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Abstract

A highly accurate model is presented that predicts boundary layer flashback (BLF) for lean
premixed hydrogen combustion. In contrast to existing models, that fail for lean hydrogen
mixtures, the present model includes the effect of flame instabilities. The model is applied to
study the effect of burner geometry on flashback tendency. A diverging geometry results in
a higher flashback tendency due to an adverse pressure gradient. These observations are in
line with experimental results. It shows that the BLF model is a tool that could significantly
contribute to the development of lean premixed hydrogen burners. This is a great step
towards carbon-free industrial gas turbines.
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1 Introduction

Today there are mainly two concerns within the world of energy: climate changes and de-
pleting resources. Both problems should be considered a serious threat for us and for future
generations. Although progress is being made, according to the latest update of the Inter-
national Energy Agency [1] still only 13.6 % of the world’s Total Primary Energy Supply
(TPES) comes from a sustainable source. Without doubts it is therefore of importance to
develop and improve energy systems that are based on renewable resources. This thesis does
that by contributing to the development of a hydrogen fueled industrial gas turbine.

Using pure hydrogen in gas turbines is closely related to the characteristics of both the
renewable power and the gas turbine. Renewable power generation is characterized by a
highly fluctuating output, caused by variations in solar and wind. This is shown in Figure 1.
When more power is being produced than used, one option is to store energy by producing
hydrogen. Energy is used to split water into hydrogen and oxygen, which can be used as
a fuel at a later moment. On the other hand, to ensure a steady, reliable power supply,
technologies are required to balance the fluctuations. Compared to coal fired and nuclear
power plants, a gas turbine is superior to perform this task. This is due to the combination
of a short start up time, a high turn-down ratio (flexible power output) and a high efficiency.
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Figure 1: Surplus renewable energy (used to produce
hydrogen) and shortcomings (compensated for by gas
turbines) are combined by using hydrogen as a gas tur-
bine fuel.

Figure 1 illustrates the imbalance between renewable power supply and required power.
The surplus of power is used to produce hydrogen and a gas turbine is used in moments



of shortcomings. It shows the opportunity for a hydrogen fueled gas turbine to play an
important role to deal with fluctuations.

Whereas almost all industrial gas turbines use natural gas as a fuel, the production of Car-
bon Dioxide (CO2) cannot be avoided. Since CO2 contributes to global warming, CO2
emissions from gas turbine combustion should be kept minimal. One possibility that com-
pletely eliminates these emissions, is the combustion of alternative, carbon-free fuels such as
pure hydrogen. However, there are two points of attention: the origin of hydrogen and two
major technical consequences of hydrogen combustion: Nitrous Oxides (NOx) production
and flame flashback:

e Hydrogen production: Three types of hydrogen are distinguished based on CO2
production. green hydrogen (no CO2 produced during the process), blue hydrogen
(CO2 is produced, but captured) and grey hydrogen (CO2 is produced and not cap-
tured). According to Gandia [2], who differentiates between renewable (green) and
non-renewable (blue and grey) hydrogen, only 4% of the world’s hydrogen production
(determined in 2013) is renewable.

According to Ad van Wijk [3], one of the hydrogen experts in the Netherlands, the role
of hydrogen will increase significantly the coming decades by facilitating the energy
transition. The Northern Netherlands has access to offshore wind parks, which can
produce green hydrogen on a large scale. Simultaneously, due to gas extraction-induced
earthquakes, within society there is a growing desire for replacing natural gas.

To conclude with, it should be kept in mind that a hydrogen fueled energy system is not
sustainable by definition, because it still depends on the hydrogen production method.
However, increasing the demand for (green) hydrogen, possibly results in more green
hydrogen production. Also, with a high potential in the Northern Netherlands, it is
expected that green hydrogen production will significantly increase in the next decades
[3].

o NOx production: Although the CO2 emissions can be eliminated, by using a hydrogen-
air mixture, Nitrous Oxides (NOx) can still be produced in the combustion process.
NOx is one of the main components that causes ground level ozone [4]. This can trigger
serious respiratory problems, and therefore NOx emissions are strictly regulated. In
Europe NOx emissions (for thermal plants up to 50 MW) are limited to 40 ppmv, in
the United States this is only 15 ppmv. NOx emissions can be reduced by keeping
the flame temperature below 1800 K, which is done by adding more air to the fuel
mixture than required for pure stoichiometric combustion. For premixed hydrogen-air
mixtures this is shown in Figure 2. For a relative air/fuel ratio higher than 2.2 the
NOx emissions can be neglected [5]. This is similar to an equivalence ratio below 0.45.

o Flame flashback: Comparing combustion of hydrogen to natural gas, the main dif-
ferences are the reactivity, the diffusivity and the burning velocity. Hydrogen has a
laminar flame speed and diffusivity, about four times that of typical natural gases. For
premixed combustion, this results in both stability and safety issues due to the risk of
upstream flame propagation into the mixing section. This is called flashback and once
it occurs engine shutdown is required (the flame cannot be pushed back) and equipment



may be damaged (when temperatures become higher than designed for). This leads
to unsafe operation, higher maintenance costs and eventually to a system that is not
economically viable.
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Figure 2: NOx emissions for homogeneous hydrogen air
mixtures against relative air/fuel ratio in a typical in-
ternal combustion engine (from Verhelst [5]).
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Figure 3: Flame stability diagram for different equiva-

lence ratios, with the Lower and Upper Limit Flashback
(LLF and ULF) indicated (from Técnico Lisboa [6]).

The fact that lean premixed combustion solves the problem of NOx emissions, together



with the assumption that large scale green hydrogen becomes available within the coming
decades, results in the focus of this thesis: flame flashback. Also, according to Figure 3,
flame instabilities (and thus flashback) are of great relevance for lean combustion, due to the
narrow stability region.

1.1 Flashback Mechanisms

There are mainly four flashback mechanisms:

1. Flashback in the turbulent core: When the (turbulent) burning velocity exceeds
the flow velocity, the flame front moves upstream. According to Eichler [7], for normal
gas turbine operations this type of flashback can be neglected, because the free stream
velocity is generally higher than the burning velocity.

2. Boundary Layer Flashback (BLF): A boundary layer has a no-slip condition: the
velocity in the burner decreases to zero close to the wall. A boundary layer is formed
in which local flow velocities drop below the (turbulent) burning velocity. Because of
this, upstream flame propagation (flashback) is initiated.

3. Flashback due to combustion instabilities: This flashback mechanism is the result
of acoustic interaction between the energy release of the flame and the flow structure.
Combustion instabilities periodically produce velocity oscillations at the burner exit
and, especially for reactive fuels, this has an significant effect on flashback limits. This
mechanism can lead to flashback both in the boundary layer and in the turbulent core
8].

4. Flashback due to Combustion Induced Vortex Breakdown (CIVB): In case
of a swirl-stabilized burner (most GT burners), flashback along the centerline might
occur due to the upstream propagation of the recirculation zone. Figure 4 illustrates
the concept. According to Al-Fahham [9] the transition to CIVB depends mainly on
the swirl number, which is the ratio of the axial flux of tangential momentum over
the axial flux of axial momentum times the equivalent nozzle radius. Typically a swirl
number above 1.0 results in CIVB. Below 0.5 CIVB hardly occurs. CIVB flashback
can be prevented with a proper aerodynamic burner design [10].
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Figure 4: Swirl burner flow patterns for a stable flame (left) and
a flame with CIVB flashback (right) (from Benim and Syed [11]).



While the first and fourth flashback mechanisms can be dealt with relatively well, the second
and third require more understanding, especially for highly reactive fuels. This thesis focuses
on the second mechanism only: boundary layer flashback.

1.2 Recent Studies on Boundary Layer Flashback

With a growing interest for pure hydrogen combustion in gas turbines, the studies of BLF
have increased. From 2016 on experiments have been performed by Kalanatari and McDonell
[12, 13] from the University of California. They proposed an empirical relation to predict
boundary layer flashback. In 2017 they validated this relation with two commercially available
gas turbines: a micro gas turbine, operating at atmospheric pressure and a 60 kw gas turbine.
Fuel hydrogen percentages ranged from 30% to 100%. Kalantari and McDonell [14] also
presented a paper including an overview of all experiments relevant to BLF.

Meanwhile, Al-Fahham [9] and Hatem [8] from the Cardiff University have studied methods
to prevent BLF. Al-Fahham focused on the use of a micromesh, which decreases friction drag
in the boundary layer, resulting in more resistance to BLF. His work includes both experi-
ments and modelling and also covers the manufacturing of microstructures. Hatem’s work
includes experiments with different burner setups and injector configurations. Supported
by observations, Hatem defines a dimensionless number which describes the transition from
CIVB to BLF. One of the mechanism involved in this transition is swirl: the higher the swirl,
the more chance of CIVB, but the lower the chance of BLF.

From 2011 on researchers from TU Munich have been working on the fundamental under-
standing of BLF. Experiments performed by Eichler [7, 15, 16] and DNS studies from Gruber
[17, 18] led to new insights in the BLF mechanism. Baumgartner [19, 20] differentiated be-
tween unconfined and confined burner configurations, which have a different flashback mech-
anism. Finally, Hoferichter [10, 21] proposed a semi-analytical model to predict BLF, based
on onset to flow separation. This model uses only one parameter to fit experimental data.
However, it has only been validated for atmospheric conditions (temperature of 293 K and
pressure of 1 bar). For gas turbines the operating conditions are typically ranging from 500
to 800 K and 10 to 20 bars. Also, the model can be used for simple geometries only: channels
and tubes, because it makes use of standard velocity and turbulence profiles.

1.3 Thesis Outline

There are two BLF prediction methods: the empirical approach (data-driven) from Kalantari
and McDonell and the semi-analytical approach (knowledge-based) from TU Munich. Since
data-driven models are only applicable to the range of parameters that were used to feed
the model, extending the model to new burner concepts brings high uncertainties. A more
fundamental, knowledge-based approach captures the mechanisms behind flashback and is
more likely to predict it for new burner concepts. However, the TU Munich model has only
been validated for atmospheric conditions and simple geometries. This leads to the thesis
objective:



o To improve the semi-analytical boundary layer flashback model and, by feeding the model
with Computational Fluid Dynamics (CFD) results, to study the effect of a geometry
change on flashback tendency.

Improving the model means that it is not only validated for atmospheric conditions, but
also for elevated temperatures. For the geometry change to diverging channels are studied.
Experimental results are available for both inlet temperatures of 473 K and 673 K and for
two diverging channels. An overview of the thesis structure is shown in Figure 5.

Ch.2 Exploring Ch.3 Improving Ch.4 Applying

TU Munich

Improved
BLF model

BLF model

New Geometry

Figure 5: Thesis overview.

In Chapter 2 a literature review is presented. It starts with theory on flame classifications,
followed by the first analytical model on BLF proposed by Lewis and von Elbe. Experimental
work from TU Munich is then discussed, which has led to the BLF prediction model. This
model is the starting point of this thesis and will be explained in detail. Shortcomings and
assumptions will be listed. This chapter answers the questions:

o What are the main assumptions in the BLF model?
o Which parameters are critical?

Based on the findings of Chapter 2, Chapter 3 presents a more in-depth study on turbulence-
flame interaction, flame instabilities and (anisotropic) flame stretch. These phenomena are
either not well understood or neglected in the existing model. The related parameters, such
as the turbulent fluctuations and the Markstein length, cause high uncertainties while the
assumption of isotropic turbulence is not valid at all, even for a straight channel or tube.
Based on the studies discussed in this chapter, several modifications are proposed and the
results are compared to both experiments and to the original model. The following questions
are answered:

o Where in the BLF model can improvements be made?

e How well does the improved model matches experiments?



In chapter 4 model is applied to two diverging channels. First the effect of the geometry
on the flow parameters is obtained with CFD. Then these results are used to feed the BLF
model. This led to three studies: the effect of smaller turbulent fluctuations, an adverse
pressure gradient and high velocity gradients in the boundary layer. The following question
has been answered:

o Why does a diverging channel lead to higher flashback limits and what physical mecha-
nism is responsible for this?

At last Chapter 5 covers the concluding remarks and future recommendations.



2 Theory

The goal of this chapter is to describe the TU Munich model and to find its critical assump-
tions. To do so, first a brief historical overview is shown. This includes the first physical
model for BLF and explains how TU Munich came up with a new theory. Then a number
of physical concepts are explained, which are required to fully understand Hoferichter’s BLF
model. These concepts include: the Stratford separation criterion, the turbulent burning ve-
locity, the stretched laminar burning velocity, the Markstein length and turbulence. Finally
Hoferichter’s model is explained and the results are compared to experiments. The leading
questions for this chapter are:

o What are the main assumptions in the BLF model?

o Which parameters are critical?

2.1 Historical Overview

BLF was described first by Lewis and von Elbe [22] in 1943. They conducted experiments
with fully developed laminar methane-air flames at ambient pressure and temperature. A
model was developed to correlate the flashback limits of laminar flames, in terms of a velocity
gradient. A stable flame condition is maintained between two values of the velocity gradient:
below the lower gradient the flame flashes back, while above the upper gradient blow-off
occurs. In this model the following relations were proposed:

ou

g = 8_y L (2-1>
_ S¢(0s)
9e = 5 (2.2)

In case of BLF the velocity gradient g at the wall becomes the critical velocity gradient
ge, which is estimated by dividing the laminar burning velocity Sy at the flame tip by the
distance to the wall d,. A diagram related to this is shown in Figure 6, where the velocity
profile is shown on the left and the flame front on the right. This approach does not take into
account the interaction between the flame and the flow. Also, the critical velocity gradient g.
cannot be calculated, because the burning velocity Sy depends on many unknowns, such as
flame dynamics, wall temperature etc, and therefore it has to be determined experimentally.
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Figure 6: Illustration of the critical velocity gradient model,
which predicts BLF for laminar flames (from Eichler [7]).

In 2011 Eichler [7, 15, 16] performed experiments with both laminar and turbulent flames
in a channel burner setup with a rectangular cross-section. The experiments were done with
premixed hydrogen-air mixtures, over a range of different equivalence ratios, for ambient
and elevated temperatures. Based on advanced optical measurement techniques, Eichler
concluded that there exists an interaction between the flame and the upstream flow by
means of an upstream pressure rise. This was not included in the model of Lewis and von
Elbe by. The mechanism is illustrated in Figure 7. This pressure rise leads to flow separation
upstream of the flame, and eventually it results in backflow regions which initiate BLF.

—<
I

Figure 7: Physical model for laminar and turbulent BLF with
adverse flame pressure, proposed by Eichler (from Eichler [7]).

Closely related to the experiments of Eichler were the Direct Numerical Simulation (DNS)
studies of Gruber [17, 18] on BLF of a turbulent hydrogen flame in a confined channel. The
conditions were a temperature of 750 K, pressures of 1 and 2 atmosphere and an equivalence
ratio of 1.5. Flow stagnation and backflow regions were observed. The results of the DNS
show the existence of interaction mechanisms between the flame and the upstream flow.
Figure 8 shows the instantaneous normalized pressure fields during BLF. The white line
indicates the flame front at C' = 0.7 (the reaction has progressed up to 70 %) and the flow
is from left to right. The presence of a high pressure region shows up upstream of the flame
tip, which is in line with the theory proposed by Eichler. Gruber argues that flashback is
initiated by the hydrodynamic Darrieus-Landau (DL) instability.

9
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Figure 8 DNS studies showing the normalized instantaneous
pressure field P in the xy-plane (from Gruber [18]).

Whereas Eichler provided a theory for confined flames, Baumgartner [19] extended this to
unconfined flames in 2014. He used Particle Image Velocimetry (PIV) to investigate premixed
hydrogen-air mixtures, with a focus on the effect of the rim temperature and the burner exit
design. He proposed a theory that includes the BLF transient from unconfined towards
confined. In other words: the flame starts in an unconfined configuration, but once the it’s
front starts to move upstream, the flame tip attaches to the wall and becomes confined. The
critical flashback velocity for a confined flame is much higher than the one for the unconfined
flame. This means that, an immediate BLF occurs once the unconfined flame attaches to the
wall.

In 2017, Hoferichter [10, 21] used both the confined and unconfined theory provided by
Eichler and Baumgartner, respectively, to predict a limiting bulk flow velocity U rp at which
BLF occurs. With the confined case being critical, this thesis focuses on the confined flame
flashback model only. From now on this model is referred to as the TU Munich model, the
BLF model or Hoferichter’s model.

The model is based on the mechanism shown in Figure 7, a backpressure caused by the
flame leading to flow separation and thus BLF. A flow separation criterion is used which was
introduced by Stratford [23] in 1959. The criterion relates an upstream pressure increase (an
adverse pressure gradient) to separation in turbulent flow. Hoferichter relates the pressure
increase to the flame by means of the expansion ratio o and the turbulent burning velocity S;.
This idea is fundamentally different from the critical gradient model proposed by Lewis and
von Elbe, since it includes the effect of the flame on the upstream flow. Before Hoferichter’s
model is explained a number of relevant physical concepts will be discussed. Knowledge of
those is required to understand the assumptions in the model.

10



2.2 Relevant Physical Concepts

Prior to a description of Hoferichter’s BLF model a number of physical concepts will be
explained. Knowledge of those is required for full understanding of the model and its as-

sumptions.

2.2.1 Stratford Separation Criterion

Considering the turbulent boundary layer with an inner and outer region, the Stratford
criterion assumes that the kinetic energy profile in the outer region stays similar in shape,
because the shear forces are small compared to the pressure gradient and inertial forces. In
the inner region a balance between pressure gradient and shear stress is formed, which results
in deformation of the profile. This is illustrated in Figure 9. Flow separation occurs when the
profile is vertical (i.e. du/Jy = 0) at the wall. Together with two joining conditions between
the inner and outer region: continuity (v = w) and first-order smoothness (Ju/dy = du/dy),
Stratford [23] derived the separation criterion given by Equation 2.3.

val 0.5pU,?

0.5pu? L e—

Outer
region

Kinetic energy 0.5pu?

Figure 9: Development of a boundary layer subject to
a pressure gradient (from Baumgartner [19]).
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In these equations ép is the pressure coefficient, x,, is the x-location of minimum pressure
Pm- The maximum velocity at x,, is u,, and wu. is the free stream velocity. An effective
downstream distance is defined as T,, and T is the effective origin. An bar means that the
parameter is calculated w.r.t. the effective origin. For most applications f = 0.73 and n = 6
and this results in Equation 2.10.

6}) (E&>0.5
— - =0.39 (2.10)
(Re, - 10-6)"

Tavoularis [24] considers three cases and they are illustrated in Figure 10.
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Figure 10: Three cases with each a different pressure gradient.

1. Only a positive pressure gradient: This is illustrated with a diverging channel,
since a decrease in velocity (due to divergence) results in an increase of pressure. The

12



minimum pressure is found at the inlet and therefore x,, = 0, p,, is the minimum
pressure at x,, and u,, is the maximum velocity at x,,. Also, with x,, =0, T = x and
the Reynolds number effect disappears (since there is no downstream dependency in
front of the inlet). For this specific case Equation 2.10 simplifies to:

— 0.5
U,,( dop) =0.39 (2.11)

Tdr

2. A zero pressure gradient followed by a positive pressure gradient: Now z,,
is found at the location of minimum pressure p,, and the maximum velocity at x,, is
Up,. Similar to case 1, the effective origin * = x meaning that z,, = x,,. However,
the Reynolds number will now be included (based on z,, instead of Z,,) to account for
downstream dependency. This results in:

= \ 0.5
- dCy
CP <‘T dx )

Re, = —mtmP (2.13)
1%

3. A negative pressure gradient followed by a positive pressure gradient: Similar
to case 2, but now z,, is not equal to 7,,. Evaluating the integral of Equation 2.7, with
u, and u,, constant along z, results in the following equations:

Ty = (ﬁf’xm (2.14)

U,
w\3
gea— (X)) 214, 2.15
Re, — tmTmP (2.16)
u
_ =\ 0.5
0, (2)
— — = 0.39 (2.17)
(Re, - 10-6)

2.2.2 Turbulent Burning Velocity

To describe the turbulence-flame interaction on a macroscopic scale, five different flame
regimes are defined, illustrated by Figure 11. The parameters involved are the turbulent
macroscale A, the turbulent fluctuations «’, the laminar flame thickness d; and the un-
stretched laminar burning velocity S;, or in other words: the length and velocity scales for
the turbulent flow and the flame, respectively.

13
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Figure 11: Flame regimes based on the turbulent macroscale and fluctu-
ations, laminar flame thickness and laminar burning velocity (based on
Peters [25]).

1. Laminar flames: Although turbulent fluctuations might exist, they are too small to
influence the combustion process.

2. Wrinkled flames: The flame front is only weakly wrinkled, because the velocity
fluctuations are smaller than the laminar flame speed. The dominant parameter is the
laminar burning velocity.

3. Corrugated flames: Compared to the wrinkled flame domain, the wrinkles are now
significantly stronger, due to the higher turbulent fluctuations. This results in a larger
flame surface and thus in higher consumption speeds. Since the Kolmogorov scale 7 is
still larger than the flame thickness d, the eddies do not influence the processes inside
the flame. The upper limit of this domain is given by the Karlovitz number being equal
to one. The Karlovitz number Ka and the reciprocal, the Damkoéhler number Da, are
defined as:

1 U/ 3/2 (Sf 1/2

4. Thin reaction zones: Compared to the corrugated flame regime, the Kolmogorov
eddies are now able to penetrate into the preheat zone (Figure 12) of the flame. Mixing,

14



and thus mass and heat transfer, between the preheat zone and the inner reaction layer
is now possible. However, turbulence does not affect the chemical reactions.

5. Broken reaction zones: Unlike the regime of thin reaction zones, the Kolmogorov
eddies are now small enough to also penetrate into the inner reaction zone. This results
into local flame extinction, caused by heat losses to the preheat zone.

i Equilibrium
Preheat zone ' Reaction zone q

Temperature

Heat
release

Temperature, heat release rate

e B

Flame coordinate

Figure 12: Zone specification in and near the flame front (from Baumgart-
ner [19]).

The wrinkled flames, corrugated flames and the thin reaction zones can be grouped into one
regime: the flamelet regime. Within this regime the local burning velocity can be considered
laminar and one-dimensional. This is a powerful idea that helps defining the turbulent
burning velocity S; in terms of the laminar burning velocity S, the turbulent flame surface
area A; and the cross sectional area A, as given by Equation 2.19 and illustrated in Figure
13. This has been done first by Damkoéhler in 1940. The derivation of S; will now be given,
following notes from Peters [26].

Sy A

=5 (2.19)

15
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Figure 13: The turbulent burn-
ing velocity (from Peters [26]).

Damhohler identified two different regimes of premixed turbulent combustion: large scale
turbulence and small scale turbulence. These regimes correspond to the Corrugated flames
regime and the Thin reaction zone regime, respectively, which were illustrated in Figure 11.
In case of large scale turbulence, Damkohler assumed that the only interaction between a
wrinkled flame front and turbulence is the kinematic interaction. The turbulent flame area
A, is then proportional to the (root mean squared) turbulent fluctuations «’. Combining this
with Equation 2.19, shows that S; is proportional to the turbulent fluctuation:

At U,I

i 2.2
A S (2.20)
S, ~u (2.21)

Starting with a scaling for the laminar burning velocity in terms of the molecular diffusivity
D and chemical time scale t., Damhohler argued that for small scale turbulence only the
diffusivity (transport between the reaction zone and the unburned gas) is affected by the
turbulence. Based on this assumption he defines a turbulent diffusivity Dj:

Sy ~ (tg) " (2.22)

Cc

Sy ~ (&) v (2.23)

te

With the laminar diffusivity being proportional to the product of S; and the flame thick-
ness d7, and the turbulent diffusivity proportional to the product of v’ and the turbulent
macroscale A, the following proportionality holds:

S, WA\ Y2
5~ (S@) (2.24)
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In case of no turbulence, v’ — 0, it is expected that the turbulent and laminar burning
velocity are equal. Also, the ratio of A and d; can be written as a constant C'. Together this
results in:

N\ 1/2
% —1+C (%) (2.25)

Based on the work of Damhohler many more and different correlations have been developed
to describe S;. An overview of the many expressions for S; is given by Burke [27]. They
depend on many different parameters: Damkohler number Da, laminar burning velocity S,
turbulent fluctuations «’, turbulent Reynolds number Re;, turbulent flame area A;, Lewis
number Le and a number of constants. In almost all relations S; is expressed in terms of .5;
and this is in line with the definition given by Equation 2.19. According to Figure 14 the
laminar burning velocity for lean premixed hydrogen-air mixtures is well known (compared
to rich mixtures). The uncertainty is in the relation between S; and S; and therefore the
hydrogen related correlations between S; and S; will now be presented.
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Figure 14: Laminar burning velocity of premixed hydrogen-air against
equivalence ratio (from Pareja [28]).

In 1993 Koroll [29] obtained laminar and turbulent burning velocities of hydrogen-air mix-
tures, by performing measurements in a 17-L vessel using the double-kernel technique. He
proposed a correlation which is based on the measured flammability limits and this is in good
agreement with the measured burning velocities. His correlation depends on the turbulent
fluctuations ' and the expansion ratio o:
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In 2011 Daniele [30] performed research on the turbulent flame speed for syngas at gas turbine
relevant conditions. Experiments up to a pressure of 2 MPa and a temperature of 773 K are
presented with a maximum hydrogen percentage of 67 %. The proposed correlation depends
on the turbulent macroscale A, the flame thickness ¢y, the pressure P and the temperature
T. The reference temperature Tj is 1 K and the reference pressure P, is 0.1 MPa:

7\ 0.63 —0.37 0.63 —0.63
St _gg75. (Y A £ xr (2.27)
Sl Sl 5f PO TO

Finally, in 2014 Lin [31] presented a study on turbulent flame speed for hydrogen-rich fuel
gases at gas turbine relevant conditions. The correlation he proposes includes an effective
Lewis number Le.ss and is valid for both syngas and hydrogen-air mixtures. The reference
pressure Py and temperature Ty are 0.1 MPa and 293 K, respectively. According to Lin, the
correlation matches available data with a maximum error of 20%. This data includes 100%
hydrogen at an inlet temperature of 623 K. The correlation reads:

i:105.L670.82 o\ 045 A —0.41 R 0.75 T ~1.33 025)
Sto ' 7\ S Oy P T '

2.2.3 Stretched Laminar Burning Velocity

One of the few flames where all speeds can be defined and measured is the unstretched planar
flame. However, due to flame stretch the flame speed differs and becomes harder to calculate
numerically and to measure experimentally. Poinsot [32] suggest that, in the limit of low
flame stretch, this is the only parameter affecting the flame structure. This results in a linear
relationship between the displacement and consumption speeds and defines the stretched
laminar burning velocity 5 s:

Sis = Si,0 — KLm (2.29)

It depends on the unstretched laminar burning velocity S;o, the flame stretch rate x and
the Markstein length L,;. The Markstein length is defined as the reduction of the laminar
burning velocity caused by stretch and is fuel dependent. The flame stretch rate x is defined
as the normalized temporal change of laminar flame surface area and can be caused by a
curvature in the flame front, k., or by hydrodynamic strain, xs. Chong [33] differentiates
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between a mean and a turbulent strain component, resulting in the corresponding flame
stretch rates Kp,eqn and kg, respectively.

1dA
= —— 2.30
"T A (2.:30)
= K¢ + Kmean + Kt (2.31)

Starting with Equation 2.32 Chong uses Reynolds-averaging to separate Kpeq, and k; to get
Equation 2.33. This equation includes the Kronecker delta d;;, the Favre-averaged orientation
factors < n;n; > and partial derivatives of the averaged velocity components. Chong relates
the orientation factors to the (time) averaged Reynolds stresses W and the turbulent kinetic
energy k, proposed by Veynante [34], shown in Equation 2.34.

du;
Kmean + Kt = (513 - nzn])a_z (232)
J
Ju;
Kmean = (513 - <nlnj>) % (233)
J
(nin;) = Ui (2.34)
M9k '

Evaluating Equation 2.33 results in Equation 2.35 and this can be written out to get Equation
2.36.

_ 7 o—
8ui uiuj aul

_ 0w 0w 2.
fimean 8:52 2.k 817]' ( 35)
SRS W S A v Ay e
\O0x Oy Oz 2-k Ox dy 0z
(2.36)
o e %
ox y 0z ox dy 0z

Chong relates the turbulent component of the flame stretch rate, x;, to an efficiency function
'k, the turbulence dissipation rate € and the turbulent kinetic energy k. The I'y function is
proposed by Meneveau and Poinsot [35]. It depends, among other parameters, on s, which
is a function of the turbulent macroscale A and the flame thickness d;.
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O (2.37)
k
1 _ —(s+0.4) 2 1 —(u' /Sy )13
ogly(Tx)=(1—e ) 3 1-35e Lo s—0.11
| A (2.38)
i 0.46_(5+0'4) with: s = logy, <$)

2.2.4 Markstein Length

The most elaborate expression of the Markstein length is given by Giannakopoulos [36],
given by Equation 2.39. It includes the laminar flame thickness df, the expansion ratio o,
the thermal conductivity A and the two dimensional numbers: Ze and Le. The Zel’dovich
number Ze is a quantitative number for the activation energy. The Lewis number Le is the
ratio of thermal diffusivity to mass diffusivity. Taylor [37] proposes the simpler Equation
2.40, which does not include a temperature dependence.

Lar = 6 <U i : /10 )\(xx)dx + Z;%;__ll)) /10 In (Z - i) @dl’) (2.39)

Ly — dfo <1n (1) N Ze(Le — 1) / o In(1+ I)dx> (2.40)
l—0o o 2 0 x

The Lewis numbers for lean hydrogen-air mixtures are below 1 ( 0.4). This results in a
thermo-diffusive instability during combustion: The flame sucks fresh fuel faster towards it
than it diffuses heat, and therefore, locally, the fuel becomes richer. Mathematically a low
Lewis number leads to a negative Markstein length. This means that a positive flame stretch
rate results in a higher burning velocity. However, both equations are based on asymptotic
theory, such that they are only valid under the following conditions:

e The Lewis number Le is close to 1

o Only a single-step reaction is considered

e The composition is far from stoichiometric

e The product of density and thermal diffusivity is constant

For low Lewis numbers the first condition is not met. Taylor mentions that for lean hydrogen
mixtures this model is indeed not suitable, although there are no better approximations. He
also mentions that the Markstein length of lean hydrogen-air mixtures cannot be obtained
accurately by experiments (with the method of spherical expanding flames), due to early
onset of flame cellularity. In other words, the Markstein length is hard to determine, both
experimentally and by calculations.
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2.2.5 Turbulence

This paragraph (2.2.5) is based on a book from Nieuwstadt [38]. Turbulent flow is a fluid
flow with chaotic fluctuations of the velocity in both direction and magnitude. One way
of describing turbulence is by decomposing the instantaneous velocity into an average and
fluctuating term. This is called the Reynolds decomposition and this is shown in Equation
2.41, where %; is the time-averaged velocity and w; is the fluctuation.

u; = U; + u; (2.41)

Internal flows (pipe and channel flows) become turbulent when the Reynolds becomes larger
than 2700. This is an approximation: the transition from laminar to turbulent flow does not
occur instantaneously. The Reynolds number is calculated with the (hydraulic) diameter,
shown in Equation 2.42:

pUD
1

Rep = (2.42)

A horizontal flow is called fully developed when the flow is stationary (0/0t = 0) and hor-
izontally homogeneous (0/0x = 0 for the velocity terms). In such a flow there is a balance
between the pressure gradient and the wall shear force. The velocity profiles, both averaged
and fluctuating, have a fixed shape. Figure 15 shows the profile of the mean flow. From the
inlet of a pipe/channel the flow needs a certain entrance length to become fully developed.
This length is typically estimated as 10 times the (hydraulic) diameter.

%

1[ uy)

Figure 15:  Fully developed
turbulent velocity profile (from
Nieuwstadt [38]).

When the velocity fluctuations are invariant to rotations and reflections the turbulence is
called isotropic. In this case the principal Reynold stresses are equal and the shear terms
drop out:
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Fluctuations in the boundary layer
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Figure 16: Fluctuations in the boundary layer
of a pipe with Re = 5, 300, z the axial, r the ra-
dial and ¢ the circumferential direction (from
Nieuwstadt [38]).
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Figure 17: DNS studies showing fluctuations
in the boundary layer of a channel, with u the
upper, v the lower and w the middle curves. Re
ranges from 300 to 7,500 (from Spalart [39]).
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In the boundary layer a dimensional wall distance y™ is used, which is defined as:

yt = with: uf = v— (2.45)

2.3 Hoferichter’s Model

This section explains how Hoferichter’s model works and what assumptions are used. The
model description starts with the Stratford separation criterion and the model output is an
inlet bulk velocity for which flashback occurs. The description is followed by a comparison
to experiments and a discussion.

2.3.1 Model Description

This paragraph (2.3.1) is based on the PhD thesis from Hoferichter [10] and one of her
articles [21]. Hoferichter starts with the Stratford criterion given by Equation 2.46, because
she assumes fully developed flow to neglect the downstream dependency. Then she defines a
quadratic function for the pressure rise upstream of the flame (due to presence of the flame).
This function is valid from x = 0 to zy, where z; is the distance from the point of flow
separation to the flame tip. Baumgartner [19] proposes a z¢ of 10 mm. Together this leads
to Equations 2.46 to 2.50.

— | 05
— ([ dC
C, (xd—;) =0.39 (2.46)
Ap
p(x) = p(0) + o for: x> x>0 (2.47)
f
p(z) — p(0)
= —" 24
2 - Apaz?
= 2.4
puU?a} (2.49)

dCy(x)  4-Apx
dx puU%fc

(2.50)

In these equations p, stands for the density of the unburned gas. The velocity U is the
centerline velocity in x direction, which will from now on be called Ugp, referring to the
centerline velocity limiting flashback. Rewriting yields:

V2 <2 : Ap>3/2 =0.39 (2.51)

Pu UJ%”B
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Equation 2.51 is the separation criterion that relates the flame backpressure Ap to the cen-
terline velocity at flashback conditions Upp. The backpressure is defined by considering the
continuity and momentum balance over the flame and by setting the velocity of the unburned
gas u, equal to the turbulent burning velocity S;:

Pully = Pplly (2.52)
Pu + pu = potty + Db (2.53)
Ap = pu — P (2.54)

= Pyl — pull (2.55)

= puS? (p—“ - 1) (2.56)

Pb
= puS2 (0~ 1) (2.57)

By assuming an ideal gas the density ratio o is replaced by the temperature ratio (in Kelvin)
over the flame, where T,4 is the adiabatic temperature and T, the unburned gas temperature:

T,
Ap = p,S? (jfd - 1) (2.58)

For the turbulent burning velocity Hoferichter uses the expression derived by Damkoéhler,
Equation 2.25. The constant C' is determined with a best-fit-method by comparing predicted
flashback velocities to experimental results from Eichler [7].

Due to large deviations found in literature for values of S; at preheated temperatures,
Hoferichter proposes a polynomial function based on free flame simulations. In her PhD
thesis Hoferichter tabulates the coefficients for 5 different pressures (1, 3, 5, 7 and 20 bar),
each for ¢ = 0.35,0.40..1.30. The dependency of S;o on the unburned pressure p, and the
equivalence ratio ¢ is included in the polynomial coefficient, while the unburned temperature
T, is directly included in the equation:

Sio = b7T3 + bsTi + boT’, + big (2.59)

The stretched laminar burning velocity is approximated with the linear relation proposed by
Poinsot [32], Equation 2.29. Like Equation 2.31, Hoferichter differentiates between k., Kmean
and k. She relates k. to S;, the Reynolds averaged reaction progress variable ¢ and the
flame wrinkling length L. The latter is a function of the turbulent macroscale A, S; ¢ and u'.
Combining these relations and setting ¢ equal to zero (to assess the maximum stretch rate)
results in Equation 2.61.
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with: L = AT’/ (2.60)

(2.61)

Under the assumption of isotropic turbulence, Hoferichter follows Chong’s [33] simplification
for the mean strain-induced flame stretch rate, given by Equation 2.62 (in Einstein notation).
By considering fully developed flow only (and continuity for incompressible flow) Kyean be-
comes zero. The turbulence-induced flame stretch rate k; is evaluated by approximating e
and k in terms of u' and is also based on isotropic turbulence:

Rmean 3 8:1:1 0 ( 6 )
(u)?
~ 2.
€ n (2.63)
3 N2
k=~ 3 (u') (2.64)
2 u
Ky = 3 FKX (2.65)

For the Markstein length Hoferichter uses an asymptotic approach proposed by Bechtold
and Matalon [40], which relates the Markstein length to the laminar flame thickness d, the
expansion ratio o, the Zel’dovich number Ze, the Lewis number Le and the constants v; and
~9. By assuming a linear dependency of the thermal conductivity on temperature, v, = o
and 75 = 1. The laminar flame thickness is expressed in terms of the thermal conductivity
Au, the density p, and the specific heat capacity for constant pressure cp.,.

Lar = 6 (71 105 Ze(Le — 1) — (0 — 1)%) (2.66)

=0;(140.5-Ze(Le — 1)) (2.67)
2-A

§p= ——— 2.68

/ pucp:uSZO ( )

An effective Lewis number is calculated for the hydrogen oxygen mixture by making use of
a blending factor a and the Lewis numbers of hydrogen and oxygen.
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N Leos — 1+ a(Legs — 1)

Le=1 T ra with: Leps = 2.32, Legs = 0.33 (2.69)
1
a=1+ Ze(5 —-1) (2.70)
Ea Ta - Tu
Ze = Ea(Taa — Tu) (2.71)

RT?,

The turbulent fluctuations v’ is required to determine both I'x and S;. Hoferichter proposes
a standard fluctuations profile as a function of y* and w,, given by Equation 2.72. This
function is a fit through experimental results of fully developed flow and is used with the
assumption that the flame has no effect on upstream turbulence. Equations 2.73 and 2.74 are
used to obtain the friction velocity u, for a circular and rectangular cross section, respectively.

u 2
— =2661—7211-In(y") +7.600 -1In (y)" —2.900 - In (3"
- (v") (") (v") 2.72)

+0472-1n (y+)" = 0.028 - In (y*)°

3

1/4
u, = \/0.03955 (Upp — 24 -u,)"* (%) (D)4 (2.73)

UFB —24u7- 1 (hurpu

=—1
Uy Kn 2y

) +B - % with: K =0.41,B=5 (2.74)
Note that both Equations 2.73 and 2.74 depend on Ugp, which is the output of the model.
This means that the complete model needs to be solved iteratively. An estimate of Upp
is needed for w,, which is required for the fluctuations. The fluctuations are required to
calculate S; and this results in the pressure increase. The pressure increase is used in the
separation criterion to calculate Uppg.

2.3.2 Results and Validation

The results are compared to experiments from Eichler [7, 15], shown in Figures 18 and 19.
Four sets of results are used: three of a channel flow, at different inlet temperatures and one
of a pipe flow. All experiments were conducted at atmospheric pressures. Eichler presented
the results in terms of the critical velocity gradient g., which is converted to a bulk velocity
using Equation 2.75 (tube flow) or Equation 2.76 (channel flow). He calculated g. by dividing
the shear stress 7 (estimated numerically) by the kinematic viscosity v. Centerline velocities
are converted to bulk velocities with Equation 2.77.
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Figure 18: Comparison of Hoferichter’s model to
experiments from Eichler: a tube flow with of 293
K (from Hoferichter [10].

150 I |
e T, =293K
v T, =473K
120 Ha T, = 673K .
DDDDD[]
0 i 0 ]
= 90 DD_
E [m]
E D.D vy v vy
S 60 o s -
- = v’
o v 0ooo
50, w0 Tl 0w me :
v vood?o
&2
..‘9| | | |
0.2 0.4 0.6 0.8 1 1.2
¢ [-]

Figure 19: Comparison of Hoferichter’s model to
experiments from Eichler: a channel flow with dif-
ferent inlet temperatures (from Hoferichter [10].
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FB =1 70.03955 '

— 1 hy/Gevy 1
U = JGn <Eln ( Jet ) +B- E) with: K =041, B =5 (2.76)

2 fy
UFB = UFB —24- Ur (277)

The figures show that the BLF model accurately predicts flashback limits for room temper-
atures. For elevated temperatures the model underestimates, while for 7' = 673 K at high
equivalence ratios it overestimates. In her PhD thesis Hoferichter [10] performs a sensitiv-
ity analysis. Several input variables are either reduced by 20% or increased by 20% and
the outcome is compared to the original results. Hoferichter concludes that the deviations
between the model and the experiments could be caused by uncertainties in the temper-
ature dependent effects of the turbulent and laminar burning velocities and the turbulent
fluctuations.

2.3.3 Discussion

In her model Hoferichter makes a number of assumptions. The first assumption is that of
fully developed flow to neglect the downstream dependency in the Stratford criterion. By
calculating the hydraulic diameter the entrance length can be estimated. This is based on
the channel dimensions from Eichler’s [7] setup, which are given by Figure 20:

h
D=2/ (2.78)

T

157 -0.01
_g . OO0 hsg (2.79)
T

Len ~10- Dy, (2.80)
=10-0.059 = 0.59 m (2.81)
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Figure 20: The channel used in Eichler’s experiments (from Eichler
[7].

With a length of 0.465 m the channel is shorter than the estimated entrance length L.,.
However, the channel (measurement section in Figure 21) inlet is connected a flow straigth-
ener and some extra piping which is longer than the measurement section. Therefore the
assumption of fully developed flow is considered valid.
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Figure 21: The whole setup used in Eichler’s experiments, with the
channel indicated as Measurement section (from Eichler [7]).

The second assumption is that of an ideal gas. This is used to replace the expansion ratio o
by Tuq/T,. Using Cantera 2.3.0 [41] these properties have been evaluated for different ¢ and
T, and are compared in Table 1. With a maximum deviation of 11.9 % the assumption of
an ideal gas is acceptable.
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o TinK o T,/T,in K/K Deviation in %
0.35 293 4.17 4.45 6.7
0.65 293 5.86 6.56 11.9
0.35 673 2.27 2.42 6.6
0.65 673 2.93 3.27 11.6

Table 1: Deviations from 7,4/T, compared to the expansion ratio o.

Another assumption is that of incompressible flow. This assumption is valid when the Mach
number does not exceed 0.3 [42]. For air at atmospheric conditions this is approximately
at a velocity of 100 m/s. An increasing temperature results in a high speed of sound and
thus in a lower Mach number. Also, the speed of sound in hydrogen is around 4 times larger
than that of ai. With all the experimental results not exceeding the velocity of 100 m/s, the
assumption of incompressible flow is valid.

To calculate the flame stretch rates K,eqn and k;, Hoferichter assumes isotropic turbulence.
However, it is clearly shown by Figures 16 and 17 that turbulence is far from isotropic. This
assumption largely affects Equations 2.36 and 2.37 and the effect should be studied. Also,
Hoferichter assumes that the effect of the flame on upstream turbulence can be neglected.
The interaction between turbulence and combustion is a complex phenomena and should be
studied more to validate this assumption.

Hoferichter also concludes that the effect of the Markstein length L,, on the flashback limit
is negligible, since a 20% input change does hardly affect the outcome. However, this might
be a premature conclusion, since the calculation of the Markstein length includes high un-
certainties: different methods may result in deviations of 200% and more, which was shown
in one of her articles [21].

Finally, the effect of flame instabilities is not explicitly modelled for. Gruber [18] mentions
that hydrodynamic instabilities at the flame front are the responsible mechanism for flashback
initiation. Eichler [7] mentions the importance of thermal-diffusive instabilities for Lewis
numbers below 1, which is true for lean hydrogen-air mixtures (Figure 22). In Hoferichter’s
model these instabilities are only implicitly related to the Markstein length, which is a highly
uncertain parameter. With the model validation being poor for lean mixtures, where the
Lewis number is low, a further study on instabilities is required.
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Figure 22: Lewis number for hydrogen-air mixtures
at three temperatures (from Hoferichter [21]).

2.4 Conclusion

This chapter started with a brief historical overview of BLF models. The critical gradient
model from Lewis and von Elbe was illustrated. This model is based on a comparison of the
burning velocity to the flow velocity close to the wall. It does not take into account the effect
of the flame on the flow. Experiments from Eichler and DNS studies from Gruber show that
a mechanism between the flame and the upstream flow plays an important role in BLF. An
adverse pressure gradient encourages flow separation, which initiates flashback. This theory
is later used by Hoferichter to obtain the BLF model.

To fully understand Hoferichter’s model first a number of physical concepts was explained: the
Stratford separation criterion, the turbulent burning velocity, the stretched laminar burn-
ing velocity, the Markstein length and turbulence. This was followed by a description of
Hoferichter’s model and a comparison of the results to experiments. For room temperatures
the model predicts very well, while for elevated temperatures at lean conditions the model
underpredicts. A number of assumptions in the model were identified and validated. Some
assumptions require a deeper study.

The assumption of isotropic turbulence is not valid and effects the mean strain-induced
flame stretch rate Kpeqn and the turbulent flame stretch rate ;. Multiplied by the highly
uncertain Markstein length, they relate the unstretched to the stretched laminar burning
velocity. Also, Hoferichter neglects the effect of the flame on upstream turbulence. Since
the interaction between turbulence and combustion is complex, it is hard to show the effect
of this assumption. The effect of both assumptions on the flashback prediction should be
studied more deeply.
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Two important parameters are the turbulent burning velocity S; and the Markstein length
Lys. There are many expressions for S; that include several parameters. Hoferichter uses
a simple expression derived by Damkéhler, based on dimensional analysis. Other, more
extensive equations are often based on empirical studies and are validated for only certain
circumstances. The effect of using different expressions for Sy, that have been validated for
hydrogen, should be studied.

Both hydrodynamic and thermo-diffusive instabilities are involved in lean hydrogen combus-
tion. The Markstein length is the only parameters in Hoferichter’s model that implicitly
takes into account flame instabilities. However, there is not yet an accurate expression for
the Markstein length and also, for lean hydrogen, it cannot be obtained experimentally. The
model predicts poorly at low equivalence ratios, where the Lewis number is low and thermo-
diffusive instabilities are expected. It is therefore required to study flame instabilities related.
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3 Improvements to the Analytical Model

Based on findings of the previous chapter a number of topics is studied in more detail. These
studies are used to modify the existing BLF model with the goal of improving it. Therefore,
first it is explained how the BLF model is duplicated. This is followed by the three studies
that include a description of the modifications:

1. Turbulence-flame interaction: The effect of a flame on upstream turbulence is
studied here. Also the effect of another expression for the turbulent burning velocity
is investigated here.

2. Flame instabilities: This section shows more information on the hydrodynamic
Darrieus-Landau instability and the thermal-diffusive instability. These instabilities
can lead to cellular flame formation. This is a different flame structure with an increas-
ing effect on the turbulent burning velocity.

3. Flame stretch: More specifically the effect of anisotropic turbulence on the flame
stretch rate, which affects both x,,cqn and k.

Then the results of the modifications are compared to both the original BLF model and
the experiments from Eichler [7]. After a discussion a final modification is proposed. The
conclusion ends the chapter by answering the following questions:

o Where in the BLF model can improvements be made?

o How well does the improved model matches experiments?

3.1 Model Duplication

To duplicate Hoferichter’s model, a code has been written in Python 3.6.5 [43]. Fluid prop-
erties, both unburned and burned, are extracted from Cantera 2.3.0 [41]. When the code
runs, different pre-exponential factors C' are tried and the resulting Upp’s are compared to
experiments from FEichler [7], by making use of four trend lines given by Equations 3.1 to
3.4 (shown in Figure 23). An error is defined by taking the sum of the absolute differences
between the predicted results and the corresponding trend line, normalized by the maximum
value of the trend line. Similar to Hoferichter’s approach, an optimum value for C' is chosen
based on the best fit to all the results simultaneously. The complete Python code is given
in the appendix (6.1). Also, the exact code modifications that are proposed in this chapter
can be found in the code as well. They are grey in colour and are indicated by a '#’ at the
begin of the line.

Upp =48.12- ¢ — 6.68 Tube, T=293 K (3.1)
Upp =50.85- ¢ — 7.28 Channel, T=293 K (3.2)
Upp = 78.83 - ¢ — 6.63 Channel, T=473 K (3.3)
Upp = 48.09 - In(¢) + 93.27 Channel, T=673 K (3.4)
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Figure 23: Experimental data converted from g. to critical bulk ve-
locity Upp, with corresponding trend lines (data from Eichler [7]).

Figure 24 shows the results of the Python code in a comparison to the experiments. The
results are in good agreement with the predicted flashback limits provided by Hoferichter: For
room temperatures the model works, while for elevated temperatures the model underpredicts
(and overpredicts for high ¢ at T = 673 K). Also, the pre-exponential factor C' was found to
be 2.3, which is equal to the value Hoferichter [10] determined.
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Figure 24: Comparing the results of the duplicated model to experi-
mental data from Eichler [7].

3.2 Improvement Study 1: Turbulence-Flame Interaction

Detailed interaction between combustion and turbulence is a complex subject. One major
overview is provided by Lipatnikov [44] in 2010. He concludes that the physics of the interac-
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tion mechanisms are not yet fully understood and this holds especially for the case where the
laminar flame speed and the turbulent fluctuations are of the same order. Also, DNS studies
are yet too computational expensive to include both detailed combustion kinetics and high
Reynolds number turbulence.

Four different types of turbulence-flame interaction can be defined: effect of turbulence on the
flame and effect of the flame on turbulence upstream of the flame, in the reaction zone and
downstream of the flame. The second interaction type is of importance: the effect of the lame
on upstream turbulence. This is because the BLF model is based on upstream fluctuations.
For the same reason the effect on downstream turbulence is disregarded. Of interest are also
the first and third interactions, since they affect the turbulent burning velocity S;.

3.2.1 Effect of the Flame on Upstream Turbulence

Measurements presented by Jainski [45] in 2018 show that turbulence upstream of a V-shaped
flame is affected by the flame. The turbulent fluctuations, obtained by using PIV, are shown
for both unreacted (no flame) and reacted flow (with flame) in Figures 25 and 26, respectively.
The setup he uses is shown in Figure 27.
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Figure 25: Turbulent fluctuations in the unreacted flow (from Jainski [45]).
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Figure 26: Turbulent fluctuations in the reacted flow (from Jainski [45]).
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Of interest is the Reynolds stress in z direction u/?, the red dashed line, since this is the
fluctuation parallel to the flow. The profiles for the unreacted and reacted flow differ in
shape, but also the magnitude of the y axis changes. The graphs in Figure 26 include the
location of the flame front, such that it can be concluded that the fluctuations upstream of
the flame (left of the flame in the graphs) have increased.

In most burner configurations the flame front is in opposite direction of Jainski’s V-shaped
flame. His fluctuation profiles can therefore not simply be copied for other burner con-
figurations. However, the unreacted fluctuations, shown in Figure 25, can be compared to
Hoferichter’s fluctuations profile. This requires some additional steps, since a Reynolds stress
u_’f is compared to a normalized fluctuation % These equations calculate the shear velocity
u, by estimating the shear stress:

Uy = %” (3.5)
7w = 0.5 - CypU? (3.6)
C;=0.074 - Re; for a flat plate, Jainski’s setup (3.7)
C; =0.079 - Rep,”® for a duct, Hoferichter’s model (3.8)

Jainski states that the fluctuations for the unreacted flow are in agreement with literature.
This is based on comparison to direct simulations from Spalart [39]. Figure 28A shows
the Reynolds stress u_’f with a maximum value of 0.12, while the validation curve, shown
in Figure 28C shows a peak value of 0.5. The results of Figure 28C are related to the
normalized fluctuations in Figure 28D. Comparing the graph with the highest peak (which
is in the direction of the flow) to the normalized fluctuations used by Hoferichter [21], Figure
28B, shows that the peak values are of the same order. Also the location of the peaks are
similar. The main difference is a factor 4 between Jainski’s and Spalart’s Reynolds stress. 9
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Figure 28: A: Turbulent fluctuations in unreacted flow (from Jainski [45]).
B: Normalized fluctuations as used in the BLF model (from Hoferichter
[21]). C: Reynolds stress parallel to the flow (from Spalart [39]). D: Nor-
malized fluctuations (from Spalart [39]). E and F: Turbulence intensities
and normalized fluctuations for different Re from 3,000 to 40,000. Empty
symbols correspond to fluctuations parallel to the flow (from Wei [46]).

Hoferichter’s fluctuations graph is based on measurements from Wei [46]. The results are
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shown in Figure 28E. Wei also included a graph of the turbulence intensity (Figure 28F),
showing peak values of around 0.30. Jainski mentions that a turbulence intensity of around
6-7 % is established. Since this is approximately 4 times smaller than the peak value of 0.30
(= 30%), the difference in magnitude between Jainski’s and Hoferichter’s plots is explained.

Finally, for increasing values of y the fluctuations in Jainki’s graph (Figure 28A) approached
relatively lower values than the fluctuations in Hoferichter’s graph (Figure 28B) do. However,
in Wei’s graph (Figure 28E) the fluctuations drop quite well for increasing y. The qualitative
difference between Jainki’s and Hoferichter’s graph could just depend on the way Hoferichter
selected data from Wei.

It is concluded that the fluctuations of Jainki’s measurements of unreacted flow are similar to
those used by Hoferichter. Also, the reacted flow shows clear differences in the fluctuations
upstream of the flame. It is therefore worth trying to add this interaction to the BLF model,
even with a different flame configuration.

3.2.2 Code Modification

The first modification is based on a different expression for S;: Equation 2.25 is replaced by
Lin’s correlation, Equation 2.28. This correlation shows good agreement with experiments
(a maximum error of 20%) and it includes the Lewis number, which is one the important pa-
rameters that characterises hydrogen combustion. For this modification the pre-exponential
factor C' disappears.

The second modification uses Jainski’s fluctuations upstream of the flame. A polynomial fit
has been made to mimic the v2 curve of the middle graph (z = 30mm) of Figure 26. This
fit was transformed to the notation of Hoferichter: the difference in turbulence intensity is
accounted for (Jainski: 6-7 %, for Hoferichter: 30% ) and u/2 is converted to u'/u,. Equation
3.9 shows the resulting polynomial fit. Together with Hoferichter’s graph the fit is shown in
Figure 29.

/
L 15611077 (yH)S +2.729 - 1075 - (y)® — 1.722-107* - (y+)? (3.9)
Us .

+4.644-107% - (y7)® —4.854- 1072 - (y*)* 4+ 1.590 - 107" -y +1.974
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3.3 Improvement Study 2: Flame Instabilities

Two major difficulties in lean premixed hydrogen combustion are the hydrodynamic Darrieus
Landau instability (DL instability) and the thermal-diffusive instability. Eichler [7] already
mentions the importance of those instabilities, since they are responsible for the onset to a
cellular flame structure. Also, based on DNS studies, Gruber [18] argues that BLF is initiated
by instability mechanisms, including the DL instability.

Figure 30 illustrates the DL instability. A small perturbation causes the flame front locally
to move upstream and the high burned temperature causes the upstream unburned flow to
expand. Expanding results in divergence and thus a velocity decrease, which then enables
the flame front to propagate upstream even more.

Figure 31 shows the thermal-diffusive instability. Poinsot [32] explains that a perturbation in
a flame with Le< 1 will increase because heat is transferred (from the burned to the unburned
mixture) faster than mass is transferred in opposite direction. The most upstream flame tip
sucks fresh fuel faster than it diffuses heat, and therefore, locally, the fuel becomes more rich.
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Figure 30: DL instability caused by Figure 31: Instability caused by a
expansion and contraction of the flow Lewis number lower than 1 (from
due to combustion (from Clanet [47]). Poinsot [32]).

Okafor [48] observed that instability in lean flames is either due to thermal-diffusive effects
or hydrodynamic instability. The former plays a predominant role for Le< 1, while for
higher Lewis numbers the hydrodynamic instability is dominant. Still, these two instabilities
interact and cannot simply be separated. The main parameters involved are the Markstein
Length and the Lewis number.

Lean hydrogen-air mixtures are one of the few fuels with a negative Markstein length and
therefore flame stretch needs to be taken into account. According to Troiani [49], who
performed experiments on DL instability effects in turbulent premixed flames, a critical
disturbance wave length can be defined that depends on L,;:

Ly
c—1

Ape=2-1m(3-0—-1) (3.10)

This equation includes the expansion ratio ¢ and defines the lower limit of an unstable
domain: A, . < A, < h. It means that for all wavelengths A, higher than A, ., DL instability
occurs. The upper limit is simply the tube diameter or channel height. This equation shows
that a negative value of L), always results in DL instability.

3.3.1 Omnset to a Cellular Flame Structure

Following the definition of Gelfand [50]: a cellular flame is a flame with a curved surface,
which is caused by instability of the combustion process. This is the result of expansion and
heat-mass transfer diffusion processes. A cellular flame structure consists of a number of
cellular flames. Two examples are shown in Figures 32 and 33.
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Figure 32: Picture of a real flame with a cellular Figure 33: DNS results with cellular
structure (from wwwl.gifu-u.ac.jp). flames (from Aspden [51]).

Not all cellular flame structures are as clearly visible as in Figure 32. Hertzberg [52] estimates
the cell diameter based on a local balance over the flame front:

oo

(Di — D;) 52

dcell ~ (311)

This relation depends on the difference in molecular diffusivities D (from the fuel and ox-
idizer), the burning velocity S;, the concentration of the most diffusive component Cj, the
mixture averaged thermal diffusivity a and the expansion ratio o. This relation has been
verified with experimental data. Cell sizes are typically in the order of millimeters. For
leaner fuels the cell sizes decrease and also the cells might be further away from each other
(in contrast to Figure 32, where the cells are close to each other) and this makes it harder
to detect them.

Hertzberg [52] relates the onset to a cellular structure to the derivative of the burning ve-

locity w.r.t. the concentration of the most diffusive component: %. He states that cellular

structures are formed (and are stable) only when % > 0. This means that, if in a non-

cellular flame structure, locally the concentration of the most diffusive component increases
(due to a fluctuation), the burning velocity also increases. This accelerates until a cellular
flame structure is formed.

a5,
6—¢t>0,

while for rich mixtures the burning velocity increases if the mixture becomes leaner %—if < 0.

The highest burning velocity is found at the stoichiometric ratio (¢ = 1). Figure 34 shows

that for a hydrogen-air mixture the most diffusive component is hydrogen. Increasing the

concentration of this component is similar to an increase in the equivalence ratio ¢, and thus
95,

%—‘ij > 0 has a similar effect as 53+ > 0: lean hydrogen-air mixtures form a cellular flame

structure.

For lean mixtures the burning velocity increases if the mixture becomes richer
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Of interest are also other fuels, since for most fuels the most diffusive component is oxygen.
The opposite happens now: when the oxygen concentration increases, the equivalence ratio
decreases. A rich mixture is subject to the formation of a cellular structure. This is of
importance if the BLF model is validated using fuels other than pure hydrogen, while the
effect of flame structure needs to be taken into account.

Diffusivity

Substance Symbol (cm?/sec) sz,max
Flame gases

(average effective value) x 0.55
Oxygen Dy, 0.43 iy
Methane Dey, 0.47 "‘@
Ethane Dc;n-sﬁ 0.30 G,
Propane Dc,ug 0.25 Sy
Butane De,nye 0.22 w
Hexane CeHya 0.18
Heptane Deopyg 0.17
Octane CyHy3 0.16
Decane De oy 0.15 51,[)
C,Hy, 5 (n — o) Dy o
Hydrogen 3 1.86
Deuterium Dy, 1.32 Kk [1/5]
Figure 34: Diffusivities for different sub- Figure 35: The laminar burning velocity:
stances showing the high diffusivity for an attractor for thermal-diffusively unsta-
hydrogen (from Hertzberg [52]). ble flames (from Venkateswaran [53]).

Venkateswaran [53, 54] shows that the laminar burning velocity for unstable flames (with
a negative Markstein length) grows towards a stable attractor. This concept is illustrated
in Figure 35. Although he does not mention transition to a cellular flame structure, he
does analyse an unstable, negative Markstein length flame. This indicates that once the
transition to a cellular flame structure has taken place, the flame structure is stable again.
Venkateswaran states that this theory is only applicable to flames that are thermal-diffusively
unstable.

Based on the observations of Hertzberg and Venkaterwaran the following is concluded: for
thermal-diffusively unstable flames a cellular flame structure is formed, due to an increase in
the burning velocity. The cellular structure itself is stable.

3.3.2 Effect of Flame Instabilities on Burning Velocity

This paragraph provides an overview of the effect of instabilities on the burning velocity.
Zaytsev [55] studied the effect of the DL instability on turbulent flame velocity, numerically.
For different expansion ratios, the normalized turbulent burning velocity is plotted against
the normalized turbulent fluctuations, shown in Figure 36. The full lines show a model with
the DL instability included, the dashed lines without. This model is validated for moderate
Reynolds numbers.

Kadowaki [56] performed a numerical study on the flame velocity of cellular structured flames
at low Lewis numbers (Le<1). He concludes that the local flame velocity increases at a convex
flame (w.r.t. the unburned mixture) and decreases at a concave flame. This is in agreement
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with the DL instability. Also, Kadowaki states that, due to the Arrhenius nonlinearity the
velocity increase in the convex flame front is larger than the velocity decrease at a concave
flame front. He presented a graph for the burning velocity against the Lewis number, which
is shown in Figure 37.

2.2b
| =
1-ab
& 1.6F -
- =
1.3 n
.
1.0
1.00 1.25 1.50 1.76  2.00
U/ U 1/Le

Figure 36: Turbulent burning velocity Figure 37: Relation between the turbulent

against turbulent fluctuations, both nor- burning velocity (divided by flame surface
malized, for different expansion ratios area) and Lewis number for cellular struc-
(from Zaytsev [55]). tured flames (from Kadowaki [56]).

Aspden [51] studied the characterization of low Lewis number flames, numerically. For lean
premixed hydrogen (¢ < 0.5) and low Lewis numbers (Le< 0.4) his results show local max-
imum burning velocities that are four times higher than the laminar burning velocity. This
occurs at the presence of cellular flames.

Aspden also notes that the Karlovitz number Ka and the Damkdhler number Da for low
Lewis number flames should be calculated with the freely propagating properties instead of
the laminar properties. Only then the diagram shown in Figure 11 can be used accurately.
This is based on the observation of different behaviour of flames for different equivalence
ratios, while the Karlovitz, Damkohler and Lewis number were constant. For lean cases
(¢ < 0.4) the corrected Karlovitz number is 5.2 times smaller than the laminar one.

Finally, in a numerical study of unstable hydrogen/air flames, Frouzakis [57] proposes an
increase of 22-24% from the laminar to turbulent burning velocity. This holds for an equiva-
lence ratio between 0.75 and 1. For lower equivalence ratios (0.5 to 0.75) he proposes a ratio
of the turbulent to laminar burning velocity of 1.65.

To conclude with: the effect of instabilities and onset to a cellular flame structure on the
burning velocity has been studied by several researchers. Although different theories are
provided, one common result is an increase in burning velocity, which is related to flame
instability and flame structure.
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3.3.3 Code Modification

The occurrence of flame instability (and cellular flame formation) is commonly attributed to
a Lewis number below 1. Also, the burning velocity knows many different expressions and
is therefore one of the uncertain variables in the BLF model. For this reason the correlation
from Kadowaki is added to the code: it relates the Lewis number directly to the burning
velocity. A polynomial fit through the data of Figure 37 is given by Equation 3.12. In the
code a multiplication factor is used for S;, and therefore Equation 3.12 is normalized by the
value of S.f at Le = 1. This results in Equation 3.13. Note that in 37 Kadowaki uses a
different symbol for the burning velocity.

1\? 1
L+ =0.7516- — | —1.405- — 1. 12
Sep = 0.7516 (Le) 05 <Le>+ 8906 (3.12)
Ster 1\? 1
Pl 06052 [ — ) —1.1314- [ — ) +1.5224 3.1
5, 0 (Le) 3 (Le> +1.5 (3.13)

Equation 3.13 is based on data up to 1/Le = 2, so this relation should only be used in
the range of Le is 0.5 to 1. Above 1 the relation does not make sense, since cellular flames
are not present there. Below a Lewis number of 0.5 the graph can either continue with
the same quadratic trend or the increase stagnates. Based on findings from Hertzberg and
Venkateswaran, it is assumed that stagnation occurs due to the self-stabilization of a cellular
flame. For Lewis numbers below 0.5 the multiplication factor at Le = 0.5 is used.

From now on Equation 3.13 will be referred to as the Lewis number correction. Two modi-
fications are examined: the first uses the Lewis number correction for all temperatures, the
second for elevated temperatures only. The reason for this is that the prediction of the
Markstein length for elevated temperatures is very uncertain and has never been validated.

3.4 Improvement Study 3: Flame Stretch

In Paragraph 2.2.3 the flame stretch rate was discussed. This section shows the changes in
Kmean and k; when turbulence cannot be assumed isotropic. First k,,eqn is discussed and for
convenience the expression is shown again (Equation 3.14).

(aﬂ ov 8@) 1 { ou ou ou
p— wu' — + v — + uww —
X

oz oy To) 2k MM Dy 9- -
—i—v’u/@+v’v’@4—1}’11)’@—i—w’u’a—w—i—ma—w—i—Wa—m |
Ox dy 0z Ox dy 0z

The velocity components for fully developed flow have partial derivatives w.r.t. x equal to
zero. Since Hoferichter’s model works in the 2D xy-plane, and side wall (z = 0,z = w)
effects are avoided, it is valid to take the xy-plane at z = w/2, which is in the middle of the
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channel width. Symmetry then allows to cross out all partial derivatives w.r.t. to z and also
everything that includes the time averaged velocity component w. What is left then are 3
terms:

ov 1 [ —0u Jv
mean — o _ a5 7 "' — "' — 3.15
K o 2k uvay—l—vvay ( )

With g—z and %—f being zero and by assuming incompressible flow (which is valid for the
velocities of interest), continuity results in g—z = 0. This simplifies Equation 3.15 to Equation
3.16:

u'v' du
mean — a_ 3.16
" 2-koy ( )

Also, the k in Equation 2.37, that is used to determine k;, should now be replaced by Equation
3.18, resulting in Equation 3.19. Note that a similar modification is made to €.

Ko = FK% (3.17)
k= (WP + W+ ) (3.18)
ke =2 Tx uvw! (3.19)

A((u)? + (V)2 + (w)?)

3.4.1 Code Modification

To evaluate Equation 3.16 all components of the r.h.s. need to be determined. First u/v’ is
related to u/ v/ by using the correlation coefficient K, which is defined by Equation 3.20. In
1951 Laufer [58] performed measurements on turbulence in fully developed channel flow and
he also measured and plotted K for three different Reynolds numbers. This plot is shown in
Figure 38.

Ke—"" with: W = Ku v (3.20)
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Figure 38: Experimentally obtained correlation coeffi-
cient K (in the figure k) against the ratio of the distance
from the wall y and half the channel height d, for fully
developed channel flow (from Laufer [58]).

Since the BLF model focuses on the near-wall region, only the left asymptotic values of Figure
38 are of relevance, which are independent of y (the plots are approximately horizontal close to
the wall). For Re= 12300, 30800, 61600, —K = 0.5,0.46, 0.43, respectively. To get Reynolds
numbers in between a simple fit function is used, which is given by Equation 3.21.

—K = —0.10 - log;(Re) + 0.91 (3.21)

The second component of Equation 3.16 that needs to be defined is the (anisotropic) turbu-
lence kinetic energy k. The definition given by Equation 3.18 is used. For the «’ fluctuations
Hoferichter used Equation 2.72. A polynomial fit for v is made, in the range of y* is 0 to
50, by using data from Wei [46], which is shown in Figure 28F. Finally, based on Figure
28D the w’ fluctuations are estimated at 1.4 times v’ in the region close to the wall. The
corresponding equations are given by Equations 3.22 to 3.24 and plotted in Figure 39.

o 2 3
— =2.661 —7.211-1In (y*) +7.600 - In (y)" — 2.900 - In (y*
" (v") (v") (v") (322

+0472 - In (y*)" — 0.028 - In (y*)°

—= —0.00052 - (y™)? 4 0.045873 - 4y — 0.014410 (3.23)
/
:j— = —0.000728 - (y7)? + 0.064222 - y= — 0.020174 (3.24)
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Figure 39: Normalized fluctuations in the near wall re-
gion y* is 0 to 50 for u, =1 m/s.

The last component of Equation 3.16 is the mean velocity derivative w.r.t. y. The u profile
can be approximated with Equation 3.25, which is commonly used to estimate the fully
developed turbulent velocity profile. This function depends on the centerline velocity Upp
and is valid from the wall (y = 0) to the channel half height h/2. Taking the derivative w.r.t
y results in 3.26. Substituting all the components into Equation 3.16, and removing the bars
for convenience, results in Equation 3.27.

y \ V7
w = Unn (h_/2> (3.25)
ou 2 Yy —6/7
BT Urg <h_/2) (3.26)
~ (=0.1-logjy(Re) +0.91) u'v" 2 y \ 7
Rmean = (u/>2 + (UI)Q T+ (U),)Q 7. n UFB h/2 (327)

Together with Equations 3.23 and 3.24, the last expression will be used to account for the
effect of anisotropic turbulence of the flame stretch rate. Also, x; is now determined by 3.19.
Together the new expressions for K,,eqn, and x; form the modification.

However, the model was executed and a numerical convergence problem occurred. Equation
2.74 needs to be solved numerically for u, and with both the k,,cq, and k; being modified, the
value of u, diverges and the model crashes. Several initial guesses were tried, as well as larger
residual errors and different numerical solvers. However, the model is highly non-linear and it
is non-trivial to detect the relation between the modifications and the numerical divergence.
For this reason k.., and x; have been modified separately and this shows that the modified
Kmean Tesults into the numerical divergence. For this reason only the x; modification is used.
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3.5 Results and Discussion
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Figure 40: Model with Lin’s correlation for S;, with the modified
results for 7" = 673 K being to large to show up.
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Figure 41: Model with Jainski’s fluctuations graph for reacted flow,
with C' = 1.9.
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Figure 42: Model with Lewis number correction for all temperatues,
with C' = 2.0.
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Figure 43: Model with Lewis number correction for elevated temper-
atues only, with C' = 2.4.
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Figure 44: Model with anisotropic flame stretch included in &;, with
C =24.

According to Figure 40 Lin’s correlation does not improve the model. Negative parabolic
results show up and this can be explained by looking at Equation 3.28. The pressure term can
be neglected (pressures are constant). With the Lewis number increasing with the equivalence
ratio (Figure 22), the Lee_}g;g2 term results in a decreasing S;. This explains the decrease in
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flashback limit for higher ¢’s. The increase can be explained by the dominant effect of v’
w.r.t. Spo for lower ¢’s: the flame is classified as thin reaction zone, while for higher ¢’s this
is a corrugated flame. Figure 11 shows that for the thin reaction zone the fluctuations are
more dominant.

i s Le_().gg o 0.45 A —0.41 & 0.75 E —1.33 (3 28)
Sl:O ‘ eff Sl:O (5f P T .

While Lin’s correlation relates S; directly to S;.o, Hoferichter uses more equations to model
the flame stretch and the corresponding burning velocity S;.s. Although Hoferichter uses a
simpler expression for S;, Lin’s correlation simplifies the modelling of flame stretch and could
therefore give the inaccurate results.

Figure 41 shows that Jainski’s fluctuations do not affect the results much. However, the pre-
exponential factor C' drops from 2.3 to 1.9. This means that C has corrected for an overall
overprediction. With Jainski’s fluctuations being larger than Hoferichter’s, the overprediction
can be explained. Still there are two tail-like trends at the left of the 293 K graphs. An
explanation can be given by the difference in Markstein length’s between the different inlet
temperatures, shown by Figure 45. At 293 K the Markstein length is much larger and this
results in a higher response to the flame stretch rate, following Equation 2.29. The flame
stretch rate increases with turbulence by means of x;.
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Figure 45: Markstein length for hydrogen-air mix-
tures at three temperatures (from Hoferichter [21]).

Figure 42 includes the results of the Lewis number correction for all temperatures. For
elevated temperatures and low ¢’s the experiments are predicted really well. Also the trends
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of the predictions agree more to the trend of the experiments (a steep slope for low ¢’s
that reduces when ¢ increases). However, for 293 K the model predicts poorly. The Lewis
numbers for different temperatures are comparable to each other, which excludes that the
large differences in accuracy is caused by the Lewis number correction. With only the Lewis
number correction for elevated temperatures the model shows a higher overall accuracy. This
is shown in Figure 43. Compared to Figure 42 the elevated temperatures are overpredicting.
This is caused by a higher value for C', since C' does not have to correct for the overprediction
at 293 K anymore.

Finally Figure 44 shows the results of the anisotropic x; modification. Compared to the
original BLF model the modified model underpredicts for low ¢’s and overpredicts for high
¢’s. The latter can be explained by an increase of C' from 2.3 to 2.4. This means that
the modification mainly affects the low equivalence ratios by underpredicting. As explained
before, at 293 K the Markstein length is much larger and this results in a higher response to
the flame stretch rate, following Equation 2.29. The flame stretch rate decreases now that
both € and k are determined with ', v and w’ instead of v’ only (which is higher).

Based on these five modifications a final modification is proposed. While Jainski’s fluctuations
are based on a different flame shape and Lin’s correlation simplifies the modelling of flame
stretch, both the Lewis number correction and the anisotropic «; can be supported by theory.
Therefore the final modification combines these two. The Lewis number correction is applied
for all temperatures. The overprediction for 293 K and low ¢’s now is balanced out by the
underprediction due to the anisotropic x; modification. The results are shown in Figure 46,
and they show good agreement with the experiments.
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Figure 46: Combined modifications: Lewis number correction for all
temperatures and anisotropic flame stretch included in k;, with C' =

2.0.
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3.6 Conclusion

To improve the original BLF model, three physical phenomena have been studied in detail.
Starting with the turbulence-flame interaction, the effect of the flame on upstream turbulence
was discussed. Jainski performed experiments showing that turbulence upstream of a flame
can be affected significantly. Two modifications were proposed: Lin’s correlation for S; and
the fluctuations from Jainski’s experiments.

The second study was on flame instabilities. Both hydrodynamic DL instability and thermal-
diffusive instability may lead to unstable flame fronts. This leads to the formation of cellular
flames (which are stable itself), that have an increasing effect on the turbulent burning
velocity. DL instabilities can be related to the Markstein length L,;, which depends on
the Lewis number Le. This implies that a DL instability and a thermal-diffusive instability
cannot be fully separated. Kadowaki presented a relation between the Lewis number and
the increase in burning velocity during formation of cellular flames. This relation was used
for a third and fourth model modification. The third model includes the correction for all
temperatures, while the fourth is only applied to elevated temperatures.

The third study was on the effect of anisotropic turbulence on flame stretch. In fully devel-
oped channel flow turbulence cannot be assumed isotropic and thus both K,,cq, and k; were
redefined. However, by modifying both parameters in the model, the code was not able to

converge numerically, caused by the modification of K,,eq,. Therefore only k; was considered.
This led to the fifth modification.

Based on the five modifications a final modification was proposed that includes both the
Lewis number correction and the anisotropic x;. In contrast to the other modifications, these
two are well supported by theory. The resulting flashback prediction accurately matches
the experiments for all three temperatures and therefore the improved model shows superior
accuracy compared to the original model. The improved model is recommended for future
BLF predictions and will be used in the following chapter to study the effect of flow divergence
on flashback tendency.
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4 Effect of a Diverging Flow on Flashback Tendency

In order to use the improved BLF prediction model for geometries that are more complex than
straight channels and tubes, a good understanding of the effect of the geometry on flashback
tendency is required. Therefore, in this chapter the flashback tendency of a straight channel
is compared to two diverging channels with inclinations of 2 deg and 4 deg, respectively.
Experimental results obtained by Eichler [7] (critical velocity gradients) are converted to
bulk velocities with Equation 2.76. They are plotted in Figure 47. In the diverging channels
flashback initiates at the inclined wall, which is shown in Figure 48.
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Figure 47: Experimental results from Eichler: a straight channel, a 2
deg and a 4 deg inclined channel, with T=293 K. [7]

Figure 48: OH* image of BLF of a H2-flame in a 4 deg diffuser (from
Eichler [7]).
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It can be seen that an increase in channel inclination results in a steeper slope in the graphs.
The straight and 2 deg results intersect at ¢ = 0.33. This can be explained by the way
Eichler calculates the critical velocity gradient g.. He expresses the velocity gradient as the
ratio of wall shear 7 to v and then 7 is estimated numerically. Eichler [7] shows that the
numerical estimation of 7 may be underpredicted below ¢ = 0.35. Due to the overall increase
of flashback tendency the following question will be answered in this chapter:

Why does a diverging channel lead to higher flashback limits and what physical mechanism is
responsible for this?

The approach is to first understand the effect of the geometry on the flow parameters: pres-
sure and velocities (and their gradients), and turbulence parameters. These parameters are
obtained with CFD and the results of the three channels are then compared. Then, differences
in the flow parameters are used as an input of the improved BLF prediction model.

4.1 Effect of the Geometry on the Flow Parameters

The channel geometries are shown in Figure 49. The CFD simulations are performed with
ANSYS Fluent 19.0. [59] Unreacted, adiabatic flow is simulated for a 2D geometry with a
very fine mesh (cells y* = 1) close to the wall. Turbulence is modelled by the Reynolds
Stress Model (RSM) to include anisotropic effects. At the inlet an uniform velocity is defined
and the outlet has a pressure boundary condition. Material properties are obtained by using
Cantera [41]. Also, more details on the CFD-setup are provided in the Appendix (6.2).
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Figure 49: Side views of the three channels.

The point of interest for the comparison is at ¢ = 0.35 with an inlet velocity of 10 m/s. Below
this equivalence ratio the BLF model is not valid, because it uses the unstretched laminar
burning velocity, while a leaner (than ¢ = 0.35) H2-flame is only possible with sufficient
stretch. Figure 50 shows the velocity profiles T x = 300 mm. The diverging channels results
in lower velocity magnitudes, due to the increase in flow area. However, to study the effect
of the geometry, the velocity magnitudes should be equal. For this reason the CFD results
are scaled.
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Figure 50: CFD results: velocity profiles over the full height at x =

300 mm.

Three different scales have been used: U, V', and their gradients are divided by the maximum
value of U (for that geometry) and multiplied by the maximum value of U for the straight
channel. For the pressure p, the Reynolds stresses u/u’, v'v/, w'w’ and «/v" and the turbulent
kinetic energy k the same has been done, but with the maximum velocities squared. For the
turbulent dissipation rate € a cubed velocity scaling is used.

The results (except the pressure) are plotted against y, at x = 300 mm from the inlet. Figures
51 and 52 show the CFD results over the full channel heights and Figures 53 and 54 show
them in the lower near-wall region up to y™ = 40. The non-scaled results can be found in

the Appendix (6.3).
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Figure 54: Scaled CFD results: turbulence profiles in the lower wall
region at x = 300.

Compared to the straight channel, the diverging channels show three deviations:

1. An adverse pressure gradient: Due to the diverging geometry, the flow area in-
creases and continuity results in a velocity decrease. This decrease is shown in the
dU /dx graph of Figure 51, where the diverging channels take negative values in the
core of the channel. The velocity decrease leads directly to an increase in pressure,
since dynamic pressure is converted to static pressure. A positive pressure gradient
enhances flow separation and thus flashback.

2. High velocity gradients in the boundary layer: All velocity gradient profiles
(except for dU /dy) show very high values increasing towards the lower wall. The peaks
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are opposite to the magnitudes in the center of the channel. In other words, the velocity
gradients flip signs. Figure 53 shows that an increase of inclination angle results in an
increase of dU /dx, dV /dx and dV /dy, while the dU /dy term decreases.

3. Turbulence shifts towards the core region: Figure 52 shows that turbulence
increases, while Figure 54 shows that the turbulence close to the lower wall decreases
slightly. The latter is caused by a shift of the location of maximum turbulence from
the wall towards the core. This would result in a decrease of the turbulent burning
velocity in the wall region and a lower tendency of BLF.

4.2 Effect of the Flow Parameters on Flashback Tendency

The three deviations in flow parameters will now be used in the improved BLF prediction
model. The first effect is the decrease in turbulence. Based on Figure 54 a scaling is used to
reduce the v/v’, v'v" and w'w’ curves. This is done by simply multiplying them with a scalar.
The results are given by Figure 55. A decrease of turbulence results in lower flashback limits.
This can be explained by a decrease of the turbulent burning velocity.
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Figure 55: The effect of smaller turbulent fluctuations on flashback
tendency, compared to experimental results from Eichler [7].

Second the effect of the adverse pressure gradient is implemented. This is done by adding an
extra pressure term to the separation criterion. The criterion is evaluated at = x5 = 0.01 m,
which is at the flame tip. This value is recommended by Baumgartner [19].
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Different values are now given to 3—5 based on the pressure gradients in Figure 53. The results
are compared to the experiments and this is shown in Figure 56. An increase of flashback
limits is observed. While the 2 deg channel is in line with a zero pressure gradient, the 2,000
Pa/s gradient points towards the limits of the 4 deg channel.
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Figure 56: The effect of a pressure gradient on flashback tendency,
compared to experimental results from Eichler [7].

The third effect is related to the high velocity gradients. These directly affect the flame
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stretch. Equation 4.6 shows again the expression for the mean strain-induced flame stretch
rate Kpean. There the expression was simplified by assuming fully developed, incompressible
flow in a symmetric plane. However, the diverging flow is not fully developed. Still the
assumption for incompressible flow is valid and by choosing the xy-plane at z = w/2, which
is illustrated in Figure 57, symmetry is also used.

Ju Ov Ow 1 ou ou
Bmean = | ==+ =— + = | — — uu/—+u’v’—+uw—

Jdr 0Oy 0z 2-k Ox dy 0z (4.6)
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4

Figure 57: Symmetry plane in a diverging channel.

Due to continuity the first three terms of Equation 4.6 drop out. Then due to symmetry
in z direction both the partial derivatives w.r.t. z and all terms including w are zero. This
results in Equation 4.7. Figure 58 shows the corresponding plots for the three channels.

1 ou ou ov ov
mean = — —— /I I / Ioyl 47
K 5T uuax—l—uvay—%vu@x—l—vvay (4.7)
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Figure 58: The mean strain-induced flame stretch rate calculated from
CFD results.

The first thing Figure 58 shows is a Keqn ranging from 500 to 1,250 1/s for the straight chan-
nel. With the assumption of isotropic turbulence Hoferichter [21] neglected the contribution
of Kimean, While the total flame stretch rate she presents, ranges from 1,000 to 8,000 1/s. This
shows that isotropic turbulence can be assumed for the K,,cqn, term. Also, it explains why
the Kpean term in the anisotropic modification (discussed in Section 3.4) was not the main
contributor.

Secondly, the diverging flows have a lower k,cqn. The diverging flows have non-zero values
for all four terms of Equation 4.7, while the straight channel has only a non-zero second term.
However, the dU /dy term is larger for the straight channel, resulting in a higher K,cqn-

It is hard to decide now how K,y,eqn, should be changed in the improved BLF model, since &,,ean
was never taken into account. Also, in Section 3.4 it was discussed that a modification of
Kmean led to a model crash. Compared to K,,eqn, = 0 an increase could be implemented, while
the Kyean's of the diverging channels suggest a decrease compared to the straight channel.
For this reason a fmyeqn has been varied from -1,000 to 500 1/s. The results are given by
Figure 59.
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Figure 59: The effect of additional flame stretch on flashback ten-
dency, compared to experimental results from Eichler [7].

From the results it can be seen that an increase in K,,cqn leads to higher flashback limits.
However, this is not in line with the higher flashback limits for the diverging flows, since
these have a lower K¢, than the straight flow.

4.3 Conclusion

This chapter used the improved BLF model to study the effect of a diverging geometry on
flashback tendency. CFD was performed in three different channels: a straight channel, a
2 deg and a 4 deg diverging channel. Cold flow simulations with a refined mesh in the
boundary layer were performed with a RSM turbulence model. Besides the velocity and
pressure gradients, this led to insights in directional turbulence close to the wall.

In the flow parameters three major differences were observed between the straight and diverg-
ing flows: a decrease in turbulent fluctuations, an adverse pressure gradient and high velocity
gradients in the boundary layer. These changes were used as an input for the improved BLF
model to evaluate their effect on flashback tendency.

It has been shown that both the original and the improved BLF model’s do not take into
account Koeqn and CFD results of the straight channel show that this is a valid assumption.
Different values were used to show the effect of K,,eqn On the flashback tendency. Although
Kmean and the turbulence parameters (in the wall region) are weaker in the diverging flows,
the flashback limits are higher. This is caused by an adverse pressure gradient, which is due
to continuity: a diverging flow loses speed by expanding and this results in an increasing
static pressure.
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5 Conclusion and Recommendations

Using pure hydrogen combustion for industrial gas turbines contributes to solving the im-
balance between fluctuating renewable power supply and required power. CO2 emissions are
eliminated and by using lean premixed combustion also NOx emissions are minimized. Due
to the high diffusivity and burning velocity of hydrogen, flame flashback is a serious threat
for premixed hydrogen combustion. One of the most important flashback types for hydrogen
premixed flames is boundary layer flashback (BLF). Within the past 5 years a semi-analytical
model has been developed by TU Munich to predict BLF. This model has only been validated
for atmospheric conditions, while for gas turbines operating temperatures and pressures are
much higher. Also, the validation applies only to simple geometries and cannot be used for
new burner concepts. This leads to the thesis objective:

o To improve the semi-analytical boundary layer flashback model and, by feeding the model
with Computational Fluid Dynamics (CFD) results, to study the effect of a geometry
change on flashback tendency.

The thesis has been divided into three parts. First an exploring chapter explains the BLF
model from TU Munich, its main assumptions and critical parameters. After a historical
overview of BLF theory, background theory is provided on relevant concepts: the Stratford
criterion, the turbulent burning velocity, the stretched laminar burning velocity, the Mark-
stein length and turbulence. The model is then explained and discussed, resulting in the
critical assumptions and parameters:

o The assumption of isotropic turbulence

e The assumption of no effect of the flame on upstream turbulence

o The critical parameter: the turbulent burning velocity S;

o The critical parameter: the Markstein length L,; and the effect of flame instabilities

The improving chapter focuses on specific phenomena with the goal of improving the model.
It is shown first how the original model is duplicated. Then three topics are discussed:
turbulence-flame interaction, flame instabilities and flame stretch. This leads to five model
modifications that were compared to the original model and experiments of Eichler:

o Another expression for the turbulent burning velocity, based on a correlation proposed
by Lin

o Another fluctuations curve, based on Jainski’s experiments to account for the upstream
effect of the flame on turbulence

o A correction factor for the turbulent burning velocity as a function of the Lewis number,
to account for cellular flame formation (one for all temperatures and one for elevated
temperatures only)

« A modified expression for the turbulence-induced flame stretch that includes anisotropic
turbulence
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A combination of two modifications, the correction factor and the anisotropic k;, resulted in
significant improvements. The resulting flashback prediction accurately matches the experi-
ments and therefore the improved model is recommended for future BLF predictions.

Finally the applying chapter uses the improved model to study the effect of a diverging
geometry on flashback tendency. With experimental results being available for a 2 deg and 4
deg channel, this is a first step towards the validation of the model for different geometries.
With the use of Computational Fluid Dynamics (CFD) the flow through the channels is
modelled and relevant flow parameters are obtained. Three major differences between the
diverging and straight flows are used as an input of the improved BLF model. It was shown
that an adverse pressure gradient is responsible for a higher flashback tendency for a diverging
channel compared to a straight channel/

Together these chapters result in a better understanding of BLF and an improved prediction
model, validated for gas turbine relevant temperatures, that can be used to study the effect
of geometrical modifications on flashback tendency. This is a tool that could significantly
contribute to the development of lean premixed hydrogen burners.

However, based on the underlying physical concepts, the model’s applications are limited.
Firstly the Stratford separation criterion, which is derived for 1D flow, should be adapted to
2D flow. Next to this the model is based on two uncertain parameters: the Markstein length
Lj; and the turbulent burning velocity S;. For the Markstein length no general expression
exists yet and for both parameters the uncertainty increases for lean hydrogen-air mixtures.
On top of this they are also difficult to obtain experimentally.

Recommendations for future research includes:

o Experimental studies of BLF of lean premixed hydrogen combustion for different burner
geometries. The currently available experimental results are limited to straight chan-
nels, 2 and 4 deg channels and tubes. Also, only for the straight channel elevated
temperatures are tested for. Eventually experiments should be performed at gas tur-
bine operating conditions (elevated pressures and temperatures).

o Fundamental studies of the Markstein length of lean hydrogen-air mixtures. Only at
room temperatures the Markstein length can be predicted and this is still without
good accuracy. For elevated temperatures and pressures no solid theories exist yet.
The Markstein length is of great importance for lean premixed hydrogen flames at high
temperatures, because it plays an important role in the stretched burning velocity and
flame instabilities.

o Further improvement of the prediction model. This can be done by extending the
Stratford criterion to 2D and by using advanced CFD simulations to obtain more
accurate flame stretch rates. Also, CFD simulations could be used to get information
on local flow properties (velocity and pressure gradients) in new geometry concepts.
A correlation between flashback limits (from experiments) and a momentum balance
(velocity versus pressure gradient) could be found that gives insight on the effect of the
geometry on boundary layer flashback tendency.
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6 Appendix

6.1 BLF Model - Python Code

import numpy as np

from scipy.optimize import fsolve
import cantera as ct

import LFS as LFS

import matplotlib.pyplot as plt

def BLFmodel(C,PRINT):

T_ad_list = []
phi_list = []
S_le_list = []
S_1s_list = []
Lm_list = []

u_fluc_tau_list = []
y_plus_list = []
Le_list = []
LE_list = []
kappa_list = []
U_FB_bar_list =
u_fluc_list = []
kappa_ratio_list = []
Re_list = []

Ka_list = []
TI_x_list = [
TI_y list = [
TI_loc_list = []
flame_x_list = []
flame_y_list = []
Local_Error_List = []

[1

for mm in range(1,5,1)
for m in range(9,21,1):
if mm==5 and m==9:
m=10

phi = m/20.-0.1

if mm==1:
T_u =293
GEOMETRY =1
if mm==2:
T u =473
GEOMETRY =1
if mm==3:
T_u =673
GEOMETRY =1
if mm==4:
T_u = 293
GEOMETRY =2
p_u = 101325
R = 8.314
Ea = 125604.

Le 02 = 2.32
Le_H2 = 0.33
gamma2 = 1.

h = 8.0175
w= 0.157
if GEOMETRY==1:
D_h = ((w*h)/3.14)**9.5 * 2
if GEOMETRY
D_h = 0.04

gasl = ct.Solution('gri3@.xml")

mix = 'H2:'+str(2*phi)+', 02:1, N2:3.76"
gasl.transport_model = 'Multi’

gasl.X = mix

gasl.TP = T_u,p_u

rho_u = gas1.TD[1]

cp_u = gasl.cp_mass

lambda_u = gasl.thermal_conductivity

LE = lambda_u / (np.dot((gasl.X),(gasl.mix_diff_coeffs_mole))*rho_u*cp_u)
mu_u = gasl.viscosity

thermal_diff_u = lambda_u / (rho_u * cp_u)
gasl.equilibrate('HP', solver='gibbs")
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cp_b = gasl.cp_mass

lambda_b = gasl.thermal_conductivity

T_ad = gasl.T

rho_b = gas1.TD[1]

thermal_diff_b = lambda_b / (rho_b * cp_b)

S_10 = LFS.inter(phi,T_u,p_u*10**(-5))
sigma = rho_u / rho_b

gammal = sigma

deltaf = 2*lambda_u / (rho_u * cp_u * S_l10)
beta = Ea*(T_ad - T_u)/(R*T_ad**2)

A = 1+ beta*(1/phi-1)

Le = 1+ (Le_02 - 1 + A*(Le_H2-1))/(1+A)
alfa = gammal + @.5*beta*(Le-1)*gamma2

Lm = deltaf*(alfa-(sigma-1)*(gammal/sigma))
1.t =0.67 * D_h

s = np.logle(l_t/deltaf)

error = 10
count = @
UFB =1

while abs(error)>0.01:
def equationl(eql):
u_tau = eql
if GEOMETRY ==1:
return ((U_FB-2.4*u_tau)/u_tau - (1/0.41 * np.log((h/2.*u_tau)/(mu_u/rho_u)) + 5 - 1/0.41))
if GEOMETRY ==2:
return (u_tau**2 - (0.03955 * (U_FB-2.4*u_tau)**(7/4.)*(mu_u/rho_u)**(1/4.)*(D_h)**(-1/4.)))
u_tau = fsolve(equationl,0.1,xtol=1.49012e-2)

st=20
if mm==1 and m==9:
imax = 5@
else:
imax = 50

for i in range(5,imax,1):
y = i * (mu_u/(rho_u*u_tau))
u_fluc = u_tau*(2.661 - 7.211*np.log(u_tau*y*rho_u/mu_u) + 7.600*np.log(u_tau*y*rho_u/mu_u)**2
- 2.900*np.log(u_tau*y*rho_u/mu_u)**3 + 0.472*np.log(u_tau*y*rho_u/mu_u)**4
-0.028*np.log(u_tau*y*rho_u/mu_u)**5)

Gamma = 10**(-1/(s+0.4)*np.exp(-(s+0.4))+(1-np.exp(-(s+0.4)))*(2/3.*(1-1/2.*np.exp(-(u_fluc/S_1@)**(1/3.)))*s-0.11 ))

kappa_mean = 0.

kappa_turb = 2/3. * Gamma*u_fluc/1_t
kappa_s = 1/2.*u_fluc/1_t

kappa = (kappa_mean + kappa_turb + kappa_s)
S_1s = S_10 - kappa*Lm

S_t_new = (S_ls*(1+C*(u_fluc/S_1s)**0.5))

if S_t_new > S_t:
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S_t = S_t_new
Y = u_tau * y *rho_u / mu_u

kappa_FB, Gamma_FB, S_ls_FB = kappa,Gamma,S_1s
u_fluc_FB = u_fluc

S_le_FB = S_l1@

S_1s_FB = S_1s

Ka = (u_fluc / S_10)**(3/2.) * (1_t/deltaf)**(-1/2.)
U_TAU = u_tau

if mm==1 and m==9 and count==0:
u_fluc_tau_list.append(u_fluc/u_tau)
y_plus_list.append(y * u_tau * rho_u / mu_u)

dp_max = rho_u * S_t**2 * (T_ad/T_u - 1)
dpdx = 0.
U_FB_new = (((dp_max + dpdx*0.01)*(2*dp_max+dpdx*0.01)**0.5 / ©.39)**(2/3.) * 2/rho_u)**0.5

error = U_FB_new - U_FB
U_FB = U_FB_new
count = count+1

if Ka > 1:

flame = 'Thin reaction zone'
elif Ka < 1:

flame = 'Corrugated flamelets

U_FB_bar = U_FB[@] - 2.4*u_TAU[@]

if PRINT == 1:
print ('T_u = ',T_u,'K *,'phi = ",round(phi,2)," ', 'U_FB_bar = ',round(U_FB_bar,1), 'm/s ',
‘u_fluc_FB/S_Ls_FB = ',round(u_fluc_FB[@]/S_ls_FB[@],1)," ','1_t/deltaf = ',round(1l_t/deltaf,1),
' ','y+_FB = ',round(Y[@],0)," ','Re_h = ",round(U_FB_bar*h*rho_u/mu_u,0)," ', flame)
print(" ")
if m==20:
print(" ")
print('------cccmm el )
print("' ")

Re_list.append(round(U_FB_bar*h*rho_u/mu_u,0))
Ka_list.append(float(Ka))
TI_x_list.append(float(((mu_u/rho_u)**3*1_t/(u_fluc_FB)**3)**(1/4.)/deltaf))
TI_y_list.append(float(u_fluc_FB/(2*S_10)))
TI_loc_list.append(round(u_fluc_FB[@]/S_ls_FB[0],1))
flame_x_list.append(1l_t/deltaf)
flame_y_list.append(u_fluc_FB/S_10_FB)

phi_list.append(phi)

T_ad_list.append(T_ad)

S_l1o0_list.append(S_10)

S_ls_list.append(S_1s)

Lm_list.append(1000*Lm)

Le_list.append(Le)

LE_list.append(LE)

kappa_list.append(kappa_FB/1000)

U_FB_bar_list.append(U_FB_bar)

u_fluc_list.append(u_fluc_FB)

kappa_ratio_list.append(100 * 2/3.*Gamma_FB/(2/3.*Gamma_FB+1/2.))

if mm==1:
U_FB_Data = 50.8502675059 * phi - 7.2760562413
Local_Error_List.append(abs(U_FB_bar-U_FB_Data)/35.28)
if mm==2:
U_FB_Data = 78.8293368674 * phi - 6.6335530372
Local_Error_List.append(abs(U_FB_bar-U_FB_Data)/49.12)
if mm==3:
U_FB_Data = 48.0853332972*np.log(phi) + 93.2665966307
Local_Error_List.append(abs(U_FB_bar-U_FB_Data)/84.69)
if mm==4:
U_FB_Data = 48.1158091256* phi - 6.6807553719
Local_Error_List.append(abs(U_FB_bar-U_FB_Data)/32.42)

Error_total = sum(Local_Error_List)

print('C = ',round(C,1), 'Error = ',round(Error_total,3))
return(Error_total,U_FB_bar_list,phi_list)
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Error_0 = 10000.
delta_Error = 1.

Cc=1.8
while delta_Error > 0:
C=C+o0.1

Error_1,U_FB_bar_list,phi_list = BLFmodel(C,0)
delta_Error = Error_® - Error_1
Error_@ = Error_1

C_optimum = round(C - ©.1,1)

print(* ")
print('Optimum C = ',C_optimum)
print(" ")

Error_model,U_FB_bar_list,phi_list = BLFmodel(C_optimum,1)

Default_Model_phi = [0.35,0.4,0.45,0.5,0.55,0.6,0.65,0.7,0.75,0.8,0.85,0.9]

Default_Model UFB = [ 8.45698472, 10.31915582, 12.63297894, 15.51082699, 18.61602674,

21.92871719, 25.17090436, 28.52621328, 31.52168034, 34.14735101,
36.21113684, 38.31325107, 7.85085045, 12.59570915, 18.22011575,
24.2874666 , 30.4117381 , 36.43550811, 42.11137157, 47.28936131,
52.03341047, 56.27141839, 59.7308201 , 62.86691147, 23.53936365,
32.25597853, 41.01390014, 49.42428701, 57.4092592 , 64.87625382,
71.67542777, 77.94897827, 83.54016192, 88.4518415 , 92.47539058,
96.14188181, .74907499, 10.36201519, 12.51505931, 15.23352964,
18.17568597, 21.31713644, 24.38743799, 27.56425899, 30.39262171,
32.86334311, 34.79180371, 36.75913529]

©

phi_data = []

U_FB_bar_data = []

file_name="C:/Users/tober/Desktop/EPT/H2 Flashback/Experimental Data/Correct/EichlerUFB3"
f=open(file_name+".txt", 'r+")

lines_data=f.readlines()

for data in range(len(lines_data)):
lines_split_data = lines_data[data].split('\t")
phi_data.append(float(lines_split_data[e]))
U_FB_bar_data.append(float(lines_split_data[1]))

plt.figure()
C1 = "k’

plt.subplot(1,2,1)

plt.plot(phi_list[@:12],U_FB_bar_list[@:12],label="Modified results',c=Cl,marker="0",linestyle="none",fillstyle="none")
plt.plot(phi_data[67:67+39],U_FB_bar_data[67:67+39],marker="+"',c="k',linestyle="none",label="'Experiments")
plt.plot(Default_Model_phi,Default_Model_UFB[@:12],label='Default results',c=Cl,marker='o",linestyle="none")
plt.xlabel('$\phi$ (-)', fontsize=14)

plt.ylabel('$\overline{U}_{FB}$ (m/s)', fontsize=14)

plt.title('Channel, T=293 K',fontsize=14)

XLIM = [0.2,1]

YLIM = [06,120]

NN = 4

plt.xlim(XLIM[@],XLIM[1])

plt.ylim(YLIM[@],YLIM[1])
plt.xticks=(np.arange(XLIM[@],XLIM[1]+(XLIM[1]-XLIM[@])/NN,step=(XLIM[1]-XLIM[@])/NN))
plt.yticks=(np.arange(YLIM[@],YLIM[1]+(YLIM[1]-YLIM[@®])/NN/2,step=(YLIM[1]-YLIM[@])/NN/2))

plt.grid(True)

plt.legend(loc=2,fontsize=12)

plt.show()

plt.subplot(1,2,2)

plt.plot(phi_list[©:12],U_FB_bar_list[12:24],label="Modified results',c=C1,marker='0"',linestyle="none’,fillstyle="none")
plt.plot(phi_data[67+39:75+39],U_FB_bar_data[67+39:75+39],marker="+"',c="k",linestyle="none",label="Eichler(2012) confined tube, T=473 K")
plt.plot(Default_Model_phi,Default_Model UFB[12:24],label="Default results’',c=Cl,marker='0"',linestyle="none")
plt.xlabel('$\phi$ (-)', fontsize=14)

plt.title('Channel, T=473 K',fontsize=14)

XLIM = [0.2,1]

YLIM = [0,120]

NN = 4

plt.x1im(XLIM[@],XLIM[1])

plt.ylim(YLIM[@],YLIM[1])
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plt.xticks=(np.arange(XLIM[@],XLIM[1]+(XLIM[1]-XLIM[@])/NN,step=(XLIM[1]-XLIM[@])/NN))
plt.yticks=[]

plt.grid(True)

plt.show()

plt.figure()

plt.subplot(1,2,1)

plt.plot(phi_list[©:12],U_FB_bar_list[24:36],label="Modified results',c=C1l,marker='0"',linestyle="none’,fillstyle="none")
plt.plot(phi_data[75+39:86+39],U_FB_bar_data[75+39:86+39],marker="+"',c="k",linestyle="none",label="Eichler(2012) confined tube, T=673 K")
plt.plot(Default_Model_phi,Default_Model UFB[24:36],label="Default results',c=Cl,marker='0"',linestyle="none")
plt.xlabel( '$\phi$ (-)', fontsize=14)

plt.ylabel('$\overline{U}_{FB}$ (m/s)', fontsize=14)

plt.title('Channel, T=673 K',fontsize=14)

XLIM = [0.2,1]

YLIM = [0,120]

NN = 4

plt.x1im(XLIM[@],XLIM[1])

plt.ylim(YLIM[@],YLIM[1])

plt.xticks=(np.arange(XLIM[@],XLIM[1]+(XLIM[1]-XLIM[@])/NN,step=(XLIM[1]-XLIM[@])/NN))

plt.yticks=[]

plt.grid(True)

plt.subplot(1,2,2)

plt.plot(phi_list[36:48],U_FB_bar_list[36:48],label="Modified results',c=Cl,marker='0",linestyle="none',fillstyle="none")
plt.plot(phi_data[@:67],U_FB_bar_data[@:67],marker="+"',c="k',linestyle="none",label="Experiments by Eichler")
plt.plot(Default_Model_phi,Default_Model_ UFB[36:48],label='Default results',c=Cl,marker='0"',linestyle="none")
plt.xlabel('$\phi$ (-)', fontsize=14)

plt.title('Tube, T=293 K',fontsize=14)

XLIM = [0.2,1]

YLIM = [0,120]

NN = 4

plt.x1lim(XLIM[@],XLIM[1])

plt.ylim(YLIM[@],YLIM[1])

plt.xticks=(np.arange(XLIM[@],XLIM[1]+(XLIM[1]-XLIM[@])/NN, step=(XLIM[1]-XLIM[@])/NN))

plt.yticks=[]

plt.grid(True)

plt.show()
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6.2 Fluent Example: Basics
Step 1:
Launch Workbench.

Drag the Fluid Flow (Fluent) icon into the empty field (Project Schematic).

o Click once on Geometry and make sure to check the 2D option of Analysis Type.

@\ Unsaved Project - Workbench
Fle View Tools Units Extensions Jobs Help

O] @]&] /T erose

Then right-click on Geometry and choose New DesignModeler Geometry.

] impor ‘ £ Reconnect efresh Project # Update Project ‘

Toolbox AR R Proj
[ —
{4 DesignAssessment

) Eigenvalue Buckling

@) Eleatric

i sxplictDynamics

9 Fluid Flow-Blow Mol ding (Polyfiov)
& Fluid Flow-Extrusion (Polyflow)

& Fluid Flow(crX)

G Fluid Flow (Fluent)

@ Fluid Flow (Polyflon)

[ HarmonicAcoustis

Fluid Flow (Fluent)

X

Component ID Geametry

Directory Name FFF

1

:

3

:

5

e
7

:

9
-

= Used Licenses

£ Basic Geometry Options

HarmonicResponse Solid Bodies
Hydrodynamic Diffradion W Surface Bodies
[ HydrodynamicResponse 5 Line Bodies @]
1€ Engine (Fluent) 13 Parameters Independent E
IC Engine (Forte)
) Mognetosiatic 14 Parameter Key ANS;DS
) Model 15 Attrbutes [m]
&) Modal Acoustics 15 Mamed Selections ]
fly Random Vibration 17 Material Properties =]
@ RigidDynamis 19 Analysis Type ) =l
5 static structural » Use Aesocaiinty
0 steady-stote Themal 21 Import Coordinate Systems ]
Thermal-Eleciric 2 Import Work Points [&]

& Topclegy optmazion 23 Reader Mode Saves Updated File [m]
& Transient Structural
{8 Trnsient Thermal 24 Import Using Instances
& Turbomachinery FluidFlow 5 Smart CAD Update

g x| Compare Parts On Update N =l
B ACP(Fos) A B c ‘ D ‘ 27 Endlosure and Symmetry Processing
iy ACP (Pre) 1w | Text Assocston | Datefime | || 25 Decompose Disjont Geometry
@ autodyn 29 Mixed Import Resolution MNore E
(24 BladeGen
@ o

Engineering Data
External Data
@@ Fxternal Model s

T View Al / Customize. .

@& Ready

¥ Job Monitor... | & Show Progress [, % Hide 0 Messages
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Step 2:
o Click on the blue z axis in the bottom right to work in the xy -plane (since 2D is

required).
In the Tree Outline select the XYPlane and click on New Sketch.

L]
e Then right-click on Geometry and choose New DesignModeler Geometry.
&) A: Fluid Flow (Fluent) - DesignModeler - X
File Create Concept Tools Units View Help
AEB @] DU Gro [sdet[ b DRER o 5 xS e QA6 EQ QR E K |2
W~ W~ £~ fiv fo Ao A A F
X¥Plane v b | Sketch - 9 || 3 Genente @ siore Topolog, [E]Parameters
Bodrude glgRevolve G Sweep @ Skin/Loft H M Thin/Surface  QpBlend v % Chamfer W Slice H @ Point ) Conversion
BladeEditor: fimport BGD {EjLoad BGD [«]Load NDF | SBFlowPath o/ Blade o Splitter Vi ", ExportPoi ¢ #lSectorCut |z ThroatArea ¥ CAD Import v | @) Preferences
& E s = (Ee © ML X
Tree Outline 2 Graphics 2
[=--,/@ A: Fluid Flow (Fluent)
S s xime ANSYS
o8 Sketchl R19.0
:i ?ZE:::Z Academic

. 0 Parts, 0 Bodies

Sketching Modeling
Details View L]
=1 Details of Sketch1

Sketch [ Sketch1

Sketch Visibility | Show Sketch

Show Constraints? | No

Y
¢
X
0,000 15 B00 30,000 ()
7500 22 500
Mode! View [ Print Preview
1 Plane Meter Degree [o [o Y
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Step 3:

o Under Draw select Rectangle and click twice in the model to define the rectangle. In
my case the first point is at the origin and the second to the upright. My coordinates
are then always positive and start at zero, which is useful for reading data.

o Under Dimensions and Constraints some tools can be used to constraint your geometry.
I only use the Length/Distance tool under Dimensions to set the height and length of
my rectangle. First select the Length/Distance tool and then click on two lines. Set
the length to 1 m and the height to 0.1 m.

&) A: Fluid Flow (Fluent) - DesignModeler - X
File Creste Concept Tools Units View Help
(OB @] Dndo Grete [[select[% L [mE T W[ [0 0 ][S ¢ QQ&EQ QK HE|[+ G 2
W- W~ £ A~ - A A AP
XPlane v | sketent - #8 || o Genenste @Sl Topolony [E]Paremeters
Rextrude faRevolve @ Sweep  § Skin/Loft H W Thin/Surface @ Blend v 4 Chamfer W Slice H @ Point B Conversion
BladeEditor: {3Import BGD f2jload BGD [b|Load NDF | S FlowPath f Blade wf Splitter —JVi ", BxportPoir ¢ # SectorCut |z ThroatArea ¥ CAD Import v | ) Preferences
& 3 = (Bl - - @
Sketehing Toolbores 2 Graphics 2
Draw
Wodty ANSYS
Dimensions - R19.0
& General Academic
4 Horizontal
I vertical
[+~ Length/Distance
(< Radius
3 Diameter
A Angle
#E Semi-Automatic
Constraints -
Settings
L2

Sketching | Modeling

Details View 2 T
=) Details of Sketch1

Sketen [sketent
Sketcn Visbilty | Show Sketch

show Constraints? | No

=l
L 1m
= Edges: 4
Line Ln7
Line Ln8 .
Line Lng x

Line 10
0,000 0850 0,900 (m)
[ ]
0225 0675

Model View | Print Preview

|"@ " Length/Distance -- Select first paint or 2D Edge for Length/Distance dimension

Mo Selection Meter Degree [o [o Y
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Step 4:

o Then go to Concept on the top left and choose Surface From Sketches. Select Sketchli
and press Apply in the Details View option: Base Objects. Evaluate by clicking on

Generate.

o Finally, in the Tree Qutline unfold 1 Part, 1 Body and select Surface Body. Make sure
to check Fluid in the Fluid/Solid option.

o Close DesignModeler.

&) A: Fluid Flow (Fluent) - DesignModeler - X
File Creste Concept Tools Units View Help
AEB[@] oo Gri s b BREB/ @[ EE]S e QRQEQ AE E]4 6l
W~ W~ g~ fiv S fiv S~ A &
XPlane v | sketent ~ #9 || ) Generste @@ Share Topology [E]Paremeters
Bewude gloRevole @oSweep g Skinoft || Thin/Suface @ Blend v & Chamfer @pslice | ¢ Point S Conversion
BladeEditor: {3ImportBGD fEjload BGD [B|Load NDF | S FlowPath # Blade wf Splitter JVi ', ExportPoir ¢ # SectorCut iz ThroatArea ¥ CAD Import v | ) Preferences
& F 2 = (Bl b ~ | @
Tree Outline 2 Graphics 2
[ /& A: Fluid Flow (Fluent) i
By b X¥Planc ANSYS
23 Sketcht H R19.0
e ZXPlane =
- YZPlane ! Academic

8 SurfaceSk
E-® 1Par, 1 Body
1 Surface Body

Sketching Modeling

Details View 2
= Details of Surface Body
Body Surface Body
Thickness Mode Inherited
Thickness (>=0) om
Surface Area o1m?
Faces 1 H
Edges 4 k4
Vertices 4
x

Shared Topology Method | Automatic
[Geometry ype |

0223 0,673

Mode View | Print Preview

|1 Body: Area=0,1 m* Meter Degree o Y

| @ Ready
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Step 5:

o In Workbench now double-click on Mesh. Check if there is a green ‘V’ behind Geometry.

@\ Unsaved Project - Workbench

- X
Fle Vien Took Units Extensons Jobs Hep
NECIeT
] Import. ‘vy'RE(nnnect Refresh Project 7 Update Project | B ACT Start Page
-8 x
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Pt an o 519 e T e

Harmonic Acoustis
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Random Vibration
Response Spectum

Fluid Flow (Fluent) B System Information
Physics

1| Analysis [ any |

Solver

Save Mesh Data In Separate File

Rigid Dynamics
Static Structural
Steady-State Thermal
Thermal-Electric
Topology Optimaztion
Transient Structural
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& Turbomachinery FluidFlow
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i1y ACP(Pre) 1 [Ty | Text | ssociation | DatefTime |
@ autodyn
5]
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CI0ECHIEECEENNERRERRRRRECER
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& Engineering Data
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T View Al | Customize

@ Right-click to update component.

¥ 30b Moritor.... | &x1Show Progress |% Hide 0 Messages
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Step 6:

o Choose Single Select and Fdge in the top bar to enable selecting lines. Select the inlet
boundary and right-click and then select Create Named Selection. Enter a name such
as ‘Inlet” and press ok. Repeat this step for the outlet and for the (in this case) two
wall boundaries. Selecting more than one item can be done by holding the Ctr{ key.

@ A: Fluid Flow (Fluent) - Meshing [ANSYS Academic Teaching Mechanical and CFD]

File Edit View Units Tools Help || 5 wi | o GenersteMesh @ W iy @[T CCREDRERE $-SS QR QEQ QKM s O~

- @wireframe | O 5how e sk B Random @ Preferences | L, [, [, L, [, || ©:5ie ~ @, Location ~ [Convert » s Miscellaneous v @) Tolerances || [ Clipboard v [Empty]
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21 (eReset ExplodeFactor |~ acsembly Center - H [Medge Coloring v A~ A~ A~ A+ A~ A [l |l Thicken

Model | g Virtual Topology | (ak|Symmetry | (8 Connections | @ Fracture | @ Condensed Geormety | @Mesh Edit @ Mesh Numbering | #8 Named Selection |

ANSYS
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R19.0
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8] Project Academic
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-, B Geometry
5K Coordinate Systems
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@ Apply selected geometry
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Details of "Model (43)" £ [ Type
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Cancel
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Step 7:

o In the Outline click on Mesh to view the Details of “Mesh” appearing below. Normally
here you specify your mesh. For the simple geometry I use, only an inflation is used,
which basically specifies the mesh close to the wall.

o Right click on Mesh in the Outline and click on Insert, Inflation. For Geometry select
the plane (first enable Face selection in the top bar) and press Apply. For Boundary
select the two walls boundaries and press Apply.

o For the Inflation Option 1 used First Layer Thickness, with a First Layer Height of
6.67e-6 m, Maximum Layers: 30 and a Growth Rate of 1.2. The growth rate allows a cell
to be 1.2 times higher than the previous cell, counting from the wall. If your inflation
layer doesn’t fit into the geometry, it might be that Fluent automatically decreases the
First Layer Height (without telling you). So always zoom into the inflation layer to
check if it’s correct.

e Press on Generate Mesh at the top bar.

@ A Fluid Flow (Fluent) - Meshing [ANSYS Academic Teaching Mechanical and CFD] - X
File Edit View Units Tools Help || i | 3} GenerateMesh @ b 6] - Grworksheet dx ® || R W T~ NEREDRE (&5 PQAR|E® Qo frne s O
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Step 8:

o In the Qutline select Mesh and your mesh becomes visible in your geometry. The
inflation layers will be visible (but thin) and there are two rows of cells in the core
region. I think this is too coarse so I will redefine this.

o In Details of “Mesh”, Sizing choose Proximity for Size Function and for Num Cells
Across Gap choose the amount desired. I took 6. Click on Generate Mesh again.

o In Details of “Mesh”, Quality choose Skewness for Mesh Metric. The Max value should
never be higher than 1 and preferably below 0.9. The lower the better. Close the
meshing software.

(@ A Fluid Flow (Fluent) - Meshing [ANSYS Academic Teaching Mechanical and CFD] - x
File Edit View Units Tools Help || (3 = | of GenersteMesh 1 it (] W~ @Worsheet iy @ [T * - ME DR B E & S+ QR Q@A L 0@ s | O
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Step 9:

e In Workbench now double-click on Setup. It is best to work top to bottom in the Tree,
to not forget anything. In the Tree start by double-clicking on Setup, General and
check the Transient box under Time.

e In the Tree now double-click on Setup, Models, Viscous and select Reynolds Stress and
under Near-Wall Treatment select Enhanced Wall Treatment. This means that Fluent
will solve the set of equations in the boundary layer as well, which will only work
because we added a very thin inflation layer close the wall (such that the first cell is as
thick as y+ = 1). Press ok and close the tab.

e In the Tree double-click on Setup, Materials, Fluid, Air and change the name, density
and viscosity (to anything you prefer).

BB Aluid Flow ent OP-DOJIUH: Al - X
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Step 10:

o Since the goal of my simulations is to get data for different inlet velocities, I use a
transient analysis with a time dependent velocity inlet. This can be done by using a
small C code (which I copied somewhere from the internet). The only modification
I made was the function itself. If you don’t use C, just write the file in notepad or
any other simple text editor and save the file as VelocityStrat5Steps.c in a folder of
preference. (Any name is good)

| VelocityStart55teps - Kladblok - O X
Bestand Bewerken Opmaak Beeld Help

|f3-.tJ-c:-c:-t:-c:-t:-c:-c:-c:-c:-t:-tJ-t:-c:-t:-c:-c:-c:-c:-t:-c:-t:-c:-t:-tJ-cJ-c:-c:-t:-c:-t:-c:-t:-c:-c:-t:-c:-t:-tJ-t:-c:-c:-c:-c:-t:-c:-t:-c:-t:-cJ-cJ-cJ-tJ-tJ-cJ-tJ-cJ-tJ-cJ-cJ-c:-cJ-t:-cJ-t:-cJ-tJ-cJ-cJ-c

unsteady.c
UDF for specifying a transient velocity profile boundary condition

REARERERERRARERERAREERER AR ER AR AR AR RAE R R RRR R ER AR R RRERERAER |

#include "udf.h"

DEFINE _PROFILE(unsteady velocity, thread, position)
{

face_t f;

real t = CURRENT_TIME;

begin f loop(f, thread)

{

F PROFILE(f, thread, position) = 5.8%t;
¥

end_f_loop(f, thread)

¥
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Step 11:

e In Fluent in the top bar go to User Defined and from Functions choose Interpreted
UDF’s and select VelocityStrat5Steps.c and click on Interpret.

e Close the tab and double-click on Setup, Boundary Conditions in the Tree. Double-
click on Inlet and for Velocity Magnitude change Constant to udf unsteady velocity.
Also change the Specification Method to Intensity and Hydraulic Diameter. 1 think this
is more common for enclosed flow and easier to estimate since the Hydraulic Diameter
is known anyway. For the intensity 5% should be fine if it’s unknown.

o Since the named selections wall and outlet were used, Fluent already specifies wall and
pressure boundary conditions. But, double-click on outlet and change the Specification
Method to Intensity and Hydraulic Diameter and enter the same values as the inlet.
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Step 12:

o In the Tree double-click on Solution, Calculation Activities and set the Autosave Every
(Time Steps) to 1, be able to analyse the transient results in CFD post (Results in
Workbench).

o In the same tab, under Automatic Export click on Create, Solution Data Export. A
new tab opens and for File Type choose ASCI11. This is, I think, the simplest data
structure possible and very easy to read with Python (or Matlab). Select surface body
and from Surfaces select interior-surface body. Under Quantities select all the required
parameters. If the viscous model is changed, these selections might change as well. For
example, the k-epsilon model will never produce Reynolds’ stress components uu vv
and so on.

e Define a File Name and use browse to select the folder of preference. For 1 simulation
with 24 time steps Fluent numbered automatically by ending the files with 0001 to
0024. But a new simulation overwrote these files. Therefore for every new simulation
I changed the name of the output file. Also important: once the files are there, copy
them into another folder. I had the idea that those files are temporary and I once lost
them all, not knowing they are temporary.

e Press ok and close the tab.
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Step 13:

o In the Tree double-click on Solution, Run Calculation. Verify that the Time Step Size is
1 s (default). Set the Number of Time Steps to 24 and change the Max Iterations/Time
Step from 20 to 250.

« Finally, on the top bar click on Solving and then click once on ¢t = 0 Initialize and then
press on Calculate. Fluent will now run the simulation and you will get noticed once
it has completed.

o In Workbench double-click on Results to open CFD post. I did not find it easy to export
data on custom specified locations (in a fast way) by using CFD post. Therefore I used
the Automatic Export.

A:Fluid Flow (Fluent) Parallel Fluent@DESKTOP-DOJIUHS [2d, pbns, RSM, transient] [ANSYS Academic Teaching Mechanical and CFD] - X
e RaEr AT
Fle | @ Setting Up Domain | @ Setting Up Physics | User Defined | @3 Sohing | @ Fostprocessing | Viewing || Parallel | Design =@ e
Field Functions user Defined Model Specific
V& Custom... & Memory... 1D Coupling...

f()d f) Function Hooks...
22 Units... % Scalars... Fan Model...

(51 Parameters... Functions - gxecute on Demand...

Tree Task Page x 2 = Mesh [x]
5%
Filter Text Run € .
B2 Viscous (Reynolds Stress, Linear Pressure-Strain, E... | E
@ e R [crece com. e oron |
B2 Heat Exchanger (Off) Time Stepping Method  Time Step Size (s) &
B2 Species (Off)
Fixed - L
B Discrete Phase (Off) B S
& solidification & Melting (Off) s, Number of Time Steps ”
8 Acousics (0
B9 Electric Potential (Off) Options
v & Materials [ Extrapolate Variables L) e T e T
v & Fuid P R B R R B B
I air [ bata Sampling for Time Statistics & AR ReavE A ; DO nai
& solid Sampling Interval u,
& Cell Zone Conditions
£ .
P¥ Boundary Conditions Time Sampled (s) [0 e
B Dynamic Mesh O
@ Reference Values Solid Time Step 13-
v @ solution e ed
2 Methods
7 Controls
[ 03m)
Report Definitions —_—
Monitors Max Iterations/Time Step ~Reporting Interval e 5 %
Cell Registers [zs0 =i 1 B

Teo Inialization Profile Update Interval
~ Al Calculation Activities

H Autosave (Every Time Steps)
Al Execute Commands ‘)?:? File Q

Cell Register Operations
v @ Results
@ Graphics
[, plots

** WARNING: Automatically switched to run in parallel -tl mode.
* Detected non-parallelized UDF usage, enabling parallel usage.
If you encounter any issues, please re-run with -tO flag.
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6.3 CFD Results
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Figure 60: Non-scaled CFD results: velocity profiles over the full
channel height at x = 300 mm and the pressure over the full length
at half the inlet height.
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Figure 61: Non-scaled CFD results: turbulence profiles over the full
channel height at x = 300 mm.
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Figure 62: Non-scaled CFD results: velocity profiles in the lower wall
region at z = 300 mm and the pressure over the full length at y™ = 15.
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Figure 63: Non-scaled CEFD results: turbulence profiles in the lower

wall region at = = 300.
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