal
is rather uniform.
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(a) Frequency plot of the thermocouple data. The ex-
periment are repeated twice, where burner is operated
under conditions far from flashback (Re=4500), closer
to flashback (Re=4000) and close to flashback
(Re=3300).

(b) Spectrogram with window size of 28 = 256 samples
and an overlap of 50%. The flashback event is clearly
visible as brighter horizontal line. During this flashback
experiment, the flow was reduced from 4500 to 3200 Re.

Figure 4-12: Frequency analysis of thermocouple data.

Reynolds vs flame angle

The relation between the flame cone angle and flow velocity is determined from a flashback
experiment where the flow velocity was reduced step by step. From images at different time
instants, the flame angle and the corresponding Reynolds number was determined. The
findings are plotted in Figure 4-13. A linear fit can be fit through the data points. The closer
the average flame front moves towards the rim, the more heat is sensed by the thermocouples.

Figure 4-13: Reynolds vs flame angle shows a correlation between the decrease in flow velocity
and increase in flame angle.
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Conclusions

The thermocouple data have been interpreted in various ways to find indicators of flashback
onset as proposed in the hypotheses. It has been observed that the measured temperature of
each thermocouple is different. There are two possible reasons for this. Firstly, the thermo-
couples are not mounted at the same distance from the burner rim, and secondly, they could
protrude differently among the different thermocouples. In the time domain, a clear sudden
spike is visible, making it simple to distinguish from the burner in non-flashback conditions.
Furthermore, the flashback location of the flame is determined with the four thermocouples
in the 360oC configuration. This can be useful for a local flashback prevention system, which
requires the position of the tip of the upstream propagating flame front. The thermocouples
are however highly correlated so extracting time constant of the flame wiggling is not possible.
A flame approaching flashback shows a slow temperature increase when the flow velocity was
reduced. This can be explained by the relation between the flame angle and Reynolds number
of the flow. If the flame angle increases, the flame front will move closer to the rim and more
heat will be sensed by the thermocouples. By looking at the variance of the temperature data
over time, a small but insignificant increase is observed. From the averaged variance at the
same Reynolds number, it becomes apparent that the variance in the middle regime is the
lowest and can be considered a stable region. Towards flashback and blow-off, however, the
variance increases.
The frequency data did not show precursors indicating the onset of flashback. Thus, it is
difficult to indicate exactly when flashback occurs.

4-3-3 Pressure microphone

Working principle

Pressure transducers and microphones can pick up the pressure fluctuations or change in
static pressure. A pressure wave passing by the sensor deforms a pressure sensitive mem-
brane. Pressure transducers are often piezoresistive strain gauges applied [60]. The pressure
is measured as the resistance changes as a function of the applied strain.
According to Strahle [61], the noise in combustion systems noise arises from two effects. The
first effect is the random motion of the turbulent working fluid in both time and space. This
generates an unsteady pressure field. The second effect is caused by the temporal heat release
fluctuations in the reaction zone, which generate pressure waves. These sounds are generally
random in both frequency output and amplitude. However, it can be a phase-coherent fixed
frequency oscillation in the case of combustion instabilities. The second effect is often the
dominant factor. The noise product during the combustion of hydrocarbons is usually in
the low frequency bands (20-200 Hz). These generated pressure waves can be picked up by
a pressure microphone. The intensity of the pressure waves from the combustion noise is
proportional to the surface fluctuations of the flame. It can therefore be a measure of the
instability of the flame front [62].
To improve the signal bandwidth, the pressure pules can be guided through an infinity coil.
This is a long thin tube damps out the pressure pulse, which prevents the reflection of the
wave. Mounting a microphone inline of this tube reduces the influence of disturbances in
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the signal to optimize the sensor’s bandwidth [14]. A configuration used for combustion
measurements in a gas turbine combustion chamber is shown in Figure 4-14.

Figure 4-14: Concept of an infinity coil. Adopted from Christman [14].

Hypothesis

As previously discussed in section 3-2, backpressure is already found in confined flames before
flashback occurs. The hypothesis is that the pressure sensor will measure a build-up of
pressure. This pressure changes might indicate the onset of flashback. Furthermore, the noise
of the signal might have different spectrum under different combustion conditions.

Design

Microphones are sensitive devices and care should be taken for their maximum allowable
temperature. Flames passing the sensor can damage the sensor. Therefore, the microphone is
mounted indirectly to the tube with an infinity coil configuration. The microphone is listens
to all pressure waves entering this additional tube and pass along the sensor. The built setup
is shown in Figure 4-15.

Figure 4-15: Infinity coil connected to the main burner with a microphone installed inline.
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Method

To test the microphone multiple experiments are conducted with the described setup. The
data acquisition device is operated at its maximum sampling frequency, 2000 Hz. The exper-
iments are performed at different fixed Reynolds numbers from far away from flashback to
close to flashback conditions. This done for conditions with and without flame to measure
the background noise of the cold flow.

Results

The results of the experiments can be evaluated in both the time and frequency domain to
get more insides.

Cold flow vs hot flow

The frequency spectrum for conditions with and without flame at a fixed Reynolds number
are compared in Figure 4-16a. Here, the data is shown for Re = 4200. The signal peaks
around 200 Hz. The hot condition has a higher signal strength for the low frequency region
than the cold condition. This was also observed by Rajaram et al. [63].

(a) Comparing the frequency spectrum of the
microphone data for conditions with Re = 4200 for both
conditions with and without flame (hot and cold). A
hamming filter with a window size of 2048 is applied on
the data after the FFT has been calculated.

(b) Spectrogram for conditions Re = 3800 and φ = 1.
The frequency is shown in normalized units and
the samples is the window number. The window size is
28 and the overlap of each window is half a window.

Figure 4-16: Frequency analysis of microphone data.

Spectrogram

To analyze the frequency content of the signal at each time frame, the short-time Fourier
transform of the signal is estimated. This estimate is visualized in a spectrogram and it
shows an estimate of the frequency content for a certain time window. See Figure 4-16b.The
flashback event is again clearly visible as the bright frequency bands at the end of the ex-
periment. The frequencies developing towards flashback stays rather uniform so again no
particular frequency band popped up.
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Pressure signal

The signal from the microphone for conditions with flame far away from flashback and close
to flashback are compared in Figures 4-17a and 4-17b respectively. The signal peak of the
flashback event is clearly visible. The width of the sensor signal is wider in conditions far
from flashback. This behavior is also shown in the average energy of the signals. The average
energy is compared for multiple experiments at different Reynolds numbers with a hot flow,
shown in Figure 4-18. The energy content of the signal reduces when the Reynolds number
is reduced.

The experiments in conditions with and without flame in the time domain at the same
Reynolds number, Re = 3800, are shown in Figures 4-17b and 4-17c respectively. It can
be observed that at the same Reynolds number the flame has a wider signal strength. This
indicates the flame produces more sound.

(a) Signal for experiment with flame
far from flashback
(Re = 4500, φ = 1).

(b) Signal for experiment with flame
at flashback conditions
(Re = 3800, φ = 1). The flashback
peak is visible from time t = 95s.

(c) Signal for experiment with
no flame (Re = 3800).

Figure 4-17: Signal from the microphone in three different conditions.

Figure 4-18: Average energy density for different experiments, where the Reynolds is varied
between Reynolds = 4500 and Reynolds = 3800 under hot conditions. The average is taken
over the signal up to flashback. A second order polynomial is plotted on top of the data.
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Conclusions

The experimental results showed that the microphone can detect the flashback event. A clear
peak is visible in the data. The power of the signal reduces for flames at lower Reynolds
since the reduces flow speed produces less noise. The combustion reaction also produces
noise since the signal power is higher for conditions with than without flame. Therefore, the
average energy of the signal could be a measure for how far the flame is from flashback, since
the average energy reduces towards flashback. However, the spectrogram did not contain
indicators revealing the occurrence of flashbacks since no particular frequency pop-up right
before the event occurred. The hypothesis is also invalid as the pressure build-up towards
flashback was not detected.

4-3-4 Photodetector

Working principle

Optical sensors sense the presence of a flame in their directly observable surroundings. Daniele
et al. [64] used a optical fiber in the premixing section to detect the flame. The advantages of
optical sensors are the absence of direct contact with the flow and a fast response. However,
measurements can only be done in a direct line of sight [49]. During the reaction, flames emit
radiation in the form of Infrared (IR)(λ ≈ 700 to 10000 nm), Ultraviolet (UV) (λ ≈ 10 to
400 nm) and visible light(λ ≈ 380 to 750 nm) [15]. The emission spectrum for hydrogen-air
flames is shown in Figure 4-19. In the visible wavelength spectrum not much light is emitted.
Most light is emitted in the UV or IR spectrum.

(a) Spectrum peaks for UV to near IR. It should be noted
that the values in the near IR region are scaled by a factor
6.5 compared to the OH peak.

(b) Spectrum peaks for large infrared wavelengths.

Figure 4-19: The emission spectra of a typical premixed hydrogen-air flame. Adopted from
Schefer et al. [15].

To measure the entire light spectrum, multiple sensors are required because a light-sensitive
sensors are designed to measure only light in a specific bandwidth. MSA [65] recommend
to combine multiple sensors to improve the performance of the optical sensor. For example
by combining UV and IR sensitive detectors. This dual-band sensor can distinguish better
between different types of flames and the reliability is improved against false alarms. This
counteracts the degraded performance of a UV sensor in the presence of smoke, dirt or dust.
Another advanced sensor is the Multi-Spectrum Infrared Flame Detector (MSIR), which is
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sensitive to multiple frequencies in the IR domain. These sensors are tuned to detect a specific
flame source and are immune to IR light patterns from other sources.

Design and method

If a light sensitive digital sensor array is used, such as a camera, the images from this sensor
can deliver information about the flame. Algorithms can be developed to process the data to
obtain information about the shape and location of the flame front. However, this requires
post processing of the data. This requires computational time and can be slow in real time
detection systems. Instead, a single light sensor was first tested with a single point measure-
ment. This fire detection sensor is sensitive to light between 760nm to 1100nm. This sensor
is tested by mounting it close to the flame. The acquisition was done with an Arduino sensor.

Result

It was expected that with this sensor a light spectrum of the flame could be determined.
However, the flame sensor’s output is a binary value. It outputs one in the case a flame was
present in the line of sight. Due to this binary nature, no precursors can be identified with
this single sensor.

4-4 Sensor comparison

In the previous sections, the different sensors are tested in their capabilities to both detect
flashback and find precursors, indicating flashback onset. The comparison is summarized in
Table 4-3. All tested sensors can detect the flashback event. Since flashback occurs very
abrupt and it has a high intensity, it is easily distinguishable from the non-flashback state.

Table 4-3: Comparison of the different sensors

Sensor Features Precursors Detection Remarks
Ion Detects passing flame by – – No information ++ Clear detection Can work well

electric conductivity prior to flashback for CIVB flashback
Thermocouple Measures temperature + Detect shift of flame ++ Clear detection Relatively long

changes from heat by flame angle time constant
Microphone Sound spectrum +/– Change in spectrum + Shift in spectrum Better potential with

intensity advanced data processing
Photodetector Light spectrum, – Binary signal + Detects if flame is Better potential with

only in line of sight at desired location advanced data processing
and advanced sensors

The ion sensor cannot measure precursors, indicating the onset of flashback. The flame was
expected to exhibit intermittent flashback events as in a swirl burner. Nonetheless, BLF
occurs abruptly, so no information is available prior to a flashback event. A signal was only
measured after the flame passing the sensor during a full flashback event. The flame produces
an immediate signal response after flashback because electrons are rapidly conducted through
a flame. This results in a short detection time of the fault. The sensor is also only sensitive
to conducting flames, so it is insensitive to other heat sources in the environment.
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Thus, the sensor is able to detect flashback, but cannot provide information about the onset
of flashback. This detection may better work for CIVB flashback as the flame propagates less
abrupt and has intermittent flashback behavior.

The thermocouple data reveals a clear sudden temperature spike in the case of flashback,
making it simple to distinguish from the burner in non-flashback conditions. A flame ap-
proaching flashback showed a slow temperature increase when the flow velocity was reduced.
This precursor is the result of the flow velocity decrease, increasing the flame angle. As a
result the flame moves closer to the thermocouples.

By using multiple thermocouples, it is possible to estimate the start location of flashback.
This can be useful for a local flashback prevention system, which requires the position of the
tip of the upstream propagating flame front. The disadvantage, however, is the relatively long
time response of the thermocouples because heating and cooling of mass require time. The
effect can be reduced by using thin thermocouples.

A flashback event is clearly visible in the microphone data as it produces more noise than
in non-flashback conditions. The microphone measured a change in signal power towards
flashback. As the flow velocity is reduced, the intensity of the sound of the approaching flow
also decreases. This can be used as an indicator of a flow approaching flashback conditions.
Measures can be taken in time to prevent the occurrence. However, no precursors are found
directly related to the onset of flashbacks. The expected build-up of pressure is not observed.
More advanced processing tools are required to extract possible more information from the
microphone data of the flame and flow.

The advantage of microphones is the fast response due to the high sampling rates, so flashback
detection is quick. The disadvantage of this sensor is that the surroundings and approaching
flow produce lots of noise. Therefore, it is hard to distinguish the flame from the flow sounds.

The photo-detector can measured if a flame is present at the desired location. The used
sensor, however, had a binary signal as output, making it impossible to get information prior to
flashback. If an array of these sensors or more advanced photo sensor were used together with
advanced processing tools, the position of the flame front could be estimated. This information
might reveal interesting insides in the behavior of the flame wiggling and flame angle close
to flashback. This should done offline since calculation requires more computational time.
There is is still an use case for this sensor as secondary sensor to measure the presence of a
flame in the line of sight.

If the advantages and disadvantages of the sensors are weighed against each other, the ther-
mocouple are the sensor of choice. This is because there is a precursor indicating the build-up
towards flashback and the location of flashback along the rim can be determined. Although the
heating and cooling effect of the thermocouple limits the reaction time, this is compensated
by using thin thermocouples. Furthermore, thermocouples are already frequently used in the
industry and the heat resistance of the sensor make it interesting to use as state estimator in
the control design.
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Part III

Control: prevent and counteract
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Chapter 5

Counteracting flashback

As investigated in Chapter 4, no attribute was found in the measurement data directly related
to the onset of flashback. Although the event is triggered abruptly, the temperature profile
indicates the flame movement towards conditions with a higher likelihood of flashback. During
a flashback event, the flame travels upstream and can damage vulnerable parts. This upstream
movement of the flame should be opposed. In conventional burners, the fuel supply is shut
off in the case of a detected flashback event. This blows off the flame and requires restart
of the system. In this chapter, a proof-of-concept is designed to allow continuous operation
of the burner even in the case of flashback. This flashback counteraction system will be
integrated in a control system as is explained in the next chapter. After flashback detection,
the counteraction system is activated to counteract the effect of flashback. Hence, a restart
of the system is prevented and the burner remains operational.

This chapter starts by explaining the design requirements. Thereafter, the different options
for counteracting flashback are discussed. A proof-of-concept is designed for the most feasible
option. In the remainder of the chapter, this design is tested and evaluated.

5-1 Design requirements

A flashback counteraction system is required to put the flame back to the desired location on
top of the rim to prevent a restart. This system is built into the setup in the lab facility, as
explained in section 4-2. For the design of this system, a set of requirements is defined:

• Should have fast activation after flashback detection
• Should put flame back to desired location
• Minimal flow disturbance

After the detection of flashback, the counteraction should start as soon as possible to limit
the upstream movement of the flame. This requires a fast responding actuator. Furthermore,
the actuator should be able direct the flame back on top of the rim to continue operations.
Also, disturbances can trigger the flashback event, so the actuator should not disturb the
flow. Hoferichter et al. [66] the addition of the injection slots resulted in an initial penalty,
due to the flow disturbance. Otherwise, the burner would be better of without additional
flashback prevention measures.

The main setup has its mass-flow controllers placed far upstream of the burner exit. Therefore,
changes to the settings of these devices take time before the new flow conditions arrive at
the location of the flame and this could be too late to counteract flashback. By locally
influencing both the flow and flame close to the burner exit, the reaction time is drastically
reduced. Options for locally controlling the flame are discussed in the next section.
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5-2 Actuator options

For the existence of a flame three ingredients are required to ignite the fuel and keep it burning:
oxygen, heat and fuel. If one of these three elements is missing, the flame extinguishes.
Therefore, quenching, starving and smothering of the flame can be used to take control. These
effects provide different possibilities to counteract the effect of flashback. Three counteraction
methods are identified: decreasing the flame speed, increasing the flow speed and locally blow-
off the flame. These methods are explained in this section.

Decreasing flame speed

The flame speed can be reduced by diluent boundary layer injection to change the equivalence
ratio, as this ratio is proportional to the flame speed. Daniele et al. [64] used nitrogen
injecting into the boundary layer as passive control to suppress flashback. The nitrogen was
injected into the premix zone upstream of the reaction zone. The nitrogen dilutes the reactive
mixture in the boundary layer. This reduces the flashback propensity and it stops upstream
propagation of a hydrogen-carbon monoxide flame.

Baumgartner and Sattelmayer [67] investigated the injection of air at different angles, axial
upstream positions and mass flow rates.The further upstream the lower the positive effect on
the flashback propensity because the injected air had more time to mix, reducing the diluting
effect. Furthermore, adding flow rates up to 10% resulted in a reduction of the flashback
propensity. Adding more air did not change the propensity. The importance of the injector
angle is small.

Increasing flow speed

The flow speed can be increased by increasing the mass flow of the incoming mixture. By
allowing more fluid flow through the mass flow controllers, the flow velocity is increased in
the premixing section. During flashback, the flame can be pushed out of the premix section.
As mentioned, the main setup has its mass-flow controllers placed far upstream of the burner
exit, so by injecting additional air close to the burner exit, the reaction time is reduced.

Local flame blow-out

Completely blowing the flame off is not desirable because it discontinues the operation. How-
ever, by injecting a colder fluid into the boundary layer, the flame temperature is reduced.
If the flame temperature is reduced below its ignition temperature, the flame will locally
extinguished. Water absorbs the heat and use the energy to expand in volume [68]. In these
conditions, the the flame can no longer withstand.

The development agency of the USA army [69] conducted research to different ways to blow
off a flame. They investigated the use of acoustic waves. The blowout of a flame did not occur
at a specific sound frequency nor pressure level. It was mainly dependent on the local air
displacement at the flame body. The acoustic wave accelerates the flow speed above the blow-
off limit. Parallel to the investigation of acoustic flame suppression, they also investigated
flame blow-off with electric fields [70]. Flames of hydrocarbons produce ions during the
intermittent reactions of the combustion. An oscillating electric field can generate flows by
exerting momentum on the charged ions without using moving parts. This can be used
to extinguish or guide the flame. The oscillating homogeneous electric field nudges a flow
outwards away from the flame. The incoming mixture follows this path. It deflects from the

Master of Science Thesis T.H.M. van der Laan



52 Counteracting flashback

Figure 5-1: Tip of the burner with the injector system configuration installed, consisting of an
injector and four thermocouples.

reaction zone. This can result in sufficient delay to prevent further upstream propagation of
the flame.

5-3 Design of the counteraction system

As an initial design starting point, the injection of air is investigated to mitigate the flashback
event. Air has less safety issues than using noble gasses or fuels to dilute the boundary layer.
Furthermore, pressurized air lines are already present in the combustion lab. Local injection
of air has two effects in the burner. Firstly, it reduces the equivalence ratio of the flame.
The relation between equivalence ratio and flame speed was shown previously in Figure 1-3.
Secondly, the injected air generates additional mass flow to push the flame downstream.

The designed and built injector setup is shown in Figure 5-1. The injector is mounted per-
pendicular to the burner tube as it easiest to solder. Four thermocouples are attached in the
360oC to detect the presence of flashback. A supervisor analysis this temperature data and
controls the valve of the actuator. This explained in more detail in Chapter 6. The amount
of air injected depends on the time the valve is opened and on the pressure of the supply line.
These are the control variables of the injector. As described in section 3-2, the flame travels
upstream during flashback with speeds up to 1.4ms−1. To accommodate the time required
for the detection and activation of the countermeasure, the air injector is located at 60 mm
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from the burner tip. This reduces the chance that the flame has passed the actuator before
it is activated.

5-4 Test method

The counteraction system design is tested by performing experiments with the lab setup.
Since natural gas is less reactive than hydrogen, it is simpler to run the tests with 100%
natural gas. If control is achieved over the natural gas flame under these milder conditions,
it could be extended to higher hydrogen content fuels in future tests. The flashback event is
triggered by decreasing the average flow speed to critical conditions.
If the flashback event occurs, the supervisory system should detect it as fast as possible.
Otherwise, the flame can travel past the counteraction system before a puff of air can be
injected. In such case, the counteraction has failed and the burner has to be switched off.
The control parameters for this experiment are the injector valve opening time, ranging from
100 ms to 3000 ms, and the line pressure of the compressed air supply, ranging from 2 bar to
5 bar. It is tried to push the flame back from the confined to the desired unconfined location
by varying these parameters.

5-5 Results and discussions

During the experiments, different results for counteracting after a flashback event were ob-
served. These results are summarized in Table 5-1. It was difficult to oppose the flashback
event as most experiments failed to push flame back on top of burner rim. For most exper-
iments, either not enough air was injected or the injection timing was incorrect. Only one
experiment resulted in a successful outcome.

Table 5-1: Summary of the different observations during the counteraction experiments.

Observation Result
No injection Flashback was not detected or failure in circuit
Too short injection Flame failed to go back to top of the burner rim
Too little momentum Upstream movement of flame movement was only temporally stopped
Too late injection Injection did not stopped upstream movement
Successful Flame was pushed back on top of the burner rim.

At the end of this chapter, Figure 5-3 shows the time sequence of images for the successful
counteraction. Flashback occurred in the second image. After the detection, air was injected
for 1.5s to push the flame back to the desired burning position on the rim in the third image.
From image third to image nine, the flame was present in the premixing section. In image
twelve, the flame was finally back on top, so the flashback event was successfully counteracted.
The poor performance could be the result of the direction the air is injected into the burner
tube. The air is injected perpendicular to the core flow. This may have two disadvantages.
Firstly, the perpendicular injection may not generate the required upward momentum to push
the flame downstream. It either just temporally stopped the flow or temporally slowed the
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(a) Cross-section of the improved design. (b) Prototype of the improved design.

Figure 5-2: Improved counteraction system design

flame before traveling further upstream. Secondly, injecting air mainly in the bulk flow does
not dilute the flow to reduce the flame speed enough. Since confined flames travel along the
burner wall upstream, the perpendicular injection does not effect the boundary layer enough.

To generate enough upstream momentum along the burner wall, the injected air stream should
be guided. In Figure 5-2a, the cross-section of an improved design is shown. An air ramp
is applied by putting a narrowing tube inside the burner tube. If the air from the injector
is pushed against this ramp, it will swirl upwards along the entire wall. The design has a
disadvantage by disturbing the incoming flow. This affects the flashback resistance negatively.
With this design the counteraction could be more reliable to oppose the flashback event, but
further testing is required to validate the build. A prototype of the improved injector is shown
in Figure 5-2b.

This chapter investigated the different options for counteracting the flashback event. The
design of the injector system proved the concept of using active measures to counteract flash-
back. However, more design iterations and tests are required to get a properly working and
reliable setup.This counteraction strategy can be implemented in the fault tolerant control
framework to deal with flashback events in operation domains with high flashback propensi-
ties. This framework is discussed in the next chapter.
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Figure 5-3: Time sequence of the cure of flashback by opposing the invent via injection of air
at 60 mm from the burner tip. Injection opening time is 1500 ms at 2 bar pressure. The time
interval between the images is variable. The flashback event occurred in image two. In the third
image, air was injected. In image twelve, the counteraction was successfully completed.

Master of Science Thesis T.H.M. van der Laan



Chapter 6

Fault-tolerant control framework

The flashback counteraction system, designed in Chapter 5, is a proof-of-concept for utilizing
active actuators to oppose the effect of flashback to enable extended operation of the burner.
Since prevention is better than cure, the to-be-designed controller should avoid the occurrence
of flashbacks. As investigated in Chapter 4, the increasing temperature can indicate the
flame movement towards conditions with a higher likelihood for flashback occurrence. This
precursor could be used to steer away from flashback conditions. Both the prevention and
counteractive measures are combined in the fault-tolerant control framework.

The design of the fault-tolerant control framework is presented in this chapter. In the first
section, the burning system is decomposed in the different input, outputs and states. The
second section explains the proposed fault-tolerant controller framework. This framework
has three tasks between which is switched. In the third section, the first task, the preven-
tion controller, is treated. The dynamics of the non-flashback model are identified. For a
controller, different tuning methodologies are evaluated. The robustness of the proposed con-
troller is verified through loop shaping interpretation. The section ends with simulation of
the disturbance rejection and reference tracking behavior. In the fourth section, the flashback
counteraction is treated. Flashback is identified and the flashback occurrence modelled. The
same is done for the behavior of the counteracting system. The models are combined to sim-
ulate the flashback counteracting behavior. The fifth section explains the safety switch. This
third task is explained and its behavior is modelled and simulated. In the last section, the
supervisor mechanism is presented and the switching behavior of the controller and system
are explained.

6-1 Description of the burner system

To get a better understanding of the burner system, as described in section 4-2, a block
diagram is drawn in Figure 6-1. Two input streams, the fuel and air flow, enter the system.

Re
Fuel Flashback Non-

Flashback

Burner

System

T

Figure 6-1: Block diagram of the system. The inputs are fuel and air, and the temperature is
the output. The system has two states either flashback or non-flashback.
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The air flow is expressed by the Reynolds number Re. This number has a linear relation
with the air flow speed. However, the equivalence ratio φ and fuel content are considered
constants. For simplicity, the framework is tested with pure natural gas as a starting point.
Therefore, the Reynolds is assumed to be the only control variable. The Reynolds operating
range is between 3200 and 6000 when operating at natural gas. Above Reynolds of 6000,
the flame blows off and around a Reynolds of 3200, there is a large change in the occurrence
of flashback. The flame blows off above approximately 6000 Reynolds and there is a large
propensity for flashback around 3200 Reynolds.
The system has two states either flashback or non-flashback. The dynamics of both states
are distinct. To switch between these system states, the additional variable δfb is defined.
However, as explained before, the stochastic nature of the flashback onset is not fully under-
stood. Thermocouples measure the system output as explained in Chapter 5. The output is
expressed as a vector containing all temperature data T =

[
TC1 TC2 TC3 TC4

]ᵀ
.

6-2 Proposed controller framework

To deal with the risk of flashback in the burner system , a complete fault-tolerant framework
to control a flashback event is proposed. This framework increases the flashback resistance of
the system and it counteracts possible flashback events. The block diagram of the controller
is built around the burner system and is shown in Figure 6-2.

Re
Fuel Flashback Non-

Flashback

Burner

System

Tref
Prevention
Controller

Safety
Switch

Counteraction

Supervisor

+

-

Controller

cmδ

δguard

T

Figure 6-2: Block diagram of the fault-tolerant controller framework.

The burner system is an open-loop control system, where the output is not compared to the
(reference) input of the system. Open-loop controlled systems have three main advantages
compared to closed-loop systems [71]. Firstly, they are simple to construct. Secondly, they do
not have a stability problem. Lastly, they are convenient when the system output is difficult
to measure, as is the case in the flashback problem. However, external disturbances or varying
parameters can cause errors in the output. For example, the fuel content or equivalence ratio
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could change. This results in a drift of the temperature signal and leads to a premature
flashback occurrence. Using a negative feedback loop avoids this problem. The measured
output is fed-back and subtracted from a desired temperature reference signal. The resulting
error term is the controller input. The closed-loop controller responds to this error term by
adjusting the input signal. As a result, it is possible to use simpler models of the burner
system to obtain an efficient controller.

The intelligence of the controller is in the supervisor block. This block decides which control
actions should be activated, so the system has a fault-tolerant design. The fault-tolerant
control strategy is threefold:

• Prevention controller: Temperature control in the non-flashback state. During this
stable operation, the flame is steered away from high flashback propensity conditions to
prevent the onset of flashback and follows the desired reference path.

• Counteraction: Detect flashback events and apply counteraction to oppose the fault.
• Safety switch: Shut fuel supply off when flame cannot be stabilized within a specific

time frame as a last safety resort to fail safe.

The input of the controller framework is the temperature and the reference temperature. The
different controller outputs are: u =

[
Re δcm δsafety

]ᵀ
. The flow speed of the approaching

air is expressed by the Reynolds number Re, meaning changes in the Re are entirely from
changes in the flow speed. δcm ∈ {0, 1} is a binary value indicating the activation of the
counteraction. δsafety ∈ {0, 1} is a binary value indicating the activation of the safety measure
to safely stop the system operation.

6-3 Prevention controller

In this section, the design of an appropriate prevention controller is discussed. This controller
is able to reject disturbances and follow a desired reference temperature Tref . These actions
steers the flame state away from flashback conditions above a critical temperature Tfb to
prevent the occurrence of flashback. A control strategy is determined based on the following
set of requirements:

• Disturbances that could steer the system towards flashback should be rejected.
• The distance to the reference temperature should be small.
• Overshoot of the temperature should be avoided as it can trigger flashback.
• T < Tfb, the temperature of the thermocouples should be outside the flashback domain.
• Large fluctuations in the controller output should be avoided as system instabilities

result in flashback or blow-off.
• The actuation effort should be bounded as the flame can only exist in a specific Reynolds

domain.

6-3-1 Non-flashback burner model identification

A model is a simplification of the real world. It should be as simple as necessary but not
simpler than that. The system dynamics, captured by a model, are required for the controller
design as it helps to shape the desired system response. Different methods are available
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to obtain a model of the non-flashback burner system. In Section 3-2, different theoretical
model proposals are listed to describe the boundary layer flashback phenomenon. Ljung [72]
distinguishes three types of model structures:

• White box models: These models are constructed entirely from theoretical knowledge
and physical inside.

• Grey box models: Engineering knowledge is used to suggest a model structure and
order. The model parameters are estimated based on data.

• Black box models: The model is entirely estimated based on data as no physical insights
are available.

For this flashback problem, grey box modeling method is employed as the physics of flames in
the non-flashback situation are known. For system identification, the procedure of Verhaegen
et al. [73] is used.

System identification experiment

First, a system identification experiment is designed. Input and output data is used for
estimating the model parameters. The data is measured in open-loop to capture the dynamics
of the system in the non-flashback case. If enough information is present in the data, input
and output data measurements can reconstruct the model. If the input is persistently excited,
the mapping to the output can identify the system [73]. For this property, the input should
be different than zero. The data was collected using the burner setup, introduced in Section
4-3-2. The input sequence to the open-loop system is taken as a negative step in the flow
velocity, expressed by the Reynolds number. Since the temperature dynamics of the system
are slow, a large step is required to see a clear response in the output data. The Reynolds
was stepped down from 4200 to 3500. The response for the four thermocouples, present in
the setup, can be seen in Figure 6-3.

Figure 6-3: Result of the system identification experiment. It shows how the output temperature
T responds to a negative step in the input Reynolds Re.
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Data pre-processing

To improve the model estimate, pre-processing is applied to the data for better feature extrac-
tion. From all data signals, the offset is removed to start the step signal at zero. Unfortunately,
the experiment was stopped before the system reached steady state. As a solution, the data
stream was artificially extended by repeating the last 5 seconds of the experiment 20 times.
This reduced the steady state error of the fit.

System identification

The step input provokes a system response, which is typical for a thermocouple. A first-
order model describes this dynamics. The general structure of this first-order non-flashback
system model is described by the transfer function Gnom in equation 6-1, where K1 and K2
are the parameters to determine. The Reynolds Re input is mapped to the temperature
T . The temperature is both the state and output of the system are equal. The continues-
time representation of this model is also shown in equation 6-2, where T (s) = L{T (t)} and
Re(s) = L{Re(t)}.

Gnom(s) = T (s)
Re(s) = K1

K2s+ 1 (6-1)

Ṫ (t) = −1
K2

T (t) + K1
K2

Re(t) (6-2)

Then the parameters of the first-order model are determined for each thermocouple by using
the Plant identification of the PID tuner from the Control Systems Toolbox in MATLAB
version R2020a [74]. It combines both the input/output data and the model structure to
determine the model parameters with non-linear least squares. This optimization method tries
to minimize the sum of squared residuals between the determined output and the measured
output.

Model validation

The estimated parameters and the fitness are shown in Table 6-1, where the Fit Percentage
and MSE equations are given in equation 6-3 and 6-4 respectively. Here, n is the number
of measurement points, Ti is the temperature value of the fit at time i, T̂i is the measured
temperature at time i and last but not least T̄ is the average temperature. These fitness values
are indicators for both the over-fitting performance and how well the model is a representation
for the real underlying model. For simplification, the model is considered as a single-input
and single-output (SISO) system. Only one of the obtained models is used as the behavior of
the different sensors is approximately the same. Since model of thermocouple TC3 has the
best scores, it is used to tune the controllers in the next sections. The first-order model fit is
shown in Figure 6-4.

MSE = 1
n

n∑
i=1

(Ti − T̂i)2 (6-3)
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FitPercentage = (1−
∑n
i=1(Ti − T̂i)2∑n
i=1(Ti − T̄ )2 )× 100% (6-4)

Table 6-1: Results of the model fit for each thermocouple. The determined parameters are given
in the second and third column. The goodness of the fit is expressed by the Fit percentage and
the Mean Squared Error are presented in the fourth and fifth column.

Parameter K1 Parameter K2 Fit percentage MSE
TC1 -0.01213 18.04 84.8% 0.21
TC2 -0.009579 16.03 86.4% 0.10
TC3 -0.01229 17.4 87.5% 0.15
TC4 -0.01252 15.61 87.3% 0.15

Figure 6-4: First-order model fit of thermocouple TC3 plotted on top of the extended training
data.

6-3-2 Controller design

The model of the burner system is identified in the previous section as a simple first-order
linear model. Three types of controllers are investigated for their control capabilities.
Simple control strategies available to control this model are in the class of linear closed-loop
dynamics controllers. In process control, most control loops are a PID type of controller [75].
This type of controllers has the three abilities. Firstly, the system is controlled based on the
proportionality of the error. Secondly, steady-state offsets are removed by integral action.
Finally, the closed-loop stability is improved through derivative action. For many systems,
PI gives good control performances.
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Another type of control is Linear-Quadratic Regulator (LQR) control. According to a specified
performance measure, the optimal controller action is determined, based on both the system
states and controller output values. To eliminate the steady-state error, an integrator can
also be added, which leads to the Linear-Quadratic Integrator (LQI) control.

The third investigated control type is Pole Polacement Regulator (PPR) control. The design
is based on the characteristics of the desired closed-loop poles of the system. For small-
order systems, as in this problem, this type of regulator is useful. A disadvantage is that
the actuation effort is not taken into account, so it should be checked if they lay within the
desired bounds. Otherwise, the gain should be reduced.

These three different controller can have the same control structure with both a proportional
and integral action. This structure is shown in Figure 6-5. Here, KP is the proportional gain
and KI is the integrator gain. In this section, the design methods for each controller are
investigated. Eventually, the controller performances are compared to each other to decide
on the method, used for the prevention controller.

Figure 6-5: Schematic diagram of PI controller.

PI

Many types of PID controllers and there derivatives exist. In practical applications often PI
is applied for two reasons. Firstly, since noise is present in the thermocouple measurements,
using derivative controller action results in high fluctuations in the controller output. This
causes wearing in the valves. Secondly, the derivative action increases the control complexity.
For these reasons, the derivative is not used and undesirable for many industrial applications.

The PI controller removes the steady state offset and gives a good transient response to the
set point. The proportional action provides a control action proportional to the control error
of the system e = Tref −T , which can be tuned by the term KP . A larger control gain implies
a larger control action in case of a large error. The integral action provides a control action
proportional to the accumulative control error, eI =

∫
e(t)dt. It removes the offset when the

system is in the steady-state and is tuned by the term KI . Using the Laplace transform the
transfer function of the controller is written in equation 6-5.

K(s) = KP + KI

s
(6-5)

The controller is tuned by using the PID tuner from the Control Systems Toolbox in MAT-
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LAB. The gains are tweaked, such that the overshoot is minimized and settling time appro-
priate.

LQI

In a Linear-Quadratic (LQ) problem, linear sets of differential equations describe the system
dynamics. A quadratic function describes the related costs. This problem can be solved
by the LQR feedback controller. The LQR has the property to minimize the steady-state
error instead of converting to zero steady-state error. Applying high gains is a dissatisfactory
solution. Young and Willems [76] proposed a different solution. They removed the steady-
state error by using both the nominal state and the integral error xi in the control law. This
integral error is the difference between the reference signal and the system output. This
control law is known as the Linear Quadratic Integrator (LQI) controller. It results in the
same control structure as shown in Figure 6-5.
If the initial state is not considered then the infinite-horizon discrete-time LQI cost function
is described by equation 6-6, where z =

[
x xi

]ᵀ
are the nominal state x and integrated error

xi and the system state is u. The weighting matrices Q, R and N are describing the cost.
The optimal control law is given in equation 6-7. The controller gain matrix K is determined
by using equation 6-8, where P is a positive definite matrix and the solution of the Discrete
Algebraic Riccati equation found in equation 6-9. To be able to solve the Riccati equation,
the state matrix A and input matrix B should be controllable, R � 0 and Q,P � 0. For
simplification, the cross term weighting matrix is omitted, so N = 0. Tuning is done by
tweaking the cost matrices Q and R.

J =
∞∑
k=0

(zᵀkQzk + uᵀkRuk + 2zᵀkNuk) (6-6)

uk = −Kzk (6-7)

K = R−1(BᵀP +Nᵀ) (6-8)

AᵀP + PA− (PB +N)R−1(BᵀP +N) +Q = 0 (6-9)

Pole placement

To tune the pole placement regulator, the characteristic of the poles of the closed loop are
required. The closed-loop transfer function is derived in equation 6-11, using the open-loop
transfer function in equation 6-10.

L(s) = K(s)G(s) = KP s+KI

s

A

Bs+ 1 = AKP s+AKI

Bs2 + s
(6-10)

J(s) = L(s)
1 + L(s) = AKP s+AKI

Bs2 + s+AKP s+AKI
= (AKP /B)s+AKI/B

s2 + (1 +AKP )/Bs+AKI/B
(6-11)
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The denominator of the closed-loop transfer function identifies as the characteristic equation.
The definition of the characteristic equation is presented in equation 6-12, where ζ is the
damping ratio and ωn is the undamped natural frequency. It is the standard form of a
second-order system [71]. The closed-loop response is described by the variables ζ and ωn.

s2 + 2ζwns+ w2
n (6-12)

The overshoot Mp can be expressed by these variables as in equation 6-13. The same applies
to the settling time tset, where the response converges within a 2% margin range, as given in
equation 6-14.

Mp = e−(ζ/
√

1−ζ2)π (6-13)

tset = 4
ζωn

(6-14)

The damping ratio ζ is determined from the overshoot Mp in equation 6-13. Using this ζ and
the desired settling time in equation 6-14, the required natural frequency ωn is determined.

The controller gain values KP and KI are determined by equalizing the desired second-
order behavior of the characteristic equation 6-12 with the denominator of equation 6-11.
Afterwards, the controller output response must be checked because the additional zero in
the closed-loop transfer function in equation 6-11 can influence the performance.

Comparison

The performance of the different tuned controllers are evaluated in this section. Based on the
requirements in the beginning of section 6-3, the most appropriate tuning method is selected.
The controllers are tuned to get the performance to an unit step input, shown in Figure 6-6.
The tuning of the PI controller resulted in:

KP = −40 , KI = −3.7

The weighting matrices for the LQI controller are tuned to:

Q =
[
5 0
0 1000

]
, R =

[
100

]
The damping ratio and undamped natural frequency of the PPR controller are tuned to:

ζ = 0.8261 , ωn = 0.0807

The characteristic information about the gains, overshoot, settling time, and maximum con-
troller gain of Figure 6-6 is shown in Table 6-2. The PI has a slightly longer settling time
than the pole-placement controller, but the overshoot is lower. the PPR controller fits these
requirements the best as it has the fastest settling time and a descend overshoot. Therefore,
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the controller gains of the PPR will be implemented for the prevention controller to follow the
temperature reference. Although, the controllers in the class of linear closed-loop dynamics
are robust against disturbances, determined in the next subsection, these type of controllers
are less suitable to deal with parameter-varying. It requires an extended identification pro-
cedure in different operating conditions. The gains of the model will vary in accordance with
the varying of the system parameters.

Table 6-2: Controller gains of the different controller options

KP KI Mp[%] tset[s] ||umax||
PI -40 -3.7 1.08 63.2 85
LQI -2.0 -3.2 8.2 125.9 90
PPR -107.4 -9.2 3.2 58.3 110

Figure 6-6: Closed-loop performance of PI, LQI and PPR controller to an unit step response.

6-3-3 Robustness

To determine the robustness of the prevention controller, the effect of disturbances at different
locations in the closed-loop are evaluated through the loop shaping interpretation [77]. The
general closed-loop feedback configuration is shown in Figure 6-7. The controller output of
this system is expressed in equation 6-15 and the plant output is written in equation 6-16.
Here, r is the reference signal, n is sensor noise, di is disturbance on the controller output
and d is the disturbance on the system output with dynamics Gd, T ′ is the output of the
plant and T is the temperature with the disturbance on the system output. The controller
is defined by the block K and the non-flashback burner model is defined by the block Gnom.
Possible sources of the disturbances are partly covered in section 6-2. They can lead to the
occurrence of premature flashback.
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Figure 6-7: The general closed-loop feedback configuration. Based on Zhou [16]

u(s) = K(s)(r(s)− n(s)− T (s)) + di(s) (6-15)
T (s) = Gnom(s)u(s) +Gd(s)d(s) (6-16)

The open-loop transfer function is given in equation 6-17. This equation can be used to sim-
plify, both the sensitivity transfer function and complementary sensitivity transfer function.
These transfer functions for SISO systems are defined in equation 6-18 and 6-19 respectively .
Together, they sum to the identity matrix S(s) +Z(s) = I. The sensitivity transfer function
maps the output disturbance to the temperature and the complementary sensitivity transfer
function maps either the reference or the negative of the sensor noise towards the tempera-
ture. Using equations 6-15 up to 6-19, the closed-loop transfer function of the control system
can be written as in equation 6-20. These definitions are used to describe the robustness of
the controlled system in the remainder of this subsection.

L(s) = Gnom(s)K(s) (6-17)

S(s) = 1
1 +Gnom(s)K(s) = 1

1 + L(s) (6-18)

Z(s) = Gnom(s)K(s)
1 +Gnom(s)K(s) = L(s)

1 + L(s) (6-19)

T (s) = Z(s)(r(s)− n(s)) + S(s)Gnom(s)di(s) + S(s)Gd(s)d(s) (6-20)

Reference tracking performance

The reference tracking performance indicates for the accuracy the system can follow reference
signals. The reference tracking performance are determined, using the transfer function in
equation 6-21. Here, the error is mapped to the temperature, which is the open-loop transfer
function. The bode plot of the transfer function is shown in Figure 6-8. The system has
good tracking performance for frequencies below ftrack, which is the frequency in the bode
plot where the open-loop transfer function crosses the +20dB line. All frequencies below that
frequency ftrack amplify the error signal by at least 99%.

T (s)
e(s) = L(s) (6-21)
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Disturbance rejection performance

The system has good rejection performance for the high frequencies in the error signal above
the frequency fdist, which is the frequency in the bode plot where the open-loop transfer
function L(s) crosses the -20dB line. All frequencies above the frequency fdist attenuate the
signal by at least 90.9%, so higher frequencies signals are rejected.

Tracking

Error disturbance rejection

Sensor
noise
rejection

trackf

nrejf
distf

Figure 6-8: Bode plot of the open-loop, sensitivity and complementary sensitivity transfer func-
tion.

Sensor noise attenuation performance

Noise in the environment has a negative effect on the sensor measurements. The effect of
the sensor noise on the output is therefore evaluated. The transfer function of this relation
is given in equation 6-22. The bode plot of Z(s) is given in Figure 6-8. The sensor noise
attenuation performance is defined by the crossing of -3dB line. Here, the controller cuts off
at least half of the power for frequencies higher than the cross-frequency fnrej . All frequencies
above the cross-frequency fnrej are considered as rejected.

T (s)
n(s) = −Z(s) (6-22)

Output disturbance attenuation performance

Unmodeled dynamics or disturbances have an effect on the system model output. The transfer
function of the relation between these disturbances and the output is given in equation 6-23,
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where the dynamics of the unknown disturbance are also present. Since the dynamics of the
disturbance are not known, they will be considered unity. The system has good rejection
performance for the disturbance frequencies in the error signal above the frequency fodistrej ,
which is the frequency where the transfer function crosses the -3dB line. The controller
attenuates at least half of the power for frequencies higher than this cross-frequency. All
frequencies above fodistrej do not influence the system performance.

T (s)
d(s) = S(s)Gd(s) (6-23)

Input disturbance attenuation performance

Also, disturbances on the input could have an effect on the output of the model. The transfer
function relating these disturbances and the output is given in equation 6-24. The bode plot
is shown in Figure 6-9. As can be seen in the bode plot in Figure 6-9, all frequencies have
magnitudes below -3dB. Therefore, all signals are sufficiently attenuated. This disturbance
does not significantly influence the system performance.

T (s)
di(s)

= S(s)Gnom(s) (6-24)

Figure 6-9: Bode plot of the input disturbance transfer function.

All the above described performance and robustness measures are summarized in Table 6-3.

6-3-4 Simulation tracking and disturbance rejection

The virtual performance of the controller are tested to demonstrate its use. The simulations
are done in Simulink [74]. For more information about the designed simulation model, see
Appendix B. For these simulations, a scenario is written where the reference temperature
follows a predefined path. The reference signal is set to the arbitrary constant value 55oC,
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which is below flashback conditions. The system is initiated at 50oC and the controller pushes
the temperature to the reference value. After 100 seconds, an artificial bounded disturbance
is added to the system. This disturbance could represent for example an undesired increase
in the equivalence ratio. The disturbance is modeled as a ramp function, representing a slow
drift towards flashback conditions in the measured temperature. The temperature path of
the disturbance is shown in Figure 6-10a. Since the Reynolds is assumed to be the only
controllable parameter, the system will correct itself by increasing the Reynolds number of
the incoming flow to a new equilibrium value, shown in the output controller signal in Figure
6-10b. The temperature response of the system is shown in Figure 6-10a. The controller
tracks the reference temperature and disturbances are rejected.

(a) Simulation of the prevention controller, which tracks
a predefined reference path and rejects a disturbance.

(b) Output control signal of the prevention controller.

Figure 6-10: Prevention controller simulation

6-4 Flashback counteraction

The previous section discussed the prevention controller. However, flashback cannot always
be prevented. For example, when the burner is operating in an unstable regime. Although
prevention is better than cure, the abrupt occurrence of flashback cannot be predicted ac-
curately. To limit the negative effects of a flashback event, the flashback counteraction from
Chapter 5 is implemented in the framework.

Table 6-3: Robustness performance of the prevention controller. Expressed by the frequency in
Hertz.

Cutoff frequency definition performance
ftrack amplify the error signal in open-loop up to 99% < 0.0019 Hz
fdist attenuate the error signal in open-loop up to 90.9% > 0.1239 Hz
fnrej attenuate the sensor noise in close-loop up to 70.79% > 0.0159 Hz
fodistrej attenuate the output disturbance in close-loop up to 70.79% > 0.0111 Hz
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In Figure 6-11, a sequence of illustrations shows the position of the flame front at the different
stages during the counteraction of flashback. In the first illustration, the system operates at
a high Reynolds number, so the flame profile is elongated. In the second illustration, the
Reynolds is reduced, so the flame tip approaches the burner rim. Flashback occurred in the
third illustration, thus the flame travels upstream. In the fourth illustration, flashback is
detected and the counteraction is activated by setting δcm = 1. A puff of air is injected to
push the flame back downstream in illustration five. In illustration six, the flame is back at
the desired location and the counteraction is stopped.

This nature is discussed in this section, so the behavior of the counteraction can be simulated.
First, this section discusses the trigger of flashback. The second subsection covers the mod-
eling of the flashback behavior. The third subsection explains the flashback detection and
counteraction activation. Fourth, the model of the counteraction behavior itself is discussed.
Finally, the simulation results are shown.

Figure 6-11: Sequence of illustrations showing the flame front position at different stages during
the counteraction of flashback.

6-4-1 Probability of the flashback occurrence

Since the onset of flashback is not fully understood it is also challenging to implement a
model which describes the occurrence of the phenomenon. Therefore, a trigger is designed to
determine when flashback occurs. At this time instant, the disturbance variable δfb changes
to indicate the presence of flashback. From previous experiments, flames observed to have
a higher tendency to flashback at higher temperatures. At these elevated temperatures, the
flow speed is reduced and the flame moved closer to the rim. The temperatures were in the
same order of magnitude at the time step before the high flashback peak occurred. In Table
6-4, both the average and limits of the flashback temperature can be seen for the different
thermocouple, obtained from six experiments. This observation resulted in the following
hypothesis: flashback occurs as a certain temperature limit is exceeded. This trigger can
be modeled as a hard line, representing the flashback temperature limit Tfb. Flashback is
activated when this limit is crossed.
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Table 6-4: Average, minimum and maximum temperatures of the flashback limit Tfb just before
flashback, determined from six experiments.

Thermocouple TC1 TC2 TC3 TC4
Average 71 67 75 74
Minimum 67 62 71 69
Maximum 77 71 80 80

However, the flashback temperatures are not equal in each experiment. Some variance is
present in the data. To take this probabilistic nature of the phenomenon into account, the
flashback limit model is considered as stochastic. Since only a limited amount of experiments
is conducted, it is impossible to accurately state the likelihood of flashback onset at a certain
temperature. The minimum and maximum temperatures can give limits on the domain of
an arbitrary outcome. This can be described by assuming a uniform distribution, defined in
equation 6-25 with lower boundary Tllim and upper boundary Tulim [78]. This probability
function determines at each time step the critical flashback temperature. If the current
temperature exceeds this limit, the model will trigger flashback.

f(Tfb) =
{ 1
Tulim−Tllim

, for Tllim ≤ Tfb ≤ Tulim
0 , for Tfb < Tllim or Tfb > Tulim

(6-25)

6-4-2 Flashback model identification

The response of the system during non-flashback and flashback conditions is distinct from each
other, as observed in the temperature measurements in Chapter 4-3. Flashback is considered
as a external disturbance in the system. Another model is then added to the non-flashback
model to output the flashback behavior. For the identification of the flashback model, the
temperature data from a flashback experiment is used. The temperature response is shown
in Figure 6-12. The observed temperature peak during flashback is due to the flame passing
by the thermocouple. This results in contact between the hot flame and sensor as the flame
travels upstream. The identification is different from the non-flashback model because instead
of using the Reynolds as the input signal, the variable δfb is used. This variable indicates
in simulations when the flashback dynamics should be present in the model. If flashback
occurs, the variable will change with a positive unit step. To get a better fit, the temperature
data is pre-processed by removing the off-set. The temperature response can be fit with a
second-order model. Again the Plant identification of the PID tuner from the Control Systems
Toolbox in MATLAB is used for fitting. The transfer function is given in equation 6-26. This
result is also plotted in Figure 6-12 on top of the experimental data.

Gfb(s) = K3s+K4
s2 +K5s+K6

= 16.5s− 16.5
s2 − 1.933s+ 0.9328 (6-26)

6-4-3 Flashback detection for counteraction activation

After the detection of flashback, the counteraction system is activated. In this subsection, the
flashback detection method is selected. The thermocouples, discussed in Chapter 4, revealed
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Figure 6-12: Second-order model fit based on experimental data from a flashback event.

high peaks in the temperature data during flashback events. Flashback is a fault with a very
abrupt step behavior. The goal of the fault detection is threefold [79]. Firstly, the missed
detection rate should be minimized. Secondly the false alarm rate should be minimized and
thirdly, the time between the faulty event and the detection should be minimal. The speed of
detection and accuracy are therefore important to take counteractive measurements in time.
Different methods are available for flashback detection. Three main groups of fault detection
methods are identified: Signal-based, model-based and knowledge-based methods [80]. The
most simple and frequently used method to detect a fault is the deterministic limit checking
test [29]. In its most simple form it checks if the measured value exceeds a specific threshold,
either an upper or lower limit. The normal operation domain is defined by equation 6-27.
Here, T (t) is the current temperature, Tllim is the lower fault detection limit and Tulim is the
upper fault detection limit. These limits may not be set strict because normal fluctuations
can trigger false alarms. However, a too high threshold should also be prevented to minimize
the detection time. Another method is to use trend checking. Here, the first derivative is
compared to limits. The relative change of variables between two timesteps should be within
a specific domain as defined in equation 6-28.

Tllim < T (t) < Tulim (6-27)

Ṫllim < Ṫ (t) < Ṫulim (6-28)

In Figure 6-13, the trend checking method is tested on experimental data from a flashback
experiment. The limit Ṫulim, is placed as close to the data as possible to prevent false alarms,
but not so close that normal temperature fluctuations could trigger flashback. The algorithm
has good performance for detecting flashback, so it is implement in the fault-tolerant controller
framework.
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Figure 6-13: Experimental data of flashback event. Flashback detection is demonstrated by
using limit checking with in this case the limit Ṫulim = 5.

For the flashback detection problem, a hypothesis is defined in equation 6-29. The trend
checking algorithm should accepts or rejects the hypothesis. The first temperature derivative
is determined by recording the relative change between each time step. If the signal is below
the defined temperature upper limit, flashback is not present or not detected. If this is not
true, flashback is detected and the flashback detection variable is δcm = 1. The limit is
iteratively determined to Ṫulim = 3.8, so both the amount of false positive detection and the
detection time are minimized.

{
δcm = 0 , for Ṫ (t) < Ṫulim

δcm = 1 , for Ṫ (t) ≥ Ṫulim
(6-29)

6-4-4 Counteraction model identification

In the previous section, the flashback detection is discussed. After the detection, the counter-
action system is activated to stop the upstream propagation of the flame and push the flame
back on top of the burner rim. In Figure 6-11, the flame behavior during counteraction was
explained. The corresponding temperature profile has been observed in an experiment, shown
in Figure 6-14a. During this experiment, the flame managed to escape from flashback by itself
and jumped outside the premixing section. Shortly thereafter, the safety valve closed. Due
to a slightly different thermocouple configuration in this experiment, the flame temperatures
are higher than observed in Figure 6-12. The hot flamelets touching the thermocouples cause
high peaks in the temperature response. The first flashback peak is previously modeled by
the transfer function of the flashback event in equation 6-26. However, a model for the second
peak has to be identified. This second peak results from the flame passing the thermocouple
again to go back on top of the burner. The model Gcm describes the flame behavior after a
successful counteraction. The dynamics look similar but the second peak is lower than the
first peak because there was not enough time for full cool down. The temperature increase
is 71% lower. The model of the flashback peak is therefore used with a reduction factor Kred
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to reduce the temperature increase, shown in equation 6-30.

Gcm(s) = Kred
K3s+K4

s2 +K5s+K6
= 2

7
16.5s− 16.5

s2 − 1.933s+ 0.9328 (6-30)

(a) Experiment showing the thermocouple behavior for
a flame experiencing incomplete flashback as the flow
pushed the flame out of the burner by itself.

(b) Simulation of the trigger of flashback and the suc-
cessful counteraction of flashback.

Figure 6-14: Experimental and simulated temperature signal for flashback counteraction.

The time between the two peaks ∆tpeak, is the accommodation time of the flame in the burner
tube before the counteraction is successful. From Figure 6-14a, the peak to peak time ∆tpeak,
has been determined at approximately 1.8s. This value is added as a delay in the model to
accommodate the residence time of the flame in the tube.

At some time the model should switch off the counteraction and operate again with the
prevention controller as flashback is over. The proposed criteria is given in equation 6-31. If
the temperature is again within a set bandwidth of the reference temperature, the supervisor
switches the control action. The bound ηswitch is set within 5%.

T (t)− Tref (t)
Tref (t) ≤ ηswitch (6-31)

6-4-5 Simulation

The virtual behavior of the counteraction controller are tested to demonstrate its use. The
simulations are done in Simulink [74]. For more information about the designed simulation
model, see Appendix B. The simulation result is shown in Figure 6-14b. The reference track
is set to 62oC, which is equal to the lower bound of the flashback limit Tfb. This way, the
onset of flashback is forced. At t = 235s, the flashback limit is exceeded and the flashback
model becomes active as δfb = 1, shown in Figure 6-16. The peak is clearly detected in Figure
6-15, so the counteraction model could be quickly activated. The peak from the counteraction
model is also detected by the trend checking algorithm.
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Figure 6-15: Simulation of flashback detection. Peak detection is used for counteraction acti-
vation. A peak is detected if ∆T exceeds the limit Ṫulim ≤ 3.8.

Figure 6-16: The change of δfb and δcm during the simulation of counteracting flashback.

6-5 Safety switch

The counteraction system, discussed in Chapter 5, is not perfect. In the case counteracting
flashback has failed, additional safety measures are required. This safety switch shuts off the
fuel supply to safely stop the upstream movement of the flame. In Figure 6-17, a sequence of
illustrations shows the position of the flame front at the different stages of the safety switch.
The first three illustrations depict the build-up towards flashback, as previously explained in
section 6-4-4. In the fourth illustration flashback is detected and the air injector is activated.
However, the action was not able to push the flame back, so the fifth illustration shows the
continued upstream movement of the flame. The safety switch is activated if a flame peak is
not detected again within a reasonable time frame. It both switches off the fuel supply and
stop the counter action, so the flame is extinguished.

6-5-1 Safety switch model identification

When the safety switch is activated, the variable δsafety = 1. The temperature response after
the activation of the safety switch could already be seen in the experiment of Figure 6-18. It is
observed as a nod in the cooling down rate at 196 seconds. During the experiment, the safety
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Figure 6-17: Illustration of the working of the the behavior of the safety switch.

system switched off the fuel supply because the Ultraviolet (UV) sensor in the lab detected
no longer a flame at the desired location. The natural cooling down rate of the system is
determined with this response. A first-order model describes this behavior with an unit step
input. The transfer function is given in equation 6-32. Again the model is fitted with the
Plant identification of the PID tuner from the Control Systems Toolbox in MATLAB.

Gsafety = K6
s+K7

= −1.536
s− 0.9855 (6-32)

Figure 6-18: Safety switch modeled by first order model based on experimental data of extin-
guished flame. In this experiment, the fuel supply was shut off after 196 seconds. Zoomed in
version of Figure 6-12.
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6-5-2 Simulation

To test the virtual performance of the safety switch, the change is added to the simulation
that the counteraction do not succeed δsucces = 0. The exact success-rate of the designed
system is not known. Therefore, the assumption is made that one out of three counteractions
fails. Based on the experiment in Figure 6-14a, the residence time of the flame in the tube is
in the order of one to three seconds. Therefore, the allowable time between the peaks is set
to ∆tpeak < ∆tlim = 3s.

In Figure 6-20, the simulation result is shown. The first two flashback events are counteracted
successfully, but the third counteraction failed. According to Figure 6-20, the event was
detected. However, the flame was not pushed back on top of the rim within the time ∆tpeak.
Therefore, the supervisory system enabled the safety switch to blow the flame off, as a result
the systems cools down to ambient temperatures. The gain is compensated by a factor 0.25 to
converge to this temperature. At the point the flame blew off, a nod is slightly visible in the
data. A restart of the burner is required to continue operating. Nevertheless, two flashback
events has been counteracted, so the simulation showed the enlarged operation time of the
burner.

Figure 6-19: Simulation of the burner operating. Two flashbacks are successfully counteracted,
but the third is not, so the safety switch is activated and turned of the flame.

Figure 6-20: Simulation output of the controller variables. Two flashbacks are successfully
counteracted. The counteraction δcm is deactivated after convergence. However, the third event
is not successfully counteracted, so the safety switch δsafety is activated to blow out the flame.
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6-6 Supervisor

The behavior of all the subsystems of the proposed controller framework are explained and
defined in the previous sections. The supervisor does the detection and decisions for which
controller task should be applied based on the measured temperature output. Both the dy-
namics of the burner and the controller framework are switching. The burner switches between
flashback, non-flashback conditions and cooling down dynamics. The controller switches be-
tween the three controller tasks. A hybrid automaton provides a general framework for the
specification and algorithmic analysis of switching systems [81]. It is a finite-state machine
with continues variables, evolving according to their dynamical laws. The discrete and contin-
ues nature of the system dynamics are combined. This model is used to describe the behavior
of the designed fault-tolerant control framework.

Initiate

No FB CM succes

CM failed

FB

Cool down

Figure 6-21: Hybrid automaton of the switching system.

The switching system

Using the hybrid automaton in Figure 6-21, the switching behavior of the system is explained.
The system is initiated in the non-flashback state. The prevention controller keeps the tem-
perature at the desired Tref . The gatekeeper decides when a system may switch to another
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state is denoted by G, accompanied by a state reset, denoted by R. If the output temperature
T exceeds the critical flashback limit Tfb, the system will switch to the flashback state. Here,
the dynamics of flashback are added as a disturbance to the temperature output. During the
switch, the flashback variable is set to δfb = 1, and the temperature state is reset to the last
value of the non-flashback temperature state to remove discontinues. The supervisor detects
flashback if the trend checking exceeds the limit Ṫulim. The counteraction system is activated
δcm = 1. The random variable δsucces determines the success rate of the counteraction. If
this is the case δsucces=1, the counteraction dynamics pushes the flame back to the unconfined
configuration. When the temperature is within a specific bound of the reference, the super-
visor decides to switch back to the prevention controller to follow the reference temperature.
The states of the controllers are reset. However, if the counteraction has failed δsucces = 0,
the supervisor will activate the safety switch δsafety = 1 to switch off the system, so the
temperature cools down to ambient conditions. The safety switch is activated if no flame
passes the thermocouple within ∆tmax time after the flashback occurred.
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Conclusion

Hydrogen is a promising fuel for both reducing greenhouse gas emissions and being used as an
energy carrier for renewable energy sources. The adaption of hydrogen instead of natural gas
as a fuel in gas turbine combustors introduces additional challenges regarding flame stability.
One instabilities is boundary layer flashback. This phenomenon occurs if the flame speed
exceeds the local flow velocity. Then the flame can propagate upstream, which can result
in equipment failure. Lean premixed hydrogen mixtures are more prone to boundary layer
flashback because hydrogen flames have both a smaller quenching distance and higher flame
speed compared to natural gas. Therefore, operating at 100% hydrogen fuel content is an
enormous challenge. Therefore, a fault-tolerant control framework has been proposed to
actively control the prevention of boundary layer flashback in unconfined Bunsen burners.

Flashback is a stochastic process, where the unconfined flame abruptly enters the burner tube.
The change of flashback increases as the Reynolds number of the flow is reduced. This might
have two causes related to the increase in Reynolds stresses. Firstly, at lower flow velocities,
the flame front becomes unstable as the thermal-diffusive instabilities have more time to
develop. Less high velocity streaks are present to push the flame back and the flame has more
time to burn its way towards the tube. Secondly, the flame angle increases. This results in
higher accelerations across the flame front and hence increase in Reynolds stresses. Both the
increase in flame fluctuations and reduction in flame angle are reasonable as indicators for a
flame moving towards flashback.

However, the complex nature of a flame makes it challenging to measure these effect in a
flame. Four types of sensors are investigated in their ability to detect flashback and find
precursors in the data, indicating the onset of flashback. Each investigated sensor type uses
a different physical mechanisms of the flame.

• The ion sensor uses the presence of free ions in the combustion reaction to measure the
flame front. The flame’s upstream movement along the sensor was detected, but since
no intermittent flashback event were present, no precursor indicating the onset has been
found.

• The microphone measures the pressure fluctuations produced by the flow and the flame.
The noise produced during a flashback event is visible in the data. The sound of the
flame is difficult to distinguish from the flow. Towards flashback, the power of the signal
reduces as the lowered velocity of the flow produces less noise. No precursors are found,
announcing the onset of flashback.

• The photo-detector detects the light spectrum emitted by the flame. Using a single
binary IR sensor, only detects the presence of a flame. This is not useful for finding
precursors, but it is appropriate for a secondary sensor to verify the existence of a flame
at the burner rim.
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• The thermocouples measure the flame temperature. The flashback and non-flashback
case are simple to distinguish as a peak is present in the data. The temperature is
a precursor for the onset of flashback since the temperature increases with increasing
flame angle. Also, by placing multiple thermocouples in 360oC configuration on the
burner rim, it is possible to estimate the position, where the flame entered the burner.

Of the investigated sensors, the thermocouple is the most promising sensor for both flashback
detection and use the temperature signal as a control variable. It is used to detect flashback
and activate the counteraction system.

A proof-of-concept has been designed for a method to counteract flashback. The stochastic
nature of flashback always introduces the potential risk of flashback. Although prevention
is better than cure, a counteraction method is required to extend the operational time after
the occurrence of flashback. In conventional burners, the fuel supply is shut off in the case
of flashback detection. This blows off the flame and requires restart. For the detection
of flashback, the temperature data is combined with a trend checking algorithm. Different
options are possible to interact with the flame and flow either by decreasing flame speed,
increasing flow speed and local flame blow-off. A proof-of-concept build for the injection of
air close to the burner rim to both dilute the boundary layer and increase the flow speed.
Despite the difficulty to oppose a flashback event, the design of the injector system proved the
concept of using active measures to counteract flashback as it was possible to push flame back
on top of burner rim. More design iterations and tests are required to get a properly working
and reliable setup. This counteraction strategy can be implemented in the fault tolerant
control framework to deal with flashback events in operation domains with high flashback
propensities

The actuator and sensors are integrated in the fault tolerant control framework. This frame-
work increases the flashback resistance of the system and it counteracts possible flashback
events, which is considered as a fault in the system. A supervisor block has two functions.
Firstly, the supervisor uses a fault detection method, known as trend checking, to detect
flashback. Secondly, it decides which strategy should be applied, based on the temperature
measurements. The fault-tolerant control strategy is threefold:

• Prevention controller: A non-flashback burner model has been identified for tempera-
ture control. By closing the loop, the prevention controller is able to track a desired
temperature reference and reject disturbances, which normally steers the temperature
towards flashback conditions. Thereby, this controller keeps the system in a stable
domain. Different tuning methodologies based on the traditional PI, LQI, and PPR
are explored for this purpose. The robustness of the proposed controller was verified
through loop shaping interpretation. The PPR tuning resulted in the most appropriate
controller dynamics, so these gains are used in the controller.

• Counteraction: After the detection of flashback by the supervisor, the counteraction
system should be activated to counter act the upstream flame propagation. To continue
the burner operation, the flame is pushed back in the unconfined configuration. The
counteraction model has been identified together with a measure for the probability of
flashback occurrence.

• Safety switch: Since not all counteractions are successful, the safety switch operates as
a last resort. If the flame is not stabilized within a specific time frame, the fuel supply
is switched off to fail safe.
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The proposed fault tolerant control framework is intended to increases the flashback resis-
tance of the system by being more robust towards disturbances and flashback events that
would normally require a restart of the system. Its potential to do so has been confirmed
by simulations. However, further research is still required to run burners on 100% hydrogen
without flashback.

Recommendations and future developments

1. Implementing the framework in practise. The next step is to build the controller
and implement it in the setup to test its performance and capabilities in a real world
environment. The performance can be evaluated for different fuel (not just natural gas),
equivalence ratio and Reynolds compositions.

2. Improving the design of the injector system to boost the success rate of the active
counteraction system. A proposal has already been made to guide the injected air flow
upwards by placing a ramp in the burner.

3. Extending the identification for different fuel, equivalence ratio and Reynolds composi-
tions. The prevention controller may experience performance degradation as parameters
vary. Therefore, gain scheduling can be a solution.

4. Investigating flashback indicators for there capability to predict flashback in more
depth. More information about the flame angle and flame front fluctuations might be
found in video images of the flame front captured with a high resolution camera. This
requires offline and more advanced analyzing tools.

5. Controlling the confined flame configuration. For unconfined flames the onset of flash-
back is difficult to predict as there is no direct relation between flow and flame. A better
control problem would be controlling the flame height in a confined flame configuration.
In the tube, there is a stronger coupling between flame and flow, and the flame location
in the tube is a clearer system state.
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The experimental setup

In this chapter the experimental setup is explained, located in the combustion lab at the
TU Delft. It is used to test the multiple sensors and actuators. The setup consists of the
main burner tube with an interchangeable piece of copper tube in the last section, such that
different sensor and/or actuator configurations could be easily tested.

Main setup of the experiment

A schematic overview of the setup is shown in Figure A-1. The dimensions are given in
Table A-2. The main setup was used before in other master thesis projects of Faldella [7],
Lambers [37] and Willems [13]. The fuels (natural gas and hydrogen) and oxidizer (air) were
line supplied. The specifications of the supply line can be seen in Table A-1. The flow of
the gasses was controlled by three mass flow controllers. A Labview control panel was used
to interact with mass flow controllers. The fuel mixture and oxidizer were mixed upstream,
which flowed through the burner and was ignited at the burner exit. The exit of the main
burner was a simple copper tube with an outer diameter do = 28mm. Since different sensor
and actuator configurations were tested, a removable copper tube connected via a compression
fitting was installed on top of the main setup. In the next section the interchangeable setups
are explained.

Gas Max throughput [L(min)−1] Line pressure [bar]
Air 1000 6

Natural gas 100 2
Hydrogen 250 5

Table A-1: Specifications of fuel and oxidizer supply

Corner Horizontal tube Vertical tube End tube
Internal tube diameter di (mm) 25.0 25.67 25.67
Wall thickness tube th (mm) 2.0 1.1 1.1
Length l (mm) 2300 1000 20 to 30
Radius of curvature rc (mm) 85
Material PVC Copper Copper Copper

Table A-2: Specification of the setup
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Figure A-1: Schematic view of the burner setup in the experimental facility. Modified image of
Faldella [7]

Interchangeable setups

The main setup explained in the previous section was expanded with different additional tubes
to conduct experiments with different sensors and actuator configurations. During the entire
duration of this master thesis, five different setups were manufactured. These tubes were
connected to the main setup via a compression fitting. All the setups were made of copper
tubes with an outer diameter of 28 mm. In this section, the sensors and their mounting
location are explained in more detail.

Setup S1

The first generation setup was built to accommodate the ion sensor on top of the copper tube.
The ion sensor was build from a drilled out compression fitting and was clamped on top of a
piece of copper tube, which could be connected to the main setup. The cathode was attached
to a body ring and the anode was attached to the copper tube. To electrical insulate the two
metals from each other a single sheet of the mineral Mica.

At 45 mm distance from the top of the copper tube a small 15 mm diameter tube was hard
soldered at right angle to the copper tube. It was used to mount different pressure sensors.
One of the pressure sensors was a Validyne pressure transducer model DP103-12, which has a
pressure range of 140 Pa. It was connected via a flexible tube to the setup. The other pressure
sensor was a microphone, the Sonion microphone 8040, which was put into use together with
a infinity tube. This setup is shown in Figure A-2a. The infinity tube is connected to the
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small copper tube of the setup with flexible tubes and the microphone was aligned in front
of hole of the infinity tube. The infinity tube had a length of more than one meter.

(a) Setup S1 with microphone connected together with
an infinity coil to the setup and ion sensor mounted on
top of the burner.

(b) Setup S2 with four thermocouples in 360o degree
configuration.

Figure A-2: The first iteration and the second iteration of the setup.

Setup S2

The second iteration of the setup was build to test different thermocouple configurations.
There are multiple types of thermocouples, which differ in material composition, sensitivity
and temperature range. For this experiment, the K-type is used, which is a combination of
Chromel and Alumel and has a wide temperature range (−270oC to 1260oC) and is reliable
and accurate [56]. By using multiple thermocouples a better estimate of the flame’s (flashback)
location can be made. The thermocouples can be aligned in different configurations:

• By placing the thermocouples as a liner into the tube the position of the upstream
propagating flame can be determined. By interpolating the data the current location
of the flame can be estimated.

• By placing thermocouples in a 360oC configuration around the burner rim, the effect
of the wiggling flame can be detected. If the flame tip moves from one side to another,
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one sensor will cool down as the other will heat up. Furthermore, the flashback location
can be detected since at this location the sensor heats up first

In this design both configurations are applied. There are four thermocouples placed at 90o
degrees from each other at 5 mm from the top of the rim. Furthermore, thermocouples are
placed in the liner for estimating the position of the confined flame after flashback. There are
four thermocouples placed at 10, 30,90 and 150 mm from the rim respectively. The setup S2
is shown in Figure A-2b.

(a) Setup S3 with connections for an electret microphone
and four thermocouples in 360oC configuration.

(b) Setup S4 with connections four the injector and four
thermocouples in 360oC configuration.

Figure A-3: The third iteration and fourth iteration of the setup.

Setup S3

In the third iteration of the setup the findings from the previous setups are applied to improve
the design. The thermocouples in the 360o configuration were moved closer to the rim. They
are placed at 2 mm measured from the top of the rim to sense the flame better. Also, the
holes of the thermocouples should be as small as possible and sealed to prevent air leakage.
The additional air makes the fuel mixture locally leaner. The tip of the thermocouples should
stick out as little as possible because both the flow can be disturbed, and the flame can hatch
to the thermocouple instead of the rim. The liner configuration was not investigated further
because the main interest in this research is to keep the flame on top of the rim. Next to
the improved thermocouple configuration, an electric condenser microphone was tested. This
microphone has a fixed plate and a vibrating plate. This moving plate vibrates due to the
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sound waves, generating the sensor output. The microphone was integrated in an MAX4466
Arduino board. The microphone is mounted in a 9 mm hard soldered tube connected at right
angle of the burner tube at 170 mm from the top. The setup S3 is shown in Figure A-3a.

(a) Cross-section of the improved injector system. (b) Electric circuit for operating the injector, where R is
a resistance and U is the power supply

Figure A-4: Injector system configuration

Setup S4

In the fourth iteration, the goal was to close the loop and build a system to test the-proof-
of-concept by counteracting a flashback event. The same 360o thermocouple configuration
was used as in the previous setup. Injection of pressurized air was tested for the capability
to counteract the effect of flashback. For injection, the fuel injector 1984EO for a Peugot
206, was used. Normally, this injector is used in a combustion engine to inject fuel in the
air manifold before the intake valve. The injector can handle pressures up to 5 bar. The
injector was mounted via a hard soldered mount at right angle of the main burner tube.
The pressurized air was supplied via polymer tube and the solenoid valve in the injector was
activated via a 12 V signal. The setup S4 is shown in Figure A-3b.

The valve of the actuator is controlled by a solenoid. When it is energized, the nozzle will
open and let air through [82]. The solenoid in the actuator is controlled by a Arduino board.
The electric circuit for controlling the injector is shown in Figure A-4b. The Arduino board
communicates via a serial connection with the main computer. The supervisor runs at the
main computer and decides on the activation of the counteraction system, explained in more
detail in Chapter 6. When the counteraction is activated, the Arduino board is requested to
output a 5 volt signal. This signal controls the guard terminal of the field-effect transistor.
The guard terminal decides on the conductivity between the drain and source terminal to
close the gate of the 12 volt circuit. This higher voltage circuit is connected with the solenoid.
When a current flows through the solenoid, the magnetic force moves the needle in the core
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of the injector and the nozzle is opened to blow air in the burner tube. The amount of air
injected depends on the time it is energized and on the pressure of the supply line, so these
are the control variables of the injector.

Setup S5

For the fifth generation, the injector system was optimized. In Figure A-4a an illustration
of the new injector setup cross-section is shown. The injector is mounted perpendicular to
the burner tube as it is the easiest to solder it against the tube. To generate a flow that can
push a flame back to the rim the air flow from the injector should be guided upwards along
the entire wall. Therefore, an additional ramp is installed by putting a narrowing tube inside
the burner. If the air from the injector is pushed against this form, it will be guided upwards
along the wall. The disadvantage is that the incoming flow is disturbed, so this can have a
negative effect on the flashback resistance of the burner.

Data acquisition

DATAQ

For the data acquisition, the DATAQ instruments DI-2008 was used, which can acquire ther-
mocouple and voltage data. It has a sampling rate of 2000 Hz for single channel and up to
200 Hz combined sampling rate for multiple channel measurements [83].

Arduino

The measurements of the electric condenser microphone were sampled with an Arduino Uno
board. Furthermore, it was used to control the injector system by generating a control signal
if flashback was detected.

Labview

The mass flow controllers communicated with Labview, which controlled the amount of fuel
and air flowing through the system. In the control panel the operator could set the desired
equivalence ratio, hydrogen content and Reynolds of the flow. The control panel determined
the right parameters for the mass flow controllers based on the set ambient conditions in the
lab. Furthermore, the flow data of an experiment could be saved with 6 Hz sampling rate.
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Simulink model

To simulate the behavior of the designed flashback resistant system, the fault-tolerant control
framework shown in Figure 6-2 is implemented in Simulink [74]. The overview of the model is
shown in Figure B-1. The red blocks indicate the subsystems related to the controllers which
includes the supervisor, prevention controller, counteraction activation, and safety switch.
The blue blocks indicate the subsystems related to the burner which include the burner
system and flashback activation.

The Simulink code and supporting Matlab files developed in this work can be found under
https:

//github.com/Fedor1997/MscThesis-Boundary-layer-flashback-by-active-control
with the description Masters’ thesis Simulink model of a fault-tolerant control framework to

counteract flashback

Figure B-1: Overview of the Simulink model
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