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Abstract

In order to phase out traditional fuel from the energy mix to reduce CO2 emissions
and meet the large energy demand, the combustion of carbon-free fuels needs
to be considered. This thesis investigates the combustion of premixed ammo-
nia/hydrogen mixtures in order to gain insights into their fundamental structure.
In particular, the work focuses on 1) dispersion relation in the linear phase as an
indicator of thermo-diffusive instabilities propensity and 2) turbulence interaction
with flames which are thermo-diffusively unstable. This work is performed nu-
merically through Direct Numerical Simulations using the CFD code AVBP.

Different mixture ratios of ammonia to hydrogen in the fuels are investigated, as
well as different equivalence ratios, with a focus on lean conditions. The initial
pressure and temperature imposed focus mostly on atmospheric conditions. The
work aims to investigate the fundamental properties of the combustion of these
carbon-free fuels, to develop models for simulations of combustion processes, and
to gain insights into what to expect in experimental or industrial apparatus. Pref-
erential diffusion of light hydrogen atoms is seen to have a great impact in ammo-
nia’hydrogen premixed flames, leading to instabilities, super adiabaticity, higher

flame speed and heat release rate.
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Chapter 1

Introduction

1.1 Ammonia for decarbonization

Combustion currently plays a central role in global energy production as the main
source of energy worldwide, accounting for 80 % of energy production [13} [14]],
generated from sources such as coal, gas, oil, biomass, ... Combustion is used to
generate energy using the chemical bond energy stored in various fuels. It finds
applications both in industry and private use in aeronautics, road transport, sea
transport, stationary power generation, industrial application, heating, and so on.
However, the impact of combustion on climate change needs to be considered and
alternative power generation with lower CO5 productions must become part of the
energy mix to mitigate its negative impact [[15]. Nonetheless, the adoption of com-
plete electrification across all energy systems faces challenges regarding energy
storage produced from renewable sources and the volumetric constraints of mater-
ials like batteries, especially when replacing large-scale combustion systems like
marine engines. Process heat applications such as metallurgy, cement production
or glass melting require chemical bond breaking possible through combustion but
not through electrification as of now. Due to its major contribution to meeting the
energy demand, and its irreplaceability in some domains, combustion is not expec-
ted to be phased out of existence. Therefore, in order to reduce CO2 in combustion
processes, the investigation of carbon-free fuels has been at the center of research

topics in recent years [16, (17, [18]].

Alternative fuels, such as ammonia (NH3), can be used as an energy vector and
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Figure 1.1: Vision of the "Ammonia Economy" from MacFarlane et al. [1]] with permis-
sion from Elsevier, license number 5578090702602.

does not contain carbon atoms, a crucial aspect to transition combustion from
fossil fuels (hydrocarbon-based) towards carbon-free fuels. As of today, ammonia
is most commonly produced through the Haber-Bosch process, where hydrogen is
combined with nitrogen from the air, and the two form ammonia. Hydrogen is not
found in Earth’s atmosphere but is found in nature combined with other molecules
such as water or hydrocarbons. Therefore, using hydrogen first requires extract-
ing it from another gas, typically methane. Furthermore, the process requires a
large amount of energy, often provided by fossil fuel-powered systems. However,
other technologies to extract hydrogen are in development, such as water electro-
lysis [19], production from fossil fuels coupled with carbon capture storage [20],
and methane pyrolysis [21]]. Therefore, ammonia has the potential to be an effi-
cient electro-fuel (e-fuel), which could come from renewable hydrogen produced
through water electrolysis. In this scenario, the energy needed to electrolyze water
could come from renewable energy such as wind or solar power in times when
there would be a surplus of energy production (Fig.[T-I)) to limit the CO, produced

during ammonia production.

Ammonia as a fuel has proven its feasibility. A historical example dates from the

Second World War when a fleet of Belgian buses ran on ammonia due to gasoline
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shortages. However, ammonia was then put aside as a fuel and has since been
widely used as a fertilizer. In recent years, research on ammonia to power vehicles
has resurfaced. For example, in Korea, the AmVeh, an ammonia-gasoline fueled
car prototype fueled with 70 % of ammonia [22]], was developed. Similarly, at the
University of Michigan, a pick-up truck operating with up to 80 % ammonia was
developed [23]].

Table [I.T] shows the advantages and challenges of ammonia compared to other

fuels in order to explore its combustion characteristics.

Hydrogen | Methane | Gasoline | Ammonia
Boiling temperature 1 atm (°C) -253 -161 -42.1 -334
Condensation pressure at 25 °C (atm) N/A N/A 9.4 9.9
Lower heating value LHV (MJ/kg) 120 50 46.4 18.6
Air/fuel ratio at stoichiometry (-) 342 17.65 14.6 6.06
Flammability limits (Equivalence ratio) 0.1-7.1 0.5-1.7 0.5-2.5 0.63-1.4
Adiabatic flame temperature (°C) 2110 1950 2000 1800
Maximum laminar burning velocity (m/s) | 2.91 0.37 0.43 0.07
Maximum auto ignition temperature (°C) | 520 630 450 650
Octane number (-) >120 120 88-98 >120

Table 1.1: Ammonia properties and comparison with other fuels from [11]] and [12].

Storage at ambient temperature is possible in liquid form for ammonia, making
it easily transportable in similar conditions as gasoline. Ammonia’s low range of
flammability limits is a safety benefit that mitigates the risk of fire and explosion in
case of leakage. However, as a fuel, ammonia presents several drawbacks. It has a
low heat of combustion and slow laminar burning velocity which are unfavorable
combustion properties. The narrow flammability range is both a safety benefit and
a drawback for ammonia ignition when an excess of air or of fuel is introduced
in a combustion system. Despite these drawbacks, the advantages of ammonia in
terms of greenhouse gas and as a hydrogen carrier make it compelling to pursue

the study of ammonia as a fuel for engines, turbines and burners.

Strategies such as pilot injection, turbocharging, ignition systems, increased com-
pression ratio, or hydrogen addition take advantage of ammonia properties and
enhance ammonia flames. Ammonia’s high ignition temperature makes it a poor

candidate for auto-ignited engines or needs to be compensated by high compres-



sion ratios in compression-ignited engines. Large engines with a high compression
ratio (above 35:1) [24]], such as those for power generation or marine applications,
make ammonia a potential fuel for these applications. For compression ignition
engines of lower compression ratios, dual-fuel utilization with ammonia rates of
up to 95 % can be found in the literature [25]. Multiple injections strategy is a
potential solution to reduce NO,, and unburned ammonia for compression ignition
engines [26]]. The high octane number of ammonia reduces the risk of knocking, an
advantage for spark-ignition engines. Ammonia for spark-ignition engines enables
to counter ammonia’s high auto-ignition property: chambers with a compression
ratio of 10:1 are sufficient to burn ammonia at full load [27]]. Work on ammonia for
gas turbines is also carried out [28, [29]] finding efficient performance with exhaust
gas recirculation and preheating, as well as for industrial burners [30]. In order to
retrofit already existing infrastructure, comparing ammonia with methane flame is
relevant as methane flame behavior can be considered an objective for ammonia
flames to be a suitable fuel. Compared to methane/air flames, ammonia/air flames
are less stable, and have a lower laminar burning velocity, heat release rate, flame
temperatures, and extinction stretch rates. Enhancing ammonia flames is, there-
fore, necessary, which can be done with the help of promoters [12, 31] such as

hydrogen.

Hydrogen can be obtained by cracking ammonia before combustion, to avoid sup-
plementary storage for hydrogen and conserving the fuel’s carbon-free nature. The
unstretched laminar burning velocity of ammonia/hydrogen flames increases with
the addition of hydrogen, burning performances of ammonia are improved, and
burning velocity can reach a similar value to methane/air flames with a hydrogen
proportion of 40 % in volume at the stoichiometry, and NO, emissions are re-
duced [32]. Other studies have shown the benefits of adding hydrogen to enhance
the combustion of ammonia in both internal combustion engines, gas turbines, and
burners [33} 34} 35/ 136, 137,138, [39, 140} 1411, 142, |43]].

Premixed flame is a term used to describe a mixture that is ignited after the fuel and
air have been mixed, and investigation of premixed ammonia/hydrogen flames re-
mains a scarce topic in the literature, especially regarding their fundamental flame
structure. Both laminar (when the fluid is not disturbed by vortices) and turbulent

flows (when the fluid is comprised of vortices that counteract each other) are relev-



ant to study, as they appear in combustion apparatus. The work done in this thesis
can benefit internal combustion engines, gas turbine applications and industrial
furnace design. It also informs on safety scenarios and consequences, especially
for hydrogen, where leaking of this odorless and colorless very flammable gas
could have grave consequences. Understanding the combustion of such gases can
support the design of combustion systems, highlight retrofitting needs, and ensure
safe storage and distribution facilities. In this work, the fundamental aspects of the
combustion of ammonia/hydrogen flames are investigated using numerical tools,
focusing on laminar and turbulent flows to provide a better understanding of the

intrinsic instabilities of these flames.

1.2 Research questions and thesis outline

In this work, both laminar and turbulent premixed ammonia/hydrogen flames are
investigated. In premixed lean flames, a concern is the development of intrinsic in-
stabilities such as hydrodynamic or thermo-diffusive instabilities. These instabil-
ities may be beneficial, increasing mixing and burning rate, but may also lead to
damage and failure. For example, for ICEs, Oppong et al. [44] warned against
higher risks of explosion due to increased pressure and temperature due to the
flames’ intrinsic instabilities. For burners and gas turbines [45) 46, 47], the sta-
bility of the flame is an important parameter to control the combustion, and for
explosion scenarios [48], 49], the understanding of the impact of instabilities on
the flame propagation must be considered for satisfactory safety measures to be
taken. Furthermore, for combustion modeling, the impact of the intrinsic instabil-
ities should be accounted for, and insights from experiments or Direct Numerical
Simulations can inform the development of these models. Therefore, the main

research question that is investigated in this thesis is the following:

How does thermo-diffusive instability develop and impact

ammonia/hydrogen flames in laminar and turbulent premixed flames?

Indeed, lean hydrogen flames are known to exhibit thermo-diffusive instabilities:
these are intrinsic instabilities due to the fast diffusion of light species. The ques-
tion of thermo-diffusive instabilities in ammonia/hydrogen blends is an open one

and several behaviors might be expected as ammonia does not diffuse the same

5



way as hydrogen does. Hydrogen in the fuel blend could control the flame be-
havior and a hydrogen/ammonia flame may behave like a pure hydrogen one. A
second hypothesis may be that the opposite behavior occurs where ammonia dom-
inates the flame front behavior and the flame behaves like a pure ammonia flame.
Third, it might be that ammonia dissociates into hydrogen, and ammonia/hydrogen
flames become more unstable than pure hydrogen flames at the same equivalence
ratio. Finally, it might be that ammonia addition dampens the intrinsic thermo-

diffusive instabilities. [Paper 2 and 3]

Other research questions accompany this main one. First, the flame characteristic
of ammonia/hydrogen compared to other fuels is relevant. In order to investigate
this, a turbulent premixed ammonia/hydrogen fuel is compared with a turbulent
premixed methane flame, and a pure hydrogen one. The turbulence intensity is kept
the same for these three flames in order to perform this comparison and investigate
the fuel nature, which requires tuning the equivalence ratio and mixture to keep

the same laminar flame speed. [Paper 1]

The question of the definition of a suited progress variable for ammonia/hydrogen
blends is relevant. As will be seen later, the progress variable is important to define
the combustion state, and describe the flame evolution from unburned to burned
gas and is at the core of many combustion models. Progress variable based on the
fuel species is commonly used. In the case of a fuel blend, the progress variable
may be defined by the fuel or by a combustion product. Progress variables may
also be based on the temperature or other properties of the flame. The progress
variable definition is investigated in this thesis in regard to ammonia/hydrogen

mixtures. [Paper 3]

Similarly, the effective Lewis number definition of ammonia/hydrogen blends is
an open question that this thesis targets. Indeed, the Lewis number is often needed
for theoretical models, but in the case of a mixture, the question of which Lewis
number definition should be used is an open one that has scarcely been invest-
igated [50]. Three typical definitions of a mixture-weighted Lewis number have
been proposed in the literature and are investigated in this thesis in regard to am-

monia/hydrogen mixtures. [Paper 2]

Thermo-diffusive instabilities will be shown to have a strong impact on the flame



structure and consumption speed, especially in turbulent cases. This is captured
in the Direct Numerical Simulation performed, but needs to be accounted for in
LES modeling in combustion models. The question of the modeling implication
that thermo-diffusive instabilities entail is also investigated with tools suggested
based on the DNS database to identify where ammonia/hydrogen flames will ex-
hibit thermo-diffusive instabilities and which correction should be applied to the

flame speed to account for their impact. [Papers 1, 2 and 3]

Finally, an objective of this thesis work is to increase the database of DNS of
ammonia/hydrogen premixed flames and to share them. Indeed, the large compu-
tational expense DNS requires the user’s responsibility to share those data for other
users to perform their own research. For example, in the work performed in this
thesis, the impact of pollutant emission was not investigated. However, the data to
investigate these pollutants and notably NO,, are available in the database created
and can be shared for other groups to perform their research on the topic. Further-
more, DNS data for machine learning-related methods have been emerging, and
the availability and sharing of databases such as the one generated in this thesis
could be used for this purpose [51}152]. [Papers 1, 2 and 3]

This manuscript summarizes the work carried out on combustion with Direct Nu-
merical Simulations during this thesis to answer the previously detailed research
questions. Chapter [2] introduces fundamental concepts about turbulence and pre-
mixed flame structures and definitions and concepts about intrinsic flame instabil-
ities. Chapter 3| presents the governing equation for numerical combustion, the ex-
isting numerical tools, the benefit of DNS, the grid requirements for DNS compu-
tation, and the numerical schemes and boundary conditions needed in simulations.
Chapter [4] details the specificity of the simulations performed in Chapter [5] justi-
fying choices on the grid resolution chosen, the chemical mechanism, and other
details on how the simulations were set up. Chapter [5|introduces the paper collec-
tion that constitutes the work performed by the author and collaborators in regard
to this thesis work. Three papers are presented: one on the intrinsic instability
of lean premixed laminar ammonia/hydrogen flames and their dispersion relation,
and two papers on lean turbulent premixed flames, the first of these papers invest-
igates three different fuels (methane, pure hydrogen, and an ammonia/hydrogen

blend), while the second paper investigates four blends of ammonia/hydrogen at



different fuel content and equivalence ratio.



Chapter 2

Fundamentals

This Chapter first introduces fundamental notions on turbulence, then on premixed
flames, presenting definitions. Then, turbulent combustion regimes are presented.
Finally, notions and definitions of intrinsic instabilities are introduced. The equa-

tions were taken from Poinsot and Veynante [2], unless stated otherwise.

2.1 Turbulence

Turbulence has been extensively investigated for reacting and non-reacting flows [53,

54, 55)]. Turbulent flows are characterized by the Reynolds number:

Re= "% @.1)
v

with u the flow velocity, L the characteristic size of the flow, and v the kinematic
viscosity. For small values of Re, the flow is laminar, whereas for high Reyn-
olds numbers, swirls are created that deviate from the mean flow. These swirls
are called turbulent eddies. Turbulence involves a continuous spectrum of dif-
ferent scales of eddies from the largest eddies, depending on the topology of the
flow, down to the smallest eddies that dissipate into energy, a theory formalized by
Kolmogorov [56]. The break up of the largest eddies into smaller ones and so on
is called the energy cascade (Fig. 2.1). The largest scales due to the largest eddies
are called the integral length scale [; and are characteristic of the flow size, and the
smallest ones are called the Kolmogorov length scales 7. The largest scales are
controlled by inertia only, and viscous dissipation dominates the inertial effect as

the eddies get smaller, and an equilibrium is reached between inertial and dissip-
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ative flux. The energy flux flowing from the large scales to the smallest scales is
constant along the scales and is given by the dissipation of the kinetic energy:

k,3/2

€—
Iy '

(2.2)

where € is the dissipation, and k the kinetic energy. The energy cascade of the
energy spectrum as a function of the wave number is illustrated in Fig. 2.1 The
turbulent kinetic energy is the contribution of the energy spectrum over all the
wave numbers. Most of the turbulent kinetic energy is contained in the integral
scales, and in the inertial subrange, the energy cascade evolves proportionally to
#~5/3 [53]]. In the viscous, or dissipative range, the turbulent eddies are charac-
terized by the Kolmogorov length n, = (v3/¢)/4), time 7, = (v/¢)(/?) and

velocity u, = (ve)1/4).

Integral scales Inertial subrange Viscous range

log E(k)

log

Figure 2.1: Turbulence energy spectrum as a function of wave numbers «.

2.2 Premixed flames

In this section, gaseous premixed combustion is discussed, which is where the
reactants (fuel and oxidizer) are fully premixed before combustion. During the
combustion of premixed gases, a flame front separates burned and unburned gases.
This flame front has a thickness (§), which definitions will be discussed later, and
a flame speed, (s9), which is the speed at which the flame front propagates normal
to itself towards the unburned mixture [57], and is called the laminar flame speed.

Definitions of the laminar flame speed will also be provided in a later section.
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The temperature increases from the temperature of the unburned mixture until it
reaches the adiabatic flame temperature (7,,) in the burned gases where the equi-
librium composition has been reached as the fuel has been fully consumed. In the
flame front, high reaction rates are reached. The laminar flame speed can be de-
rived, assuming complete combustion, from a balance equation between unburned
and burned gases: the mass entering the flame front at speed s% needs to be burnt

within the flame front of thickness §:
psT = &é, (2.3)

where w is the reaction rate [58]], which will be defined later. Definitions are
needed to describe the combustion of premixed flames, which are presented in this

section.
2.2.1 Equivalence ratio

An important parameter to characterize a flame is the equivalence ratio, which
indicates if the fuel is in excess or if the oxidizer is. To determine the stoichiomet-
ric ratio and the equivalence ratio of an ammonia/hydrogen fuel blend with air,

the global reaction is written at stoichiometry, assuming complete combustion, as

follows:
33—z

(1 — x)NH3 +xHy + 1 (OQ + 3.76N2) —

2.4)
3 1- 3 (
Y HyO + L 1376 ) v,
2 4

where x = WI;?NH?, is the mole fraction of hydrogen in the fuel. In this case,

we can calculate sy g, x,. the stoichiometric number of ammonia/hydrogen fuel
blend:

3—x
SNH3—X» = — (2.5)
The equivalence ratio of the fuel blend is defined as :
XF
Xo XF

= = S§— 2.6
¢ (&ﬂ "Xo (20

Xo st



If ¢ = 1, the combustion process will be stoichiometric. If ¢ > 1, there will
be a rich combustion, and if ¢ < 1, a lean combustion. Throughout this work,
stoichiometric and lean conditions are considered, in order to be representative of

most practical burners and limit soot, unburned fuels and NO,, emissions.

Although it is not used in Chapter[5] we can define the energy fraction of each fuel
in the mixture using their Lower Heating Value (LHV) such as defined by Okafor

et al. [59], using the mass fraction of species k, Yy:

Yy, LHVy,

Ey, = .
" Y, LHVi, + YN, LHVy

2.7

The energy fraction is useful for understanding the energy share of the respective
fuels to the total energy, which is typically more relevant for practical applica-
tions [60].

2.2.2 Diffusion of species and heat

Adimensional quantities need to be defined to characterize the interaction between
the diffusion of momentum, species, and heat during combustion. The momentum
rate of evolution is characterized by the kinematic viscosity (v = u/p), the species
rate of evolution is characterized by the species diffusivity Dy, and the heat rate of
evolution is characterized by the thermal diffusivity o = A/(pcp), the magnitude
of each effect can be compared with the Prandtl number (Pr), the Schmidt number
(Sc) and the Lewis number (Le).

= (2.8)
«

Sc= — (2.9)

compares the momentum and species diffusion, and finally,

« A

Le=2 =2
Dy pcpDy

(2.10)

compares the heat and species diffusion, and definitions for theoretical applications

are detailed hereafter.
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2.2.3 Lewis number

The Lewis number of a flame with a fuel typically defines the diffusivity of the
fuel (the deficient reactant) into the mixture-averaged fresh gases. However, in the
case of a fuel blend, the question of a fuel Lewis number definition is an open one,
due to the presence of several deficient reactants. Several definitions have been
suggested and validated against experiment [61} 62]. The three most common
definitions are presented here. The first one (Ley ) was proposed by Muppala et
al. [63], who suggested a volume-based formulation of the fuel’s Lewis number
(Ley ), based on the fuel volumetric, or mole fraction (X;) of each fuel in the fuel

blend:
f

Ley =Y XiLe;, (2.11)

n=1
with f the number of fuels in the fuel blend. This was initially developed for
fuel blends of CHy4/H> and C3Hg/Hs flames and tested for turbulent flame speed
correlations. The formulation gave reasonable results between flame speed mod-
eling and experimental data for low levels of turbulence, but not for high levels.

Dinkelacker et al. [64] proposed a diffusion-based (Lep) formula:

1 & x
Top = nz::l T (2.12)
This definition was derived from the assumption of enrichment of the fastest dif-
fusive fuel in the fuel blend into a positive curvature zone for CH4/H> flames. Law
et al. [65] used a heat release-based formulation (Leg), where the Lewis num-
ber of each fuel is weighted by the nondimensional heat release (g;) based on the

consumption of each fuel:

Z£:1 qi(Le; — 1)

Z£:1 di
with
= 2k 2.14
qi CpTu s ( )

where @; is the heat of reaction of the fuel ¢ and Y; ,, its mass fraction far up-

stream. This relation was derived from asymptotic analysis of CsHg/Hs2 spherical
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flames and was then commonly employed especially with regards to discussion on

thermo-diffusive instabilities of hydrocarbons and hydrogen blends [64, 66].

There is no definitive conclusion as to which of the three definitions is most suited
for hydrogen/ammonia blend. Zitouni et al. [50] carried out a theoretical and ex-
perimental investigation of this question and found that Ley was most suited for
a large range of equivalence ratio while Lep was most suited for lean conditions.
In the work realized in this thesis, these three definitions have been investigated

numerically.

For premixed flames, theoretical relations and flame phenomenology requires not
only the Lewis number but also definitions for the Lewis number of the fresh gases,
called the effective Lewis number (Le. ), defined by Joulin and Mitani [67] for

two reactant flames. Le. s is given by:

Leg+ALer 4 1 -1_7 ifod <1
L@#f::{ TFA o7 —1) o<, (2.15)

Lepthleo  A=14p(¢p—1) if ¢ > 1,

where Ler and Leo are the fuel’s and oxidant’s Lewis numbers. This provides
an indicator of the diffusion of the overall mixture and how it is influenced by the

equivalence ratio.
2.2.4 Stretch definitions

In describing the flame front in a flow, there is the need to define the stretch, as the
flame structure can be affected by it. The total stretch of the flame K is defined
as the sum of the tangential strain rate, K, and the curvature-induced propagation
rate K. [2]:

K=K+ K., (2.16)
K. = ksq, (2.17)
K,=V-u—n-Vu-n, (2.18)

14



where k = V - n is the curvature, u is the gas velocity and n = —V¢/|V¢]| is
the normal vector to the flame front pointing towards the fresh gases, where c is
the progress variable. The progress variable describes the combustion progress
and two constraints are imposed on the progress variable: a monotonous growth
from fresh (¢ = 0) to burn gas (c = 1) to uniquely describe each thermochemical
state, and the thermochemical variables should vary at a moderate speed with the
progress variable, since, if not verified, it would mean a small deviation in ¢ would
result in large errors in the thermochemical variables. Regarding the curvature,
positive elements are convex towards the burned mixture, and negative elements
are concave towards the burned mixture. sq is the displacement speed, which is
the flame front speed relative to the flow [2,68] s4 = (w — u).n, or it can also be
computed as:

1 Oc

2.3 Turbulence and chemistry interaction

Combustion is, on its own, a complex process with various time scales and length
scales involved, which leads to a complex description. Adding turbulent flow in-
teraction to combustion leads to an even more complex process where turbulence
strongly modifies the flame structure, and may enhance the flame’s reactivity or
quench it. Furthermore, turbulence is affected by combustion due to the heat re-
lease accelerating the flow, and the large change of viscosity due to the variation

of temperature further modifying the turbulence.

Premixed turbulent combustion regimes are presented hereafter, in Fig. The

Borghi-Peters diagram [[69] presents combustion regimes using two quantities:

o u / s% where the turbulence intensity v = +/2k /3 represents the turnover

velocity of the large eddies over the laminar flame speed,

* U/ (5% represents the integral length scale over the thermal flame thickness.

Other quantities bounding the diagram are:
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Figure 2.2: Borghi-Peters diagram for premixed turbulent combustion regimes.

* the turbulent Reynolds number:

/
ult

Re, = —5 &
0 50
ST, 0L,

(2.20)

* the Karlowitz number, which compares the flame time to the Kolmogorov

time
o 3/2 1L\ ~L/2
Ka=|— -t . 221
T\ (5%) 22D

The Borghi-Peters diagram serves as an indicator of the different regimes of turbu-
lent combustion, but the boundaries are transition regions that should be interpreted

with care [2, 57,170, [71]]. Five classifications are considered in the diagram:

¢ Laminar flame where Re; < 1,

« Wrinkled flamelet where u' /s < 1 and [;/8? is large, but the speed of the
turbulent motions is too low to wrinkle the flame front: the flame propaga-

tion is driven by laminar burning rather than turbulent wrinkling,
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* Corrugated flamelet regime, where u / SOL > 1 but below Ka = 1, where the
turbulent motion velocities are higher than the flame speed and wrinkle the
flame front. The smallest turbulent eddies are larger than the flame thickness

and, therefore will not break into the flame front,

¢ The thin reaction zone, where K a is between 1 and 100, and where turbulent
motions are entering and modifying the flame preheat zone, but are still too

large to modify the reaction zone,

* The broken reaction zone, where Ka > 100, where the smallest eddies
of the turbulent motions are able to penetrate the inner reaction layer and

disrupt the flame structure, no laminar structure can be identified.

2.4 Intrinsic instabilities in premixed flames

Concepts on intrinsic instabilities and state-of-the-art research on the topic of in-
trinsic instabilities in ammonia/hydrogen premixed flames are introduced here-
after. Instabilities may be beneficial to combustion systems, increasing mixing and
burning rate, but may also lead to damage and failure of the combustion system.
We concern ourselves with the intrinsic instabilities that are induced by the com-
bustion process. Instabilities occurring as pressure fluctuations of acoustic nature

occur in a combustion chamber are outside of the scope of this thesis work.

In the context of ICEs, Oppong et al. [44] highlight that instability leads to an in-
crease of the flame surface as it becomes unstable, cells appear, and wrinkles form.
They further indicate that the fuel is consumed faster and the mixing is improved,
leading to improved efficiency. However, they highlight potential drawbacks, such
as possible temperature increase and pressure caused by instabilities, that could
increase the risk of explosion, knocking, or NO, emissions. Other works have
focused on intrinsic instabilities for burner applications [45]], explosions scen-
arii [48], and in the context of gas turbine applications [47] all highlighting the

importance of instabilities on the flame structure development.

In premixed flames, the intrinsic instabilities are due to two phenomena: hy-
drodynamic instabilities and thermo-diffusive (or diffusive-thermal as sometimes

found in the literature) instabilities. Buoyancy instabilities due to gravity are also
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present but not investigated here. Intrinsic instabilities are caused by the non-
homogeneous flame speed that appears along a flame front due to the combustion
dynamics itself and not by external influence. Hydrodynamic instability was dis-
covered by Darrieus and Landau [[72] (also called DL instabilities) and is illustrated
in Fig. [2.3] The main concept is that the density jump from unburned to burned
gases can destabilize the flame, leading to wrinkling of the flame front. The growth
rate, which is obtained in the initial (or linear) phase of the flame is an indicator
of the flame’s response to a perturbation such as an instability, either growing or
dampening the instability, is proportional to the thermal expansion (the density
ratio of burned to unburned). The hydrodynamic instability wpy, can be defined

as:

Vod+o2—o0—o
= 2.22
wprL P ; (2.22)

where o0 = % is the expansion ratio equal to unburned over burned density. The
non-dimensional growth rate w dependency with respect to non-dimensional wave

number k can be written in a first estimation as:

W= wDL/;:, (2.23)

where @ = w7 and k = k:é%. The flame time 7 corresponds to the ratio of the

flame thermal thickness 6% to the unstretched flame speed 5%.

In the hydrodynamic instability mechanism, the flame front is considered to be in-
finitely thin and serves as an interface between burned and unburned gases, which
have constant densities, respectively. If the flame front is perturbed (from a nu-
merical or physical perturbation) it would result in the apparition of convex and
concave parts towards the burned mixture along the flame front. The flow lines
flowing from burned to unburned gases deviate, creating a flow divergence that
leads to a velocity gradient. The flame front speed remains constant, but the un-
burned flow velocity near the flame front is affected, it increases in concave regions
and decreases in convex regions. The increasing or decreasing velocity further in-
creases the perturbation and the concave regions become increasingly concave and
so do the convex regions. Eventually, the convex part disappears, the concave part

flattens and the flame front divides into smaller cells. Darrieus-Landau instabilities
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Figure 2.3: Deviation of flow lines due to density jump between fresh and burned gases
leading to hydrodynamic instability.

are intrinsically unstable. However, planar flames and smooth cylindrical or spher-
ical flames exist: this is due to the stabilizing effects induced by other instabilities

such as buoyancy or thermo-diffusive instabilities.

Thermo-diffusive instabilities are caused by the preferential diffusion of mass
versus heat: this is characterized by the aforementioned Lewis number. When
the Lewis number is different from one, the thermal and molecular diffusivities
individually influence the dynamics of the flame. A Lewis number higher than one
leads to stable thermo-diffusive effects, while a Lewis number below one indic-
ates an unstable effect of the flame. Figure [2.4]illustrates the streamline of species
concentration leading to thermo-diffusive instabilities. A perturbed flame is con-
cave and convex towards the burned mixture and leads to different concentrations
of the reactant species, which will converge towards convex zones, while the heat
conduction diverges from it: this leads to more reactant concentration and causes

variation of equivalence ratio and flame speed, leading to instability.

Several parameters are then involved in the flame’s intrinsic instability formation
and evaluation: the density, the flame thickness, the Lewis number, the stretch
(Markstein number and Karlowitz number), and the activation energy (or Zel’dovitch
number). Intrinsic instabilities can be investigated in the linear phase, where the

instabilities start to develop, and in the nonlinear phase, where different scales in-
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Figure 2.4: Streamline of light diffusing species focusing on convex flame zone toward
burned mixture, leading to thermo-diffusive instabilities.

teract with one another and lead to more chaotic structure formation. In the linear

phase, theoretical models aim to account for the stabilizing effects at large wave

numbers:

* Matalon et al. [73]] presented a theoretical model where a second-order term

is added to account for a stabilizing -or destabilizing behavior due to Lewis

number effects:

@ =wprk — 6 [B1 + B (Leess — 1) By + P.Bs] k* = wprk — wok?.
(2.24)
The diffusive flame thickness dp, is needed to define & = dp /5%. The
coefficients By, B, and Bj are functions of the expansion ratio, the thermal

conductivity evolution with temperature, and wpy, [[74]]:

B o o(2wpr +0o+1) (7 Xx) 7
Bl_2(0+(0+1)wDL)< — /1 . dm+/1 A(x)dx),
(2.25)
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_ o(+wpr)(otwpr) [T (0=1\ @)
B2_2(0—1)(0+(U+1)MDL)/1 lg<x_1) " dz, (2.26)

Bi= i Som <(a 1M (o) — /1 0 A(m)dx) : 2.27)

where A\ = \/)\, is the normalised thermal conductivity and z = T'/T,.

The Prandtl number P,, the Zel’dovich number 3, and the effective Lewis
number Le. sy are also needed in Eq. (2.24). Zel’dovich number 3 for de-
tailed chemistry is computed using the approach proposed by Law et al. [73]]
to evaluate the overall activation energy.

E, d (Pus%)

R AU/ T 229

where R is the universal gas constant. The Zel’dovich number /3 is given by:

Ea (Tad - Tu)
= —— 2.29
B RTZ, (2.29)
Matalon et al.’s dispersion relation Eq. (2.24) is derived for Lewis numbers
close to unity, where the second term of the expression we has a stabiliz-
ing effect. However, for lower values of Lewis number, wo is positive: the

dispersion relation becomes destabilizing for all wave numbers.

Sivashinsky [76 [77] derived a dispersion relation for the linear phase ac-
counting for a fourth-order term that is stabilizing regardless of the Lewis
number:

0=20 [g(l — Le) — 1} k* — 483K, (2.30)

Hydrogen flames’ intrinsic instabilities have been extensively investigated in the

literature, where lean flames were found to be destabilized by thermo-diffusive

phenomena, whereas rich and stoichiometric flames were found to be destabil-
ized by DL instabilities [44)} [78] [79] 180} |81} [82]. Hydrogen in turbulent flows
also exhibited thermo-diffusive instabilities effect that led to faster flame consump-
tion [83. 184} 85, 86]. Other studies of hydrogen mixed with different fuels have
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been investigated, Vu et al. [[87] investigated the addition of hydrocarbon on in-
stabilities of syngas (Hy and CO mixture), and found that heavy hydrocarbons
such as propane and butane suppressed the instabilities whereas methane addition
enhanced it. Reyes et al. [88] found that instabilities in methane/hydrogen pre-
mixed flame led to higher wrinkling and flame surface formation when more Hy
was added. These instabilities were controlled by DL instabilities at stoichiometry,
whereas for the lean cases, the wrinkling and instabilities were due to thermo-
diffusive instabilities. Smaller cell radii seem to appear for small methane content
in the fuel, smaller even than for the pure Hy. Okafor et al. [89] found in lean
H>/CHy blends that the flames became more unstable with increasing Hy and pres-
sure. The Markstein number as an indicator of the stretch influence on instabilities
has been investigated by Okafor et al. [90] who found a non-monotonic evolution
of the Markstein number with Hy content, which also led to instability following
this trend. However, the intrinsic instabilities of ammonia flames have scarcely
been investigated. For methane/ammonia premixed flame, Okafor et al. [91]] found
the burned Markstein number increasing with equivalence ratio and ammonia con-
centration. Ichikawa et al. [92] investigated the Markstein number of ammo-
nia/hydrogen flame, finding that the Markstein number evolved non-monotonically
with hydrogen addition. Zitouni et al. [50] investigated both blends of ammonia
with methane and hydrogen. They found a linear reduction in the stretch sensitiv-
ity as methane was added to ammonia, while a non-monotonous evolution of the
Markstein length was found for ammonia/hydrogen blends as hydrogen content
varied. This was shown to be the effect of thermo-diffusive instabilities, which af-
fected the flame less strongly when stoichiometric conditions were reached. Netzer
et al. [93]] found preferential diffusion effects in ammonia/hydrogen flame leading
to enrichment of convex curvature zone. In the globally lean mixture, in the en-
riched zone, NO concentration increased, while in a globally rich mixture, the
NO concentration reduced in locally richer zones. Preferential diffusion was also
found by Wiseman et al. [94] and Rieth et al. [86, [95]] for ammonia/hydrogen tur-
bulent premixed flame as the flame structure was investigated locally. In this work,
insights into the intrinsic instabilities of ammonia/hydrogen are investigated, both
in the context of laminar perturbed planar flames through computation of the dis-

persion relation, and in the context of turbulence-flame interaction.
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Chapter 3

Computational tools

This Chapter introduces the governing equations, the benefits of numerical simu-
lations, the specificities of one-dimensional flames, the specificities of Direct Nu-
merical Combustion, and then information on the code used, including numerical

method and boundary conditions.

3.1 Governing equations

The system of the equation used to describe a reactive, compressible, gaseous
mixture of N chemical species is presented hereafter. The equations were taken
from Poinsot and Veynante [2], unless stated otherwise. We start with the species
mass fraction Y}, which is defined as the ratio of the species k over the total mass

of the mixture.

WE

Y, =1, 3.1)
k=1

indicates that the sum of all the species mass fractions is equal to 1. We can also

compute the mole fraction of the species such as:

w
Xy = —VYi, 3.2
TR (3.2)
where W}, is the atomic weight of species k, and W is the mean molecular weight
of the mixture, given by:
N
1 Yi
— = —. 33
7 ; - (3.3)
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In this work, the fraction of ammonia and hydrogen are typically given in mole
fraction, unless stated otherwise. The spatio-temporal evolution of the mixture
is given by the Navier-Stokes equation, constituting by the conservation of mass,

momentum, and energy:

dp  Opu;
ot ox 3
is the total mass conservation equation, where ¢ is the time, x the spatial coordinate,

=0, 34

p 1s the density of the mixture, and u is the velocity field.

L0 oP | Oy
— U — DU U = — ———
8tp J 81’,’p v 8xj 8:132"

is the momentum conservation equation where gravity forces are neglected, P is

(3.5)

the fluid static pressure, 7;; is the viscous tensor, and 0;; = 7;; — Pd;;, d;; being

the Kronecker delta (6;; = 1 if ¢ = j, and O otherwise). The species conservation

law is: Dot 9 9
P .

—_ Yiu, = ——=—J; , 3.6

o + 61:1»'0 kU B, ik + wg (3.6)

where wy, is the mass production rate of species k, J;. is the diffusive flux vector of

species k.

The energy conservation equation is written as:

0 .
—_— + 7pEuj = —%j [ul (P(Sij — Tij) + Qj] + wr, 3.7
where F is the total energy per unit mass, q is the heat flux vector, wr is the heat

release rate, and the radiative term is not considered here.

These equations are complemented by others, such as the equation of state: each

gaseous species is assumed to behave like a perfect gas:

R
Py = pYy

—T 3.8
Wl (3-8)

where Py is the partial pressure of species k, R = 8.314 J-mol~!-K~! is the
perfect gas constant, and T is the temperature. The total thermodynamic pressure

P is equal to the sum of the partial pressures:
R

P=p—T. 39

PTv (3.9
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The viscous tensor 7;; needed in Eq.(3.3) is defined as:

N 2 (9uk 6u1 (916]'

where p is the dynamic viscosity.

The species diffusion flux needed in Eq. (3.6) requires a more detailed definition.

N
ZYM =0, (3.11)
k=1
is implied by the total mass conservation of a multi-species flow, where Vlk are
the components in the three directions of the diffusion velocity of species k. The
diffusion velocity is often expressed as a function of the species gradient, using the
Hirschfelder Curtiss approximation [96]:

Wi 0Xp,
Y,V = —Dp—=
ki W Ox;’

(3.12)

where X}, is the mole fraction, Dy, is the diffusion coefficient of the species k into

the rest of the mixture:
1-Y,
Dy, = k (3.13)
ZJ 1J¢kX /Dlw

To ensure mass conservation, a correction diffusion velocity is needed V¢:

Wi 0X;
ZDk W e (3.14)

which is added to the convection velocity. This leads to the diffusive species flux:

X
Jik=—p <Dk Wi, 0 YM) . (3.15)

The species production rate needed in Eq. (3.6)) also requires a more detailed defin-

ition. The Arrhenius law models the combustion rate:
Zukkam = Z oM, m=1,M (3.16)
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where M is the number of elementary chemical reaction, M, is the species k, and
v, and v are the stoichiometric coefficient of species k. The rate of progress
of a single reaction should be proportional to the product of the reactant molar

concentration X. The rate of progress of a reaction m is:

N N
Qm = Ky [ [ [Xa]"%em = Ky [ X3, (3.17)
k=1 k=1

where Ky, and K, are the forward and reverse rates of reaction m given by the

Arrhenius law:

E
Kfpm = A TP exp (};‘;) , (3.18)

where A is the pre- exponential constant, /3,,, the temperature exponent, and E, ,,
is the activation energy of the reaction m, which are all tabulated. Finally, the mass

production rate of species k is:

M
Wk = Wi > VemQm, (3.19)
m=1
with vy, ,, = v} —}., is the net stoichiometric coefficient of species k in reaction

m.

The total energy, heat flux, and heat release rate in Eq. (3.7) requires to be defined
more thoroughly, by first defining the species-specific enthalpy:

T
ho o (T) = / ¢y T, (3.20)
To

where I i, is the species enthalpy changing as a function of temperature, ¢, , is the
species-specific heat capacity at constant pressure, and 7 a reference temperature

(usually 298 K). The enthalpy is tabulated. The specific sensible energies e 1 :

RT
esk = hsp — W (3.21)
and the specific sensible energy of the whole mixture is:
N T
RT
s = e Vi = /T edT — S (3.22)
k=1 0
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The total energy F is the total specific non-chemical energy:
1
E=cs+ Euiui, (3.23)

which sums the specific sensible energy and the kinetic energy. The heat flux is

due to the heat transport by species diffusion, derived using Fourier’s law:

N

oT Wy 0Xg oT
i = - - Dy——-Y,Vf s,k — — ) s,k
q Ao PZ( k m, k‘é)h,k A i+kZ:1J’kh’k

ox

Heat conduction .
Heat flux through species diffusion

(3.24)
where A is the thermal conductivity. And the heat release wy is the volumic heat

released by the production and destruction of the species in the chemical reactions:
N
Wr =— Y dpAhGy, (3.25)
k=1

where Ah(} ;. 1s the mass enthalpy of formation of species k at the reference tem-

perature Tj.

3.2 Numerical simulation for combustion

Numerical tools in combustion research have become necessary to support the de-
velopment of experimental apparatus and large-scale industrial combustors and en-
gines. Numerical tools rely on mathematical concepts, physics, computer science,
and programming. Parametric variations and design evaluations are possible in nu-
merical simulations, which can be done rapidly without the need to manufacture
new designs systematically. Numerical simulation also permits the fundamental
understanding of phenomena. For example, post-treatment of 3-D simulations en-
ables the extraction of information not captured through experiments, due to the

constraints of measurement devices.

Turbulence is a complex physical process that is experienced by flows in some
conditions involving a large range of different time scales and length scales [56),
57, 97]], introduced in Chapter [2] which can be investigated numerically. Compu-
tational fluid dynamics, or CFD, solves the Navier-Stokes equation numerically
and can be applied to reactive flows to describe their behavior. Different numer-

ical tools exist which have various purposes depending on the level of turbulence
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Figure 3.1: Turbulence and chemistry treatment trade-off in numerical tools.

and details of chemical reactions that need to be solved: with an increase of the
turbulence treatment, a trade-off is needed with smaller chemistry schemes for the
computational cost of the computations to be reasonable, illustrated Fig. [3.1] for

the different tools which are described hereafter.

0-D or 1-D tools can be used for the parametric study of canonical ideal cases
(i.e. constant pressure reactors, one-dimensional unstretched flames, and others).
These 0-D and 1-D tools can utilize complex chemistry solving for hundreds of
species and thousands of reactions. Stochastic Reactor Models, which belong
to PDF methods, where the stochastic nature of flows is accounted for but us-
ing 0-D modeling treatment at its core, enable the use of detailed chemistry and
account for the mixture’s inhomogeneities while modeling turbulence using a sim-
plified model. Figure [3.2] summarizes the three approaches to CFD (RANS, LES,
DNS) with a schematic of the energy cascade and of the velocity time evolution.
Reynolds-Averaged Navier Stokes (RANS) simulation can be used to compute two
or three-dimensional flows when averaged information is needed. RANS equa-
tions are time-averaged equations of flow, which lead to unclosed quantities that
require to be modeled. Common turbulence models include the £ — e model. Large
Eddy Simulation (LES) can also be used to provide a small resolution, for two or
three-dimension flows, especially when turbulence interacts with the flow. LES
equations solve the large length scales of turbulence and model the smallest scales
of the flow field by using a filter. Suitable subgrid-scale models in LES lead to

a large range of applications to study complex geometries and capture instabil-
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Figure 3.2: Principle of the DNS, LES and RANS approaches. Adapted from [2].

ity phenomena. Finally, Direct Numerical Simulation (DNS) solves all scales of

turbulence when multi-scales are involved but are limited to reduced chemistry.

The selection of the numerical tool modeling level (0-D, 1-D, PDF, RANS, LES, or
DNS) depends on the phenomena investigated, the turbulent scale-solving require-
ments, the chemistry details needed, the geometry considered, and the computa-
tional resources available. A compromise between the level of physics that needs
to be solved and the computational cost or memory available needs to be determ-
ined in order to select the most suited modeling tool. The allotted time to perform
the simulation must also be considered in this choice. In this study, the funda-
mental combustion of ammonia/hydrogen blends is investigated, in both laminar

and turbulent cases, and Direct Numerical Simulation is utilized. Therefore, only
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the aspects relating to DNS will be described, although modeling implication in
the LES framework is also important and a motivation to perform DNS and shall
be briefly mentioned, although details of the framework will not be thoroughly

presented.

3.3 One-dimensional premixed flames

Solvers such as Cantera [98]] enable solving one-dimensional flames, strained and
unstrained, to test theoretical relations and prepare the larger DNS computations.
An overview of these flames’ structure and definitions relating to them is presented

hereafter.
3.3.1 Unstrained flames

A one-dimensional, freely propagating, or unstrained premixed laminar flame is
illustrated in Fig.[3.3]

Fresh gases\\i}\ Burned gases

Reactant

Temperature

Heat release rate

Figure 3.3: A one-dimensional laminar flame, where reactant mass fraction, temperature
and heat release rate have been normalized.

The flame propagates toward the fresh gases, leaving burned gases behind. The
reaction zone is where the reaction occurs and the chemical activity is situated
around the peak heat release rate. In ideal one-dimensional flames with no heat
losses, the temperature increases gradually from the unburned (subscript w), where

the temperature starts to increase, causing a preheat zone before the reaction zone,
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to the burned zone (subscript b), where the adiabatic temperature (T,4) is reached.
The adiabatic temperature corresponds to the maximum temperature reached in the
burned gases when no heat losses are considered. The preheat and reaction zone

form the flame front which propagates at a laminar flame speed s? defined by:

vl
0 .
sy = — wrdax, (3.26)
L puYyf,u /

where the reaction rate of the fuel is integrated over the x-axis. The thermal thick-

ness 87 is defined as the steepest gradient of temperature:

Toy—T
09 = ¢ ¥ 3.27
L™ max(dT/dx) (3:27)

Another definition of flame thickness is the diffusion thickness:

Ay
op=——. 3.28
D puCPSO ( )

The two definitions of flame thicknesses are used in this study as theoretical rela-
tions use one or the other, and sometimes both, as seen in Chapter[Z} The diffusive
thickness can be easily computed before computing a flame as long as the fresh
gas properties and the flame speed are known. However, it is too approximate, and
usually too small for purposes of mesh determination, which is why the thermal
flame thickness is needed. The thermal thickness requires a first flame computa-
tion using mesh refinement with one-dimensional stationary flames using Cantera

in the case of this study.

3.3.2 Strained flames

As discussed in Chapter [2} the turbulent flame is affected by stretch effects com-
prising strain and curvature. Laminar stretched premixed flames can be investig-

ated in counterflow configurations in different set-ups:

* A single flame, where gases at its equilibrium state is sent against a flow of

fresh gases,

* A twin flame, where fresh gases are blown against fresh gases, leading to

two flames forming,
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* And spherical flames.

Contrary to unstretched flames, where the flame speed is straightforward to de-
rive, the flame speed of stretched flame is less straightforward, both numerically
and experimentally. The consumption speed of a stretched flame depends on its
Markstein number of Markstein length [22, (99, (100, [101]:

Se KOp

=1-M'—= 3.29
S% a S% ) ( )

where & is the flame’s stretch and the consumption Markstein number is:
op 20-1) )i =z x—1

where L7 is the Markstein length, 3 is the Zel’dovitch number, o is the expan-

dr, (3.30)

sion ratio, which is the ratio of burned to unburned gases’ density. In this study,
when strained flame computations were needed, the twin flame setup was selected
and computed using Cantera. These were preferred to single flame simulations as
in these simulations, the solution is controlled by the temperature of the product
stream. In twin flames, the solutions depend on the initial thermodynamic condi-

tions and the strain only.

3.4 Stretch effects in premixed flame modeling

The turbulent combustion regime investigated throughout this study is limited to
the thin reaction zone as it is relevant for intrinsic instabilities of the flame in-
teraction with the flow, without the challenge of the broken reaction zone, and
relevant for modeling insights. An often used concept in modeling premixed tur-
bulent flames is the flamelet concept, where the reaction takes place in a thin layer
that is wrinkled by turbulence, but not disrupted by it [102]. In flamelet model-
ing, a major assumption is that, due to the large difference in time scales between
turbulence and chemical time scales, which are much slower, the flow and chem-
istry can be solved independently. A common assumption is that the structure of
a flamelet is the one of a laminar flame. The thin reaction zone is commonly ac-
cepted to preserve the flamelet structure 71,103,104, [105]]. However recent work
has highlighted that in some cases, in the thin reaction zone, the turbulent con-
sumption speed increases to values not explained by the increase of the flame sur-

face [106} [107]. A non-unity stretch factor Iy should be accounted for to consider
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the flame speed increase, especially when preferential diffusion of light diffusing
species is happening [83} (86} 93} 194, 107, (108 109} [110]:
ST N AT

- = Lo
8% AO

(3.3
with s the turbulent consumption speed, s?, the unstretched laminar flame speed
and Ag a reference flame surface. Arp represents a generalized turbulent flame
surface, linked to the flame surface density by integrating 3. over the entire flame
structure [70, [L11]:

1
AT:/ S(c*)de* :/|Vc|dV, (3.32)
0 Q

where c is the progress variable, cx is used to define an isosurface of the progress

variable representative of the reaction zone and (2 is the whole domain volume.

3.5 Direct Numerical Simulation

When all scales of the flow are solved, the numerical solution of the Navier-
Stokes equation is called Direct Numerical Simulation. Although large progress
in computer development has allowed the computation of 3-D turbulent react-
ive DNS, they remain computationally expensive and cannot be used in geomet-
ries with large domain sizes. Turbulent flows with small turbulence levels were
first solved with DNS in the 70s [112} [113] using an incompressible homogen-
eous isotropic turbulence. In the 80s, work on different levels of turbulence and
configuration, such as turbulent mixing layer, were investigated [[114, [115} [116]].
DNS in the scope of combustion was introduced at the same time, with chem-
ical reactions introduced for constant density [[L17]] and then, in the 90s, variable
density effects, and heat release effects were introduced [118}, (119} [120] both for
global chemical schemes and then detailed ones [121]. Development in program-
ming and parallel systems now allows us to perform such simulations, and ex-
tensive work has been performed through the use of DNS as reviewed recently
by Domingo et al. [122]]. DNS supports the development of turbulent combustion
models [[123] [124} [125] [126], allows to investigate different combustion regimes,

and new fuels such as ammonia and hydrogen [86, 94} [110, [127]].
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3.6 DNS resolution requirements

DNS grids must ensure that all scales of turbulence are solved: the domain must
be large enough for the largest scale to be solved, the mesh should be fine enough
for the finest turbulent scales to be solved, and it should also be fine enough for the
flame’s inner structure to be solved. For a volume or an area of L? or L2, where L
is the typical domain size, we can compute the number of points /N that the mesh
comprises in each dimension, and Az = L/N is the typical cell size. The domain
size L should be of the order of one integral scale [;: L > I; to fulfill the require-
ment of solving the largest scales. The smallest scales of turbulence are estimated
with 7, ~ I;/(Re;)®/* and should be resolved, a requirement too stringent in
terms of computational cost and memory, especially in 3-D applications. There-
fore, to solve the dissipative range, the mesh size should be of the same order of
magnitude as 1y, [122,128]. An argument can be made that the Kolmogorov scales
should be solved with the criterium 7 /Axz > 0.5 [53]], a stringent requirement to
meet. This leads to the requirement for the number of grid points in a direction to
be N > l;/ny. Furthermore, the inner flame structure also has to be resolved on
the mesh, to meet this criterion, ten to twenty grid points in the flame thickness
should be included: @) = (5% /Ax [2l]. The size of the computational domain is
given by L ~ (N/Q)6?. The Damkéler number compares the turbulent time scale
T =1t/ " with the chemical time scale Te =0p/ 3%. The criteria for the computa-
tional domain grid encompassing both the turbulent criteria and the chemical one
is [2, 122]:

1o\ 1/2
Re;Da = <T> , (3.33)
op

and if 6 and 5% are of the same order:
ReiDa < (N/Q)%. (3.34)

To keep the computational domain’s size at a reasonable level, the Damkoler, Kar-
lovitz, and turbulent Reynolds numbers should, therefore not all be too large sim-

ultaneously [122]].
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3.7 DNS solver

The code used throughout this study to perform the simulations is called AVBP,
a suite of CFD tools performing DNS and LES of compressible, reactive or non-
reacting, turbulent, multi-species ﬂow [129]. It is a parallel Fortran code de-
veloped using unstructured grids (definitions of unstructured grids will be detailed
in Section [3.8)), capable of solving the laminar and turbulent compressible Navier-
Stokes equations in two and three dimensions. Steady and unsteady flows can
be simulated. The code is programmed using Fortran 77, Fortran 90 and C sub-
routines. It uses the Message Passing Interface (MPI) for communication between
processes in parallel execution. Chemical reaction coefficients are obtained using
Cantera [98]], and chemical scheme reduction was performed using Arcane [130].
Initialization of the flame is typically done using Cantera’s one-dimensional sim-
ulation. HIP is used to create the geometry and mesh generation. Details on the
schemes used and transport coefficients will be provided in the following sections
and will be detailed in Chapter [5] The work was performed on CPU partitions us-
ing resources provided by both CERFACS and NTNU. Work was performed using
HPC resources of GENCI-TGCC on Belenos (Processor type: AMD Epyc 7742
(Rome)), on the BETZY supercomputer (Processor type: AMD® Epyc™ 7742
2.25GHz), and on Kraken at CERFACS (Processors types: Xeon Gold 6140 (Sky-
lake) and Xeon Platinium 8368 (IceLake)). The total CPU hours used in this work
is around 6 million CPUh not accounting for test cases.

3.8 Numerical method

The Navier-Stokes equation presented in Section needs to be written in their
compact differential formulations to be solved numerically [131]:

ou

V. F=s, 3.35

T (3.35)
where u = (p, pv, pE)7 is the vector of conserved variables, F = (f,g,h)7 is
the corresponding flux tensor and s is the source terms. The fluxes can be di-
vided into an inviscid convective part and a viscous part: F = F¢(u) + F’(u, Vu).

In AVBP, the control volume associated with such discretization is a cell-vertex

"http://www.cerfacs fr/avbp7x
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method, where the residuals are computed at the cells before being scattered to the
vertices [[129,[131]. The first step is the discretization of the computational domain
into polygons or polyhedrons, depending on the dimensions of the domain. The
mesh -or grid- is generated. We note that, when the term "unstructured" is used
to say that AVBP uses unstructured grids, this denotes the data type employed to
describe the node connectivity, and does not describe the information about the
shape of the grid elements. In AVBP, when a grid is composed of regular, struc-
tured shapes (made of cubic or hexahedral elements, for example), the data type
is still one of an unstructured mesh. Eq. (3.33) is solved at each node of the grid

using the following steps:

1. For each cell, the flux divergence of Eq. (3.35) is computed: this is the
cell residual. It needs to be computed using the Green-Gauss theorem and
discretized using the trapezoidal rule to integrate the fluxes along the edges

of the cell, considering that the fluxes vary linearly along the edges.

2. Once the cell residual is defined, the information has to be spread to the
nodes. The nodal residual is the volume-weighted average of the residuals
of the cells adjacent to the node. The operation where the adjacent cell
contribution is assembled is called scatter. This step requires a distribution
matrix for which conservation needs to be ensured and allows the definition

of different schemes, which will be presented later.

3. Once the residual calculation and distribution have been done, the solution
needs to be advanced in time. The time derivative of Eq. (3.33) is integ-
rated over the control volume, which is associated with the node. The time

marching method will be presented hereafter.
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Figure 3.4: Cell vertex method: black dots are the node, the cell center is in white and the

cell is colored in pink.

3.8.1 Time marching method

Time marching is done based on an N-step Runge-Kutta scheme the following
way [131]:
u’ =u"

u' = u" + a; AtAu!
(3.36)
"t = u" + ayAtAu”,

where «; are real coefficients and ay = 1. If N = 1, this corresponds to the

classical explicit first-order Euler scheme.

Au’ = (3.37)

dt -

The time-step At is given either by the user or is variable depending on differ-

ent parameters. Notably, the Courant-Friedrichs-Lewy or CFL number ensures the

stability of the convective numerical scheme. The constraint is that the CFL num-

ber should be below a critical value of 1. The time-step constrained by the CFL
number is:

At = CFLAY (3.38)

u—+c

where c is the speed of sound and u is the convection speed. In the case where
we have a low Mach number and the acoustic waves are not relevant, the Pres-
sure Gradient Scaling (PGS) can increase the time-step and gain computational
time [[132]). This is an artificial compressibility approach to artificially decrease the

propagation speed of the acoustic waves (c) by rescaling pressure and temperature
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by a factor a?: T* = 2T, P* = o®P. The resulting sound speed propagation is
reduced artificially by a:

¢* = /YRT* = \/yRo2T = ac, (3.39)

with - the heat capacity ratio. The resulting artificial Mach number is Ma* =
Ma/oa=U/c* = U/c/a. The new CFL condition satisfies:

Ax

u+c*’

At* =CFL (3.40)

and the time-step At* can be increased without changing the CFL condition as the

speed sound is reduced by a factor a.

The Fourier term F' limits the time-step to ensure the stability of the diffusive

schemes. It is defined as:
DAt

- =, (3.41)

where D is the diffusion coefficient.
Finally, the time-step is also derived from the chemical source term, which is why

stiff species should be removed from the numerical scheme to limit the time-step:

A — y min [ min AEP ), (3.42)
i spec J

where Y is user-defined and depends on the chemistry used. At;pec is the node-
valued time-step for each specie j:

AEPE = _Pi (3.43)

spec
J

The time-step is the minimum value between the three: CFL, Fourier, and chemical

source term time-steps.
3.8.2 Cell-vertex convection schemes

This section describes some of the numerical schemes used in Chapter [3] for the
convective part of Eq. (3.33), F°. The first scheme to be described is not used in
this work but serves to understand the other schemes: it is the Central Differences

scheme, where the cell residual is equally distributed to the different vertices, it
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is not dissipative and leads to an unconditionally unstable scheme. Then there is
the Lax-Wendroff scheme [[133]], which is a central finite volume-centered scheme
with full discretization involving space and time, First, the time discretization is
done using a third-order Taylor series:

n

n 2
LOul At o (an). (3.44)

u"tl —u» _ Ou
2 Ot?

At ot

Eq. (3.35)) is then used to replace the time derivatives by space derivatives, which
leads to the numerical scheme LW being a second order both in time and space

scheme.

The other class of convection schemes is the Taylor-Galerkin scheme, where, such
as LW schemes, the Taylor series is used to express the solution at the time tntl
then times derivative are replaced by space ones, and finally, Eq. [3.44]is discret-
ized in space, using Galerkin finite element method. This last step enables a more
precise computation of the mass matrix, instead of using an approximation for
it, such as in LW. However, the mass matrix should be inverted using the Jacobi
method, which leads to a more expensive computation but also to a gain in ac-
curacy. The two-step Taylor-Galerkin C (TTGC) comes from this finite element
method [[134,[135]] and leads to a third-order accurate solution for convective terms
in regular meshes. TTGC presents good dispersive and dissipative properties and
will limit numerical scheme perturbation (wiggles). Furthermore, artificial vis-
cosity is used for these spatially centered schemes as they tend to create wiggles.
Artificial viscosity can be used to limit those wiggles, although they may affect the

accuracy of the solution [131].
3.8.3 Cell-vertex diffusion schemes

The diffusion terms F? are discretized based on a Galerkin finite element method,
a vertex-centered scheme. The implementation is not strictly the Galerkin finite
element method due to the complexity and computational expense the exact for-
mulation would require [[131]. To determine the viscous flux divergence V - F}?
only the nodes belonging to the cell adjacent to the node j are used. This enables
to compute the viscous flux divergence on the control volume associated with node
j- The operator enables to dissipate small scales and is more physical compared to

other schemes such as the cell-vertex operator [[131].
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3.9 Boundary conditions

The boundary conditions in a numerical simulation are needed to impose condi-
tions to solve the equations. Inside the computational domain, the variables are
updated using the information from surrounding cells. However, at the boundar-
ies, a node is missing for the numerical scheme, and physical information is also
missing. Therefore, defining boundary conditions is a key part of numerical sim-
ulations. The unsteadiness of compressible flow due to acoustic waves appearing,
or velocity and entropy perturbations, as well as numerical perturbations, should
be evacuated from the domain. Boundary conditions, therefore, serve a crucial role
in controlling wave reflections in the domain and evacuating unsteady activities.
If target values are strictly imposed (such as velocity or pressure) towards which
the code should be converging, this will lead to fully reflecting boundaries, and the
acoustic energy will remain in the domain. Characteristic boundary conditions, or
non-reflecting boundary conditions, are preferred and used throughout Chapter [3]
to evacuate the unsteady perturbations from the domain. Navier-Stokes Charac-
teristic Boundary Conditions are used [136]], where waves leaving the domain are
well computed by the numerical scheme, while waves entering the domain are not
computed by the numerical scheme and are user-defined values. This requires a
correction term to the incoming wave. However, a drawback of the non-reflecting
boundary condition is the target quantity is not secured. Relaxed characteristic
boundary conditions allow having a non-reflecting boundary while also conver-

ging to the target quantity.
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Chapter 4

DNS specificities

The notions presented in the previous Chapters and how they relate to the simula-
tions performed throughout this work are detailed here. First, the grid specificities
of the simulations of Chapter [5 are presented, followed by a description of the
chemical mechanism used, and the numerical methods specific to the simulations.

Finally, the boundary conditions used are described.

4.1 Grid specificities in the simulations

In the work performed in this thesis, two types of simulations are performed. First,
Direct Numerical Simulations of laminar flames in a 2-D domain (Paper 2), and
second, turbulent 3-D simulations are performed (Papers 1 and 3). Direct Numer-
ical Simulation in the context of 2-D laminar flames, as is presented in Paper 2,
does not concern itself with the resolution of the turbulent scales, as no turbulence
is involved. However, for a precise resolution of the flame front development,
a large number of points in the flame front are needed, and no modeling of the
subgrid-scale is implemented, leading to the use of the DNS terminology in this
context. In the turbulent 3-D flames in Papers 1 and 3, the flame front is resolved
with at least 12 points. The domain size is sufficiently large to solve the integral
scale based on the turbulence spectrum that is selected. The resulting Kolmogorov
scales are of the order of 10~°, as is the mesh size. Although some literature ref-
erences consider that to solve the dissipative range, the mesh size should be of
the same order of magnitude as ny [122, [128]], an argument can be made that the

Kolmogorov scales should be solved with the criterium 7, /Az > 0.5 [53], which
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is nearly verified in the 3-D simulations performed (where 7, /Axz > 0.4). How-
ever, we find that this level of mesh refinement provides sufficient information into
the preferential diffusion effect we want to investigate, as the inner structure of
the flame front is sufficiently resolved, and the resolution is fine enough to capture
most of the dissipation: no artificial viscosity is added in the simulations. This re-
finement level enables us to investigate the flame interaction with turbulence with a
sufficient resolution and, therefore to perform the analysis that we want in regards

to thermo-diffusive instabilities in the thin reaction zone.

4.2 Chemical mechanism scheme reduction and valida-

tion

The number of equations to be solved during the computation depends directly on
the number of species. Therefore, the chemical mechanism selection is important.
In the case of ammonia/hydrogen flames, the complexity of the chemistry and the
need to investigate the flame structure undergoing preferential diffusion effects led
to the selection of detailed chemical schemes. In this work, two kinetic schemes
are used to perform the DNS, one with NO, for the work considering 2-D sim-
ulations (Paper 2), and the second where NO, production is not considered, to
reduce the scheme -and by extension, reduce the computational cost- in the 3-D
cases (Papers 1 and 3). They are both derived from CRECK [3] and reduced with
the CERFACS in-house reduction tool, Arcane [[130]. The first scheme has 18 spe-
cies, 6 species with QSS assumption and 150 reactions, while the second scheme
has 14 species, 7 species with QSS assumption and 88 reactions. Both schemes
were reduced using Arcane [[130], a reduction tool using an automated proced-
ure to reduce schemes using target values. The procedure is based on three steps
briefly described hereafter. The first step is the Direct Relation Graph with Error
Propagation, where species and reactions not relevant to the target configuration
of the selected canonical case are eliminated from the chemical model. Chem-
ical lumping is the second step, where groups of isomers are represented by single
representative species, which reduces the number of species and reactions without
changing the reaction dynamics. Finally, Quasi-Steady State assumptions are per-
formed where species with short characteristic time scales are removed, leading

to fewer transport equations and removing numerical stiffness. Error thresholds
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based on canonical cases (one-dimensional unstretched flames, counterflow flame,
0-D reactors) are given for the following quantities: the adiabatic temperature,
laminar flame speed, and for some species mass fraction (NO for the 18-species
mechanism), and the reduction is automated. We find a good agreement between
experimental data, the detailed CRECK scheme, and the reduced schemes within
the investigated range of each study using one-dimensional Cantera simulations,
as is presented in Chapter [5] (Papers 2 and 3), and illustrated in Fig. for the
laminar flame speed. A large amount of discrepancy from experimental data in
the literature regarding the laminar flame speed of ammonia/hydrogen fuel blend,
and even pure hydrogen, is revealed in these comparisons. Validation between the
detailed CRECK mechanism and the reduced mechanisms for the adiabatic tem-

perature is also presented, with very good agreement between the two schemes
(Fig.A.2).

Increasing the amount of hydrogen lessens the accuracy of the reduced scheme
compared to the complete one. Nevertheless, a reasonable agreement is found for
the large scope of data for the two reduced schemes, and we use them assuming
their accuracy is sufficient for the purpose of investigating thermo-diffusive in-
stabilities in laminar and turbulent premixed flames. In the context of DNS, the
number of species in the two schemes is quite large, and therefore we use the term
"detailed chemistry" in the context of DNS computations, although we recognize
the existence of detailed schemes with several hundreds of species and thousands

of reactions.

In this work, scalar transport properties are approximated with a constant Lewis
number for each species without thermal diffusion. Indeed, we find from the
literature and Cantera simulations that, compared to a multi-component formu-
lation, results from mixture-averaged formulation gave comparable results with
mixture-averaged formulations [[137] but led to a significant gain of computational
resources. Furthermore, regarding the impact of Soret and Dufour effects (which is
where species diffusing at different rates will exhibit different diffusion due to tem-
perature gradient) in the context of mixture-averaged simulations, their inclusion
impacts the flame structure but is not the leading order phenomenon that controls
it [138]], which is the Fourier’s and Fick’s laws. In this thesis, they are therefore not

included, but it is recommended to include them in future numerical investigations,
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Figure 4.1: Scheme validation for the NH3/H, blends for the laminar flame speed. Nu-
merical data from CRECK [J3]] (detailed), and reduced ARC mechanism against experiment
from Koroll et al. [4], Law et al. [3]], Vagelopoulos et al. [6], Dowdy et al. [7], Kumar et
al. [8]], Zhou et al. [9]], Han et al. [10]], and Lhuillier et al. [1]].

as we assume they might enhance the thermo-diffusive instabilities [110,139]], and

their inclusion would lead to more accurate physics in the simulations.
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Figure 4.2: Scheme validation for the NH3/H,> blends for the adiabatic temperature. Nu-
merical data from CRECK [3] (detailed) against reduced ARC mechanism.
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4.3 Numerical methods

Regarding the CFL described in Chapter 2] we find a reasonable limit for the
artificial Mach number M* is 0.3 to remain incompressible, 0.25 is selected in
Chapter [5] for Papers 1 and 3. This leads to a speed-up of the time step for the
time-step At*/At = 1/+/«, leading to a faster simulation with no loss of inform-
ation. Regarding the convection scheme selected in this thesis, although higher-
order schemes are preferred to perform DNS, we find LW for the 2-D cases (Paper
2) and TTGC for the 3-D cases (Papers 1 and 3) to be sufficiently accurate in
the performed study. Indeed, in the case of the DNS performed in Chapter [5] the
mesh resolution and numerical schemes selected led to no artificial viscosity being
added to the simulation, indicating a good compromise between guarantying low
spatial dissipation and low dispersions effects, and performing the simulation at a

reasonable computational cost.

4.4 Boundary conditions

Typically, in Chapter [5] the following boundary conditions are used. At the inlet,
reflecting velocity, temperature, and species are imposed. In turbulent cases (Pa-
pers 1 and 3), a turbulent perturbation is also imposed at the inlet and enters the
domain. In order to maintain the mean inlet variables around their target values,
relaxation coefficients are used to specify the ingoing waves to relax every vari-
able toward its target. This enables to keep the mean variables around their target
values and, at the same time, let the high-frequency waves leave the domain. Re-
garding turbulence injection, there exist various ways for turbulence to be injected
inside a domain [140]]. Strong recycling methods use an auxiliary simulation to
prescribe the velocity field at the inlet of the new simulation, while weak recycling
methods use internal mapping to prescribe the velocity at an upstream cut of the
domain back to the inlet. There are several solutions to use synthetic turbulent
injection. One of which is the synthetic random Fourier method, where random
Fourier modes are summed to generate velocity fluctuation. The velocity fluctu-
ation has an amplitude that follows a turbulent energy spectrum that is modeled.
The spectrum either follows the Von-Karmann-Pao spectrum to simulate the com-
plete energy spectra, which leads to a peak of large structures as well as a greater

variety of structure scales. Or, as is done in Papers 1 and 3, the Passot-Pouquet
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spectrum is followed, which has a peak at a lower wave number leading to smaller
scales homogeneous structures, in order to obtain homogeneous isotropic turbu-
lence. Although recirculation methods typically lead to more realistic turbulent
scales, the Passot-Pouquet spectrum skips the inertial range and represents the flow
scales having dissipative character without an apriori simulation, that would fur-
ther increase the computational cost. Other methods include the synthetic digital
filtering method, synthetic coherent eddy method, and volume forcing methods.
At the outlet, a reflecting pressure is imposed: a relaxation that is equal to zero
will lead to a perfectly non-reflecting boundary condition, while large values lead
to nearly reflecting conditions. Finally, when it is needed, periodicity where the

quantities are the same at two opposite faces is used in a weak formulation.
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Chapter 5

Summary of papers

The results of this doctoral work are presented and discussed in three papers that
are published in, or submitted to peer-reviewed international journals. In this
chapter, a summary of the respective papers is presented, together with comments
on how the papers are connected. The contribution of the author to each paper is

designated by elements introduced by "the author".

The author’s contributions on joint papers

The contributions of the author to the papers are listed as follows:

» Paper 1: Victor Coulon, Jessica Gaucherand, Victor Xing, Davide Laera,
Corentin Lapeyre, Thierry Poinsot (2023). Direct Numerical Simulation
of methane, ammonia-hydrogen and hydrogen turbulent premixed flames,
Combustion and Flame, Vol. 256, Page 112933.

In this paper, the author’s contribution consisted of performing the DNS for the
ammonia/hydrogen flame, as well as contributing to the post-processing of the data
with a focus on the ammonia/hydrogen flame. The study was designed and guided
by Davide Laera, Corentin Lapeyre, and Thierry Poinsot. The other simulations
were performed by Victor Xing (who computed the methane flame) and Victor
Coulon (for the hydrogen flame). The post-processing and paper redaction was

done by Victor Coulon, and reviewed by all the co-authors.
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* Paper 2: Jessica Gaucherand, Davide Laera, Corinna Schulze-Netzer, Thi-
erry Poinsot (2023). Intrinsic instabilities of hydrogen and hydrogen/ammonia
premixed flames: influence of equivalence ratio, fuel composition and pres-
sure., Combustion and Flame, Vol. 256, Page 112986.

The author modified the AVBP code to implement a new way to initialize the com-
putational domain with a Cantera flame with a sinusoidal perturbation of the flame
front. The author performed a parametric sweep of DNSs, performed all the post-
processing of the DNS and of one-dimensional flames to support the analysis, and
wrote the paper. The study was designed and guided by Thierry Poinsot, Corinna
Schulze-Netzer and Davide Laera. All the co-authors contributed to analyzing the

results and reviewing the paper.

 Paper 3: Jessica Gaucherand, Davide Laera, Corinna Schulze-Netzer, Thi-
erry Poinsot (2023). DNS of turbulent premixed ammonia/hydrogen flames:
the effects of thermo-diffusive instabilities., Submitted to Flow, Turbulence

and Combustion, in review.

The author performed a parametric sweep of DNSs, performed all the post-processing
of the DNS and of one-dimensional flames to support the analysis, and wrote the
paper. Corinna Schulze-Netzer contributed to the post-processing of some of the
data provided by the author. The study was designed and guided by Thierry Poin-
sot, Corinna Schulze-Netzer and Davide Laera. All the co-authors contributed to

analyzing the results and reviewing the paper.

5.1 Paper I: Direct Numerical Simulation of methane, ammonia-

hydrogen and hydrogen turbulent premixed flames

In this paper, three premixed flames with the same laminar flame speed and similar
thickness are investigated through Direct Numerical Simulations. The first one is
a methane flame at stoichiometry, the second a pure hydrogen flame at an equi-
valence ratio of 0.45, and lastly, a stoichiometric ammonia/hydrogen flame with a
nearly equimolar blend of hydrogen and ammonia in the fuel. These three flames
are subjected to the same turbulence intensity, but end up behaving in largely dif-

ferent ways. While the methane and ammonia/hydrogen flame have a similar flame
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surface and length, the lean hydrogen flame is much shorter, and the flame thick-
ness decreases while burning rates increase. This is illustrated by Fig. [5.1| where
the isosurface of progress variables at the maximum value of the heat release rate
in the equivalent unstretched flame (c(max(wr)) = ¢*) are used to describe the
flame front, and are colored by the normalized heat release rate, normalized with

the maximum heat release rate from the unstretched one-dimensional flame.

max(o}! max(aiP max(aiP

0.5 1.0 1.5 0.5 1.0 1.5 0.51.01.5 2.0 25 3.0
| | |
= a = L —
Figure 5.1: Isosurfaces of ¢ = c*, extracted after two flow-through times t = 27 and
colored by heat release rate normalized by the maximum value in the corresponding 1-D

unstretched laminar flame for all cases. Methane case at ¢y, = 0.72 (left), ammo-
nia’hydrogen case at cf;, o, = 0.8 (center), hydrogen case at cf;, = 0.85 (right).

51



Preferential diffusion of hydrogen in the pure hydrogen flame leads to convexly
curved elements where the reaction rate is much larger due to enrichment in those
regions. In regions that are not strongly curved, the impact of the strain on the
hydrogen flame strongly impacts the reaction rate: indeed, in one-dimensional
stretched flames simulations, it is seen that the lean hydrogen flame speed increases
with strain -while for the other flames the flame speed decreases with strain- and
this leads to an increase of the flame speed in the lean turbulent hydrogen flame.
This observation leads to the suggestion of a comparison of the 3-D data of the
hydrogen flame with 1-D stretched flames simulation and it is found that the flame
speed increase in the 3-D turbulent flame is well captured by the 1-D simulations
at varying strain rates and equivalence ratio. The increase of flame surface due to
wrinkling for the ammonia/hydrogen and methane flames is induced by the turbu-
lence alone, leading to a stretch factor close to unity. Whereas for the hydrogen
case, the stretch factor is equal to two. Furthermore, as the conditional mean of the
heat release rates conditioned on the progress variable of the 3-D flames is com-
pared to the heat release of the laminar flame counterpart as a function of the pro-
gress variable, the hydrogen flame exhibits a large deviation from the unstretched
case, leading to the non-validity of flamelet assumption in this case. The ammo-
nia’hydrogen flame exhibits a large scatter but the conditional mean value remains
close to the unstretched laminar flame, which we attribute to the fact that this flame
is at stoichiometric conditions. For the methane flame, good agreement of the con-
ditional mean with the unstretched flamelet is found, as well as a very small scatter.
This leads to the conclusion that the stoichiometric ammonia/hydrogen flame blend
could potentially replace, without retrofitting a combustor, a methane flame. This
conclusion does not account for phenomena like flashbacks in gas turbines, which
would need a separate investigation out of the scope of this thesis. Furthermore,
the flamelet assumption, in the ammonia/hydrogen stoichiometric case, could be
used for modeling, a conclusion that is not extended to the pure hydrogen case
for which modeling implications are different and need to consider the effect of
preferential diffusion into modeling aspects. This paper serves as an answer to
the following research question investigated in the introduction of this thesis: how
does an ammonia/hydrogen turbulent flame compare to methane and a pure hydro-
gen flame? We find that, although a scatter of heat release rate around the mean

is found for the stoichiometric ammonia/hydrogen flame, its conditional mean is
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close to an unstretched one, like it is for methane, leading to flamelet assumption
validity. However, the preferential diffusion of hydrogen leads to local enrichment
in some convex places and depletion in concave ones, similar to the pure hydrogen
flame case. However, the overall structure is not widely affected by these prefer-
ential diffusion effects, likely due to the stoichiometric condition selected. Further

ammonia/hydrogen blends need to be investigated, especially in leaner conditions.

5.2 Paper II: Intrinsic instabilities of hydrogen and hy-
drogen/ammonia premixed flames: influence of equi-

valence ratio, fuel composition and pressure.

In this paper, a parametric investigation of premixed ammonia/hydrogen blends at
different blends and equivalence ratios is performed from pure hydrogen (Hs) to
a blend of 40% of Hs and 60% of ammonia (NH3) in volume, equivalence ratios
(0.4 to 1.0) and pressures (1 and 10 bar) to investigate thermo-diffusive instabil-
ities. Indeed, as the first paper and other literature work have shown [83| [84]],
pure lean hydrogen flames exhibit thermo-diffusive instabilities, but in the case of
ammonia/hydrogen blends, the development of these instabilities is still unclear.
Work by Wiseman et al. [94] and Netzer et al. [93] has highlighted that in lean
cases, characteristic thermo-diffusive behavior had been identified in preheat con-
ditions. At atmospheric conditions, work by Mukundakumar et al. [127/]] identified
thermo-diffusive instabilities in lean cases but only going down to an equivalence
ratio of 0.6. Therefore we know that in some conditions, thermo-diffusive instabil-
ities appear for ammonia/hydrogen flames, in which hydrogen diffuses in convex
zones and burns quicker and faster and at a higher intensity. However, it is still
unclear if lean ammonia/hydrogen flames behave like pure hydrogen or if the im-
pact of ammonia additions dampens the instabilities. To investigate this question,
a linear stability analysis is performed where the dispersion relation of a mixture
-an indicator of a flame’s tendency to become more or less unstable as it responds
to a perturbation- is computed using Direct Numerical Simulations. The results
obtained show that ammonia addition and equivalence ratio increase dampen the
instabilities, a result that was known for pure hydrogen flame and is now extended
to ammonia/hydrogen blends. Hydrodynamic -or Darrieus Landau (DL) instabil-

ities were found to dominate mixtures at stoichiometry, and the computed relation
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dispersion was equal or below the DL dispersion relation for all wave numbers: the
thermo-diffusive mechanisms had a stabilizing impact on the mixtures’ instabil-
ities. On the other hand, for leaner mixtures, the computed dispersion relation
is above the DL dispersion relation at small wave numbers: the thermo-diffusive
mechanism further destabilizes the flame front. This is illustrated in Fig.[5.2] where

the DNS-derived dispersion relation is illustrated for the 1 bar cases.
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Figure 5.2: Dispersion relation for varying equivalence ratio, at various NH3 contents in
volume in the fuel. Symbols correspond to the growth rates extracted from the simulations,
dashed lines correspond to the second-order polynomial fit of these growth rates. The
theoretical hydrodynamic growth rate wpy,7 is also shown in solid line for all blends.

An important aspect is also to understand if theoretical relation dispersions are
able to capture the behavior of ammonia/hydrogen blends in order to limit the
computation of expensive DNS: this first requires computing the Lewis number of
the blend. This is done in a section of the paper through the use of 1-D strained
flame computations, and we find that the volume-based definition of the Lewis
number of a mixture is most suited for the ammonia/hydrogen blend, therefore
answering one of the research questions asked in the introduction. Comparisons
with theoretical dispersion relations showed the theory’s difficulty in fitting the
stabilizing effects at large wave numbers for lean mixtures. This indicates a need
for new theoretical relations to capture lean flame behavior. This was known for
pure hydrogen but is now extended to blends of ammonia and hydrogen. At high
pressure, thinner flames and higher growth rates as chain termination reactions
became more important for both NH3/Hs blends and pure Hs led to more unstable
flames. This study led to a quantitative assessment of thermo-diffusive instabilities
in ammonia/hydrogen blends, finding that these blends are stabilized by ammonia

increase, but that lean cases are unstable due to hydrogen’s fast diffusion.
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We confirmed that preferential diffusion was to be expected in lean ammonia/hydrogen
blends, and we then want to investigate how lean ammonia/hydrogen blends might
behave if they were in a turbulent flow. Indeed, the first study informed that pure
hydrogen would lead to a faster flame consumption and high heat release com-
pared to its unstretched counterpart. We wonder if ammonia/hydrogen blends will
also behave the same. If this were the case, then to get the same value of heat
release rate, one may benefit from the stretch factor effect instead of increasing the

equivalence ratio.

5.3 Paper I11: DNS of turbulent premixed ammonia/hydrogen
flames: the effects of thermo-diffusive instabilities.

In this paper, four Direct Numerical Simulations of turbulent premixed ammonia
hydrogen flames are computed. The fuel composition with the ratio of ammonia
and hydrogen varies between 19% and 57% of NH3s, and the equivalence ratio var-
ies between 0.44 and 0.95. The two leanest flames have similar flame speeds (0.17
m/s), while the two others have flame speeds close to 0.30 m/s. The four com-
positions tested are chosen to represent a large spectrum of operating conditions.
The composition and characteristics of the flame enable us to study the effects of
thermo-diffusive instabilities in a turbulent flow and to look into the chemistry and
stretch effects at play in the development of the flames. As this is done in the
context of supporting model development, a first suggestion consists of finding a
progress variable to parametrize the combustion process. To do so, the irreducible
error for different progress variable definitions is computed regarding the equival-
ence ratio and the heat release rate. The HyO-based progress variable is found to
be a suitable definition to reduce the error with the conditional means and the scat-
ter of values of these parameters. Similarly to the first paper, the stretch factor for
the four flames is computed, and it is found that a value of stretch factor of 2.69 is
found for the leanest case with 18% of NHj3 in volume in the fuel and 0.44 equi-
valence ratio. This is higher than the value of the stretch factor obtained for the
pure Hy case of the first study at ¢ = 0.45. This is notably attributed to the strain,
and the steep gradient of the radical pool and laminar flame speed for the broad
distribution of equivalence ratio obtained in 3-D. Large flamelet deviation is found

for the leaner cases, as seen in Fig.[5.3] Thermo-diffusive due to the blend’s com-
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Figure 5.3: Normalized heat release rate after two flow-through times with the corres-
ponding joint probability density function of the quantity conditioned by the progress
variable cp,o for the four cases. A lighter shade in the colormap represents a greater
probability of the PDF. The dashed line corresponds to the 1-D unstretched laminar flames
and the solid line corresponds to the conditional mean of the quantity versus progress vari-
able.
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position interaction with turbulence leads to the curvature and strain, which further
enhance the instabilities and modify the flame structure beyond the expectation of
st/ SOL = Ar/Ap. Instead, a super unity stretch factor must be accounted for to
account for the larger-than-expected flame speed and more wrinkling, leading to
more flame surface and reduced flame brush length. Similarly to the pure Hy case
from Paper 1, we find that the 3-D stretch factor can be well described by per-
forming stretched one-dimensional flame and computing the flame speed increase.
For the nearly stoichiometric case, the predictive assessment method doesn’t prop-
erly compute the near unity stretch factor. Indeed, in this case, the stretched flame
speed decreases with strain, and the method is no longer valid. Therefore, this
predictive method enables us to determine where flame instabilities might be ex-
pected to lead to a super unity stretch factor and also provides an expectation of

the stretch value that might be accounted for in a model.
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Chapter 6

Conclusions and outlook

Three papers investigating ammonia/hydrogen-premixed flames were investigated.
The impact of preferential diffusion of hydrogen leading to thermo-diffusive in-
stabilities was well known to impact the flame front and enhance the reactiv-
ity strongly, but these observations are now extended to lean ammonia/hydrogen
blends. From intrinsic instabilities in laminar flame through linear phase dis-
persion relation up to the interaction with turbulence, it was found that ammo-
nia/hydrogen premixed flame would become shortened with more wrinkle and a
strongly enhanced flame speed compared to its laminar unstretched counterpart,
were they lean mixtures. Predictive tools using strained one-dimensional flames
for modeling purposes based on the database of DNS performed were sugges-
ted, although they require a priori knowledge of the strain values. This thesis,
therefore, leads to new findings in the domain of ammonia/hydrogen combustion
through Direct Numerical Simulations. Some of the main findings are recapped

here:

* Regarding the flame structure and thermo-diffusive instabilities of ammo-

nia’hydrogen premixed flames:

— Ammonia addition dampens intrinsic thermo-diffusive instabilities, in-

creased equivalence ratio too.

— Lean ammonia/hydrogen mixtures in turbulent flow will exhibit high

reactivity and strong wrinkling due to stretch effects.
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* And regarding the validity of theoretical relations and modeling implica-

tions:

— Theoretical relations dispersions do not capture the dispersion relation

from DNS of lean ammonia/hydrogen blends.

— A volume-based Lewis number definition is well suited for an ammo-

nia/hydrogen blend.

— A progress variable based on water is well suited to describe the com-

bustion state of lean ammonia/hydrogen flames.

— The Markstein number can support the knowledge of where ammo-

nia’hydrogen blends will be unstable.

— Strained one-dimensional flame can inform the global stretch factor of

lean turbulent ammonia/hydrogen flames.

The work performed here could benefit from the following research as comple-

mentary:

* Inclusion of multi-components transport formulations, and including Soret
and Dufour effects could benefit the level of details of the investigation of

NHj3/Hy flames and their impact on thermo-diffusive instabilities.
* Investigating higher order schemes for convective and diffusive terms.

* The work performed in this study has not investigated the impact of NO,
in thermo-diffusively unstable flames. It had been investigated by Netzer
et al. [93]] in laminar perturbated flames and Rieth et al. [95] in preheated
conditions, but looking into the formation of NO, atmospheric conditions
would also be interesting to formulate strategies on their mitigation. It is
expected that NO formation will strongly depend on equivalence ratio vari-

ation due to preferential diffusion.

* The parametric study performed in Paper 2 could benefit from further op-
erating points investigated. Indeed, intermediate ammonia content or equi-
valence ratio might lead to more instabilities as ammonia dissociates into

hydrogen.
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* The implementation into combustion models for RANS or LES of the strained-
based correction from Paper 1 or the one based on the ammonia content and
equivalence ratio from Paper 3 would enable to validate the model suggested
and had not been done in this work, but would be a useful addition to model

hydrogen-based fuels.
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Three turbulent premixed flames with the same unstretched laminar flame speeds and thicknesses are
analyzed and compared using 3D Direct Numerical Simulation (DNS) in a slot burner configuration at
atmospheric conditions: a CHg/air flame at ¢» = 1, an NH3 — Hy/air (46% vol. Hy) at ¢ =1 and an Hy/air
flame at ¢ = 0.45.

While both stoichiometric methane and ammonia-hydrogen flames behave similarly, the lean hydro-
Keywords: gen flame brush is twice as short with less flame surface, and exhibits significant alteration of its local
DNS . flame structure: for the H, flame, the thickness of flamelets decreases significantly while burning rates
Premixed increase drastically. This is observed for flame elements convexly curved with respect to fresh reactants

s[ycz;ogen (positive curvature) because of preferential diffusion, where thermo-diffusive instabilities generate long-
A;mzrrﬁa tail structures that continuously head toward the fresh gases, and also for near-flat flame elements be-

cause of local strain effects. Opposite behaviors are observed for flame elements concavely curved (neg-
ative curvature) where fuel depletion caused by unfocusing of hydrogen and strain effects are unable
to increase the consumption, even leading to near-extinction of the flame. The turbulent methane and
ammonia-hydrogen flames studied in this work do not exhibit the instabilities seen in the pure hydrogen
flame. However, local flame-flame interactions are observed in the cusp regions of all three flames, which
significantly increase the displacement speed as well as flame surface destruction.

A 1D-3D comparison indicates that strain effects in regions of low curvature and preferential diffusion
effects in regions of positive curvature can be modeled using counterflow flamelets to account for stretch
effects on the turbulent hydrogen flame propagation in addition to turbulent wrinkling.

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Thermo-diffusive instability

1. Introduction drogen, or even their existence for ammonia-hydrogen blends, is
yet unclear and must be investigated for technological and safety
reasons [8,9]. Modeling these flames either as a simple fuel (H,,
NH3), or as blends (NH3-H,), poses a number of fundamental is-
sues to be tackled.

From a numerical point of view, hydrogen raises new chal-

Recently, hydrogen and ammonia have been put forward as
potential low-carbon energy carriers. Their fuel properties pose
challenging problems for the combustion of new sustainable sys-
tems, such as the low flammability limit of ammonia or the in-

trinsic combustion instabilities of lean hydrogen flames [1-3]. Nev-
ertheless, their mixture combines interesting features like increas-
ing ammonia flame speed [4], avoiding hydrogen flame boundary
layer flashback [5], mitigating hydrogen thermo-diffusive instabili-
ties [6] and achieving high volumetric energy density for industrial
configurations such as piston engines, aircraft engines or industrial
burners [7]. However, the influence of intrinsic instabilities of hy-

* Corresponding author.
E-mail address: coulon@cerfacs.fr (V. Coulon).

https://doi.org/10.1016/j.combustflame.2023.112933

lenges even in a fully premixed single-fuel regime. In particu-
lar, it is of high interest to accurately predict the rate at which
the flame propagates, which is substantially altered by the turbu-
lent field but also by intrinsic flame instabilities. Numerical turbu-
lent calculations with conventional fuels such as methane exhibit
only hydrodynamic instabilities [10,11] stemming from gas expan-
sion without significant alteration of their flame structure [12-15].
However, in a lean setup with a fuel characterized by large mass
diffusivity compared to molecular heat diffusivity (i.e., Lewis num-
ber Le < 1), preferential diffusion can affect the turbulent flame

0010-2180/© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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speed. As postulated by Damkéler [16], the increase in turbulent
flame speed is primarily due to the flame surface enhancement
induced by wrinkling, but additional effects on the consumption
rates have been ascribed to Lewis number effects. Direct Numeri-
cal Simulations (DNS) are necessary to study diffusive phenomena
taking place on spatial scales of the order of a few flame thick-
nesses, still out of reach with current mesh sizes for most Large
Eddy Simulations (LES) calculations, especially at high pressures.

For turbulent lean premixed hydrogen flames, DNS with de-
tailed reaction mechanisms have shown that the enhanced burn-
ing rates are mainly caused by intrinsic thermo-diffusive instabil-
ities [17-25]. Recent studies [26,27] have demonstrated their im-
pact on lean hydrogen/air flames, even in the absence of turbu-
lence, by deriving growth rates associated with the intrinsic in-
stabilities by mean of dispersion relations using asymptotic meth-
ods [28,29]. They show that for a sufficiently weak flame per-
turbation, the associated growth rate increases exponentially be-
cause of intense burning in regions convexly curved with respect
to the fresh reactants. In turbulent conditions, the highly corru-
gated shape of the flame sheet further enhances the preferential
diffusion of hydrogen. More specifically, the hydrogen mass diffu-
sivity operates in highly curved regions with strong fluctuations of
local equivalence ratio leading to large variability of the fuel re-
action rates along the flame front. The pressure is also known to
drastically affect the lean hydrogen flame: Rieth et al. [30] have
highlighted flames resilient to strain effects with narrower reaction
zones due to an intensification of hydrogen diffusive fluxes with
respect to convective fluxes in lean conditions with ¢ = 0.3, and
preheated conditions with T, = 750K. The authors were also able
to retrieve similar behavior of pressurized flames at atmospheric
pressure by keeping constant parameters such as Markstein, effec-
tive Lewis, Zeldovich and Peclet numbers.

Mixtures of ammonia and hydrogen are also of interest [31] and
a question emerges as to the impact of the additional hydrogen on
the ammonia flame response. Recently, Wiseman et al. [15] and
Rieth et al. [32] have shown that NH3; — H; — Nj/air (NH3: 40%,
H: 45%, Ny: 15% vol.) mixture leads to thermo-diffusively unstable
turbulent flame at ¢ = 0.45 and T, = 750K. More generally, the in-
terplay between turbulence and intrinsic flame instabilities on the
overall turbulent flame is still the subject of active research efforts,
especially concerning pure hydrogen and hydrogen-enriched fuels.
While several methane/air flames have also been investigated
in previous works [12-15,33], this study aims to compare Lewis
number effects on three different flames: methane/air, ammonia-
hydrogen/air and hydrogen/air. This is accomplished by DNS
simulations of such flames in a turbulent premixed Bunsen-like
configuration (slot burner) at atmospheric conditions. The three
flame compositions (CH4, NH3-H; and H;) are chosen to match
the unstretched laminar flame speed and thickness of the stoichio-
metric methane mixture, and each flame is subjected to the same
turbulence forcing. Section 2 describes the DNS solver and com-
putational methodology. Results are outlined in Section 3, with a
description of each flame’s geometry, followed by an investigation
of flame structures and the interplay between Lewis numbers
and turbulence effects on the turbulent flame speeds. To further
investigate stretch effects on the pure hydrogen flame dynam-
ics, an additional 1D - 3D analysis between DNS and counterflow
flamelets is conducted. It highlights the role of the strain effects on
near-flat flame elements weakly affected by preferential diffusion.

2. Computational methodology and configurations
2.1. Transport and chemical kinetics

Molecular viscosity p is approximated with a power law u =
,u,,ef(T/T,ef)" and the reference parameter values of all cases are
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L

Fig. 1. Physical domain of 3D DNS cases. The inlet contains a central region of
width H = L,/3 with fresh gases at bulk velocity Uy and velocity fluctuations u’
(homogeneous isotropic turbulence) surrounded by two laminar coflows at equilib-
rium state and velocity Ugojiow-

y

provided in Table Al of the supplementary material. The heat
conduction coefficient of each mixture, A, is computed with a
constant Prandtl number around 0.7 for each mixture! as A =
nCp/Pr, where Cp is the mixture-averaged mass-specific heat ca-
pacity. Molecular diffusion coefficients D are computed from the
Schmidt number of each kth species, assumed to be constant in
time and space.

Methane/air kinetics is described through a single-step mech-
anism (5 species, 1 reaction) [34] using a polynomial estimation
based on an analytical solution of the 1D laminar transport equa-
tion of the progress variable c¢ [35-37]. Hydrogen chemistry is
modeled using the San Diego mechanism (9 species and 21 re-
actions) [38]. An analytically reduced chemistry mechanism, de-
rived from CRECK [39] and reduced with Arcane [40], is used to
model the chemistry of the ammonia-hydrogen blend (14 species,
7 species with QSS assumption and 174 reactions).? Validation of
the NH;-H, scheme for laminar flames is provided in Fig. B.1 of
the supplementary material.

2.2. Setup of the simulations

Fig. 1 illustrates the configuration used in this work. It corre-
sponds to a slot burner turbulent flame, where burnt gases at equi-
librium surround a rectangular slot injecting fresh premixed gases.
All calculations are performed with the compressible solver AVBP?
[41], an explicit massively-parallel code solving the conservation of
mass, momentum, energy and species equations. A third-order ac-
curate in space and time Taylor-Galerkin finite-element scheme is
used for the discretization of the convective terms, while a second-
order Galerkin scheme is used for diffusion terms [42]. Domains
are rectangular with dimensions Ly x Ly x L;. Axial dimensions Ly
have been chosen using preliminary estimations of flame brush
lengths. L, = 25.6mm to avoid interference with lateral boundaries,

1 Mixtures are mainly composed of air.

2 The reduced mechanism for NH;-H, flame is detailed as supplementary mate-
rial, and available at https://chemistry.cerfacs.fr/.

3 http://www.cerfacs.fr/avbp7x.
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and L, = 12.8mm to average in the transverse direction. Domains
are discretized on regular Cartesian meshes composed of Ny x Ny x
N; hexahedral cells of size Ax. Laminar 1D planar unstretched
flamelets were first computed, initialized with Cantera [43] solu-
tions, to determine the spatial resolution of species mass fractions,
temperature and density profiles and choose an adequate number
of points (N¢) in each thermal thickness 8?

-
T max(|VT])’

A mesh convergence study was performed on the H, case to en-
sure that Lewis effects were captured (see Section C of the sup-
plementary material). The inlet boundary condition is separated
into three parts along the y direction. A central jet of width H =
Ly/3 injects a flow of fresh turbulent gases at the bulk velocity
Upuie = 25ms~1. Turbulence in this central jet is homogeneous and
isotropic (HIT) with o’ obtained by a synthetic generation method
built from a Fourier series decomposition [44]

8

1)

N
w(r.t) =Y v"(k") cos(k"r + "t) + w' (k") sin(k'r + "t),
n=1
(2)
with N =200 modes. The Fourier modes {v", w"}, wavevectors

K", and pulsations " are random variables sampled to obtain a
Passot-Pouquet [45] turbulence spectrum

w2 (k) K\

E(k) = 1678\/;(E> exp 72<k—8) , (3)
where 1’ =2.5ms™! = Uy,;,/10 is the turbulent fluctuation inten-
sity and k. is the wavenumber associated with the most ener-
getic lengthscale. k, is related to the integral lengthscale I; of the
spectrum through I = V27 /k,, and its value is chosen to obtain
It = 2.1mm = H/4. Two slow laminar coflows of burnt gases at the
axial velocity Ugyfiqy = 0.1ms™! are imposed on both sides of the
central jet. Their composition corresponds to the burnt gas states
of the central mixture. A spectral analysis shows that the shear-
induced turbulence is not expected to have enough time to become
fully developed since the flames add significant viscous dissipation,
so that the three turbulent flames are mainly controlled by the in-
jected HIT in the fresh gas stream (see Section D of the supple-
mentary material).

For all cases, global equivalence ratios @gepe, fuel Lewis num-
ber Le; =ApCyD, Karlovitz numbers Ka = (I;/80)~1/2(u'/s)3/2,
Reynolds numbers Re = Uy, Hv, turbulent Reynolds numbers Re; =
(It/ni)*3, lengths and numbers of points in x—, y—, z—direction Ly,
Ly, Lz, Nx, Ny, N; respectively, cell sizes Ax, timesteps* At, numbers
of points in thermal thickness N; = éf/Ax and Kolmogorov scales
resolutions 1, Ax [46] are reported in Table 1. The pure methane
flame is characterized by Lecy, = 1, while Leyy, ~ 0.9 and Ley, ~
0.3 for the two other flames. The Lewis number of the ammonia-
hydrogen flame is Ley,,q ~ 0.6 and is computed with Eq. (4) [47]

Lepiena = Xnu;Lenn, + Xn, Len, (4)

where X; and Le; are the molar mass fractions and the Lewis num-
bers of each fuel defining the blend.

The flames are computed at T, = 300K and P = 1bar and global
equivalence ratios have been chosen to reach the unstretched lami-
nar flame speed and flame thickness of the stoichiometric methane
mixture with S ~0.38ms~! and § ~ 450m. Both methane/air
and ammonia-hydrogen/air mixtures are at stoichiometry whereas

4 Timesteps are limited by the Courant-Friedrichs-Lewy (CFL) condition with
CFL=0.7.
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Table 1

Parameters of 3D DNS calculations.
Case CHy4 NH3-H, Hy
PDglobal 1 1 0.45
Les 1 ~ 0.6 ~03
T [K] 2330 2140 1535
Ka 7.8 7.8 7.7
Re 14 220 11 985 10 830
Re; 355 313 271
Ly [mm] 12H 10.5H 6H
Ly [mm] 3H 3H 3H
L, [mm] 1.5H 1.5H 1.5H
Nx 1601 2191 1281
Ny 401 627 641
N, 201 314 321
AX [pm] 64 41 40
At [pm] ~0.062 ~ 0.040 ~0.043
Nc ~7 ~ 11 ~ 11
N/ AX ~0.5 0.7 0.8

the pure hydrogen/air mixture is lean with ¢g45q = 0.45. Simula-
tions are initialized with burnt conditions inside the domain be-
fore beginning the injection of fresh gases at the inlet boundary. In
the fresh-burnt transition region, species mass fraction and tem-
perature profiles are set to follow the unstretched laminar flames
profiles, and a smooth transition from Uy, to Uc,fioy is enforced
through a hyperbolic tangent function. The domain is periodic in
the spanwise direction (z), no-slip conditions are specified in the
crosswise direction (y) and static pressure is imposed at the out-
let. Both inlet and outlet boundary conditions are treated with the
Navier-Stokes Characteristic Boundary Conditions (NSCBC) [48]. In
the following, averaging begins after one transient flow-through
time 7, with T = Ly/Up defined in terms of axial length and
central jet velocity, to ensure a statistically-steady state. While
ammonia-hydrogen and pure hydrogen flames match the methane
unstretched laminar flame speed and thickness, the adiabatic tem-
peratures are not exactly the same, leading to variations in viscos-
ity of the burnt gases and a mismatch in the gas expansion ratio.
Therefore, 2D simulations were first conducted to ensure the simi-
larity of flame lengths in the absence of turbulence (see Section E
of the supplementary material).

3. Results and discussions

All three flames are forced using the same homogeneous and
isotropic turbulent flow field (Section 2.2) in the central bulk flow
imposed at the inlet boundary condition (Fig. 1). The correspond-
ing regimes based on inlet HIT parameters are located in the thin
reactions zones (TRZ) in the Borghi-Peters diagram [49,50] as re-
cent DNS works (Fig. 2). Classification of turbulent combustion
regimes should be interpreted with care [50-53]. Note that the
three flames are premixed: viscosity is mainly controlled by the
high N, content which is the same for all flames. Further, density
fields are very similar so that v’ and I, as well as Re, are the same.
Since laminar flame speeds and thicknesses are also conserved in
this study, the three flames remain in the same regime in the dia-
gram.

3.1. Overview of the three flames and stretch effects

Fig. 3 shows isosurfaces based on progress variable values
at maximum HRR in the corresponding 1D unstretched lami-
nar flame. A drastic difference between the hydrogen flame and
the other two is observed with a turbulent hydrogen flame
brush much shorter than the methane and the ammonia-hydrogen
flames. This result correlates with high H, heat release rates (HRR),
which increase up to three times the maximum corresponding 1D
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Fig. 3. Isosurfaces of ¢ =c*, retrieved at t =27 and colored by HRR normalized
by the maximum value in the corresponding 1D unstretched laminar flame for all
cases. CHy case at g = 0.72 (left), NH3-H, case at cj,, = 0.78 (center), H, case
at ¢, = 0.85 (right). (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)
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flamelet rate, on flame elements curved with the center of curva-
ture into the burnt gases (often called leading edges). In contrast,
the H, heat release rates almost vanish on flame elements curved
with the center of curvature into the fresh gases (or trailing edges).
The same tendency is observed for the ammonia-hydrogen case,
but the normalized heat release rates are centered around unity
and the overall brush length is still approximately the same as for
the methane case similarly to the 2D calculations.

For a mixture characterized by equidiffusion (Le ~ 1), the in-
crease in fuel consumption is mainly caused by the flame sur-
face enhancement. Generally, the progress variable value at HRR
peak in 1D flame, ¢ = c*, is used to define an isosurface represen-
tative of the reaction zone, with ¢=1-Y/Y, where Y is the
fuel mass fraction® and Yy, its value in the unburnt gases. Both
production and destruction of this isosurface are described by the
transport equation for the flame surface density (FSD), £(c*) =
[Veld(c —c*) [54-56], where § is the Dirac delta function.
E;—?+V<((|1+S‘,An)522):(1<)52. (5)
The surface average of a generic quantity Q on this isosurface, (Q)s,
is defined by Eq. (6)

Q|Vel | )
(Iveller) ™

with (e|c*) representing the conditional mean with respect to c*.
In stationary regime, the FSD is convected by both the flow field
velocity u and the normal component of the displacement speed
Sq-n. The RHS term of Eq. (5) represents the FSD source term pro-
portional to the total stretch, K. Details on S; and K are provided
in Section F of the supplementary material.

To assess how the flames are impacted by stretch effects in ad-
dition to wrinkling, the stretch factor I is introduced and linked
to the turbulent consumption flame speed Sy by Eq. (7)

Sr_ A
S(L]—OAO,

Q)s= (6)

(7

where S? is the unstretched laminar flame speed and Sy refers to
the turbulent flame consumption speed defined by Eq. (8).

1
S :77/ wpdV, 8
T PuYruho Jo ! ®

with p, the density in the unburnt gases and Q2 the whole domain
volume. Ay is a reference surface while Ar represents a generalized
turbulent flame surface and is linked to the flame surface density
by integrating X over the entire flame structure [51,57] as defined
by Eq. (9)

1
AT:/O E(c*)dc*:[g|Vc| av. ©)

Finally, the stretch factor I accounts for strain and curvature ef-
fects on flame elements in turbulent flows [58,59]. Several meth-
ods for estimating the stretch factor are reported in the literature:
(i) compute the surface-averaged consumption speed from S?, with
the speeds calculated by integrating the fuel source terms normal
to the flame front [18,24,60]. Or, (ii) compute both speed and sur-
face enhancements in Eq. (7), then indirectly retrieve Iy [25,30]. To
avoid the computation of the reference surface Ay, a total volumet-
ric burning rate can be instead computed as proposed in [33]. An-
other simplification is to (iii) retrieve the deviation of the surface-
averaged density-weighted displacement speed from p.,S? on a sin-
gle isosurface assumed to be representative of the reaction zone,

5 For the NH3-H, flame, the water mass fraction Yi,o0 is instead used.
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Fig. 4. Temporal evolution of the overall 3D turbulent flame surfaces Ay computed
with Eq. (9).
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Fig. 5. Temporal evolution of the stretch factor Iy for the turbulent 3D cases com-
puted as Attili et al. [33].

as Iy = (SE)S/SE [61-65], where SN,j =S4p/pu to account for den-
sity changes due to gas expansion. Therefore, the stretch fac-
tor Ip should be considered as a global parameter accounting for
local variations in the whole flame structure, ie., fuel reaction
rate and gradient (or thickness) internal variations. Note that the
global stretch fator Iy is generally assumed of order unity in many
flamelet models [66], which is generally true for a fuel character-
ized by Le ~ 1 [16]. In the following, the last two approaches are
used to evaluate Iy and ;.

Fig. 4 shows the temporal evolution of turbulent flame sur-
faces. While the methane and ammonia-hydrogen flames exhibit
the same turbulent flame surface, the hydrogen flame is signifi-
cantly shorter with less surface than the two other flames. Fig. 5
shows that once flames have reached a stationary regime, Iy goes
to unity for both methane and ammonia-hydrogen flames while
super-unity values of the stretch factor are observed for hydrogen,
indicating that the H, flame consumes the fresh reactants faster
than the other cases. Note that even higher I, values have been
reported in a recent similar hydrogen/air DNS calculation in leaner
conditions [25]. The following sections provide a more detailed un-
derstanding of the evolution of flame surfaces, followed by an as-
sessment of each internal flame structure.

3.2. Geometrical description
To investigate the production and destruction of flame surface

along the streamwise direction (x), Figs. 6, 9 and 10 show surface-
averaged stretch, curvature and displacement speed along the ax-
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Fig. 6. CHy4 flame: surface-averaged total stretch K and its contributions K;, K. (a),

total curvature « and its contributions k-, k* (b), displacement speed S; and its
contributions Sy, , Sy, (c) retrieved on the isosurface of c¢,, =0.72, at t = 27.

6 7 8 9 10

ial position x for CH4, NH3-H, and H, cases, respectively. The total
stretch K and its strain (Ks) and curvature (K.) terms are normal-
ized with a flame characteristic time t; = §2/5?. The curvature, «,
is defined by x = V -n, with n = —V¢/|Vc| the normal vector to
the flame front pointing toward the fresh gases, and is normalized
by the laminar unstretched flame thickness. Its negative and pos-
itive contributions, k~ and «*, are defined by Egs. (10) and (11),
respectively

P :/0 Plc) dic, (10)

K+=/+wK73(K)dK, (11)
0

where P (k) is the probability to find curvature value «. Further-
more, Kernel Density Estimate (KDE) between displacement speed
and curvature are provided in Figs. 7, 8 and 11(b-c) to quantify
their relationship on the flame surfaces, and are completed by in-
stantaneous isosurfaces of ¢* to gain qualitative insights.

In the first region of the CH,4 flame (x/H < 7), equivalent posi-
tive and negative curvature values are observed (Figs. 6b and 7c).
As a result, the enhancement of flame surface is mainly controlled
by strain effects, as shown in Fig. 6a. On the contrary, in the sec-
ond region of the flame (x/H > 7), a flame surface destruction oc-
curs as the flame is convected downstream, i.e, a zone where the
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Fig. 7. CH, flame: instantaneous isosurface of ¢, =0.72 at t = 27, colored by curvature «, total displacement speed Sy alongside its diffusive and reactive contributions

Sdyyy» Sdracr TESPECtiVely (a). Kernel Density Estimates of the displacement speed S, with curvature «, retrieved on the isosurface of c¢y;, = 0.72 at t = 27 in the first region
x/H =7 (c) and in the second region x/H > 7 (b). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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negative curvature is prevailing due to extreme cusp regions and local drastic surface destruction (top left quadrant in Fig. 7b) re-
flame detachments in the rear of the flame brush (Fig. 7a) [67]. ferred to as kinematic restoration [68]. Lagrangian investigations
Hence, the curvature term K. becomes dominant and this effect have shown that the strong increase in Sy in this region is induced
results in a further deviation of the displacement speed from S? by flame-flame interactions [69,70], which modify heat and species
as shown in Fig. 6¢, which however remains positive, leading to a diffusive fluxes. To better visualize this effect, diffusive and reac-
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Fig. 8. NH3-H, flame: instantaneous isosurface of cj, , = 0.78 at t = 2, colored by curvature «, total displacement speed Sy alongside its diffusive and reactive contributions
Sigy+ Sdacr respectively (a). Kernel Density Estimates of the displacement speed Sy with curvature k, retrieved on the isosurface of cj, , = 0.78 at t = 2t in the first region
x/H <7 (c) and in the second region x/H > 7 (b). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 9. NH3-H, flame: surface-averaged total stretch K and its contributions K;, K.

(a), total curvature k and its contributions x~, k* (b), displacement speed S; and
its contributions Sy, . Sq,, (c) retrieved on the isosurface of ¢, , = 0.78, at t = 27.

tive components of S; (see Eq. (F4) in the supplementary mate-
rial) are plotted in Figs. 6¢c and 7a. These interactions enhance the
diffusive fluxes leading to larger S; values in the cusp regions of
the flame.®

According to Fig. 9a, similar surface evolution is observed for
the ammonia-hydrogen case, where the curvature term K, starts to
control the flame surface destruction around x/H ~ 7.

Fig. 9c indicates however that the diffusive fluxes are less im-
pacted at the trailing edges due to weaker flame-flame interac-
tions. This can also be observed in Fig. 8a, where almost no pos-
itive values of deilf are retrieved in the extreme cusp regions.’
However, greater variations in heat release rate are observed in
this case. Therefore, KDEs in Fig. 8b and c also show higher dis-
placement speeds on negatively curved flame elements in both
flame regions. This case even yields negative displacement speeds
in regions of small negative curvature, where the diffusive contri-
bution counterbalances the small reactivity and leads to a small
surface production (bottom left quadrants of Figs. 8b and c).

When considering the hydrogen case, the total stretch K is a
positive FSD source term until x/H ~ 3.5 (Fig. 10a). In the first re-
gion, the surface dilatation by propagation hardly contributes to
the flame surface, with K. ~ 0, since both production and destruc-

6 In this case, the tangential component of diffusive fluxes overcompensates the
normal component (see Fig. G.1 in the supplementary material).

7 In this case, the normal component of the diffusive fluxes overcompensates the
tangential component (see Fig. G.2 in the supplementary material).
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Fig. 10. H, flame: surface-averaged total stretch K and its contributions K;, K. (a),
total curvature « and its contributions k-, k* (b), displacement speed S; and its
contributions Sy, , Sy, (c) retrieved on the isosurface of cj, =0.85, at t =2t.

tion are balanced in this case (Fig. 11c). This effect is induced
by the thermo-diffusive instabilities generating long-tail structures
that continuously head toward the fresh reactants, associated with
large heat release rates at the leading edges. Hence, excursions of
Sy from S‘L] shown in Fig. 10c originate from intense heat release
rates, which in this case, even unbalance the large H, diffusive
fluxes. The switch between both stretch contributions is occurring
more upstream than the previous cases due to the intense burning
in the first region. Furthermore, strong flame-flame interactions are
observed with positive values of de[ff in the extreme cusp regions
(Fig. 11a), where the heat release rates almost vanish which is gen-
erally known as tip-opening for lean hydrogen flames [71,72]. As
a result, the diffusive contribution of S; is strongly shifted toward
positive values in Fig. 10a, and the reactive contribution plays a mi-
nor role on the flame surface destruction in regions of large nega-
tive curvature compared to the previous cases, thus explaining the
lower values of Sy at negative curvature observed in Fig. 11b and ¢
(see also Fig. H.1 in the supplementary material). A possible expla-
nation for the larger flame-flame interactions observed in this case,
is that the strong flame propagation toward the fresh reactants, in-
duced by thermo-diffusive instabilities, extends the elongated and
narrow regions surrounded by burnt gases, further increasing the
tangential diffusive fluxes.®

8 In this case, the diffusive fluxes tangent to the flame front, and proportional
to curvature, dominate in the cusp regions even if intense normal diffusive fluxes
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Fig. 11. H, flame: instantaneous isosurface of cj =0.85 at t =27, colored by curvature , total displacement speed Sy alongside its diffusive and reactive contributions
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Fig. 12. Kernel Density Estimates of the density-weighted displacement speed $; with curvature «, retrieved on the isosurfaces of c* at t = 27 for CH, case (a), NHs—H, case

(b), and H; case (c).

Another estimation of stretch effects is obtained now by aver-
aging the displacement speed on the isosurface of c* (approach
(iii) in Section 3.1). Fig. 12 shows KDEs between S; and k over
each entire flame brush. The mean values of the marginal PDFs
of Sd/S‘L’ represent the stretch factor [j. Although the scalar value
of the progress variable at maximum HRR might be dependent on
the local mixture variations, [ is close to the global stretch factor
Ip for all cases. As a result, the displacement speeds recovered from
the isosurfaces of c* give a reasonable approximation of the overall
propagation for all cases [65]. Note that flame-flame interactions
strongly modify the flame structure in the cusp regions, where ex-
treme values of I§ and flame surface annihilation are observed for
each case (see Section I of the supplementary material) similarly
to the results shown by Dave et al. [69,70].

3.3. Local states description
To examine the three flames locally, domain volume of all cases

have been axially-sampled into subvolumes V* spanning the cross-
wise (y) and spanwise (z) directions to obtain statistically con-

are clearly oriented toward adjacent flame fronts (see Fig. G.3 in the supplementary
material).

verged quantities, as done in [25,33]. Then, turbulent flame speeds
and surfaces have been computed on each V*, and temporal aver-
ages lead to Sy and Ar. Similarly, the reference flame surface Agy
has been computed using Eq. (9) with the Favre-averaged progress
variable fields by performing a filtering operation with a Gaussian
kernel of width A iteratively determined with Cantera calculations
to obtain a filtered flame thickness® 80 ~ NXES AXLES, with AxIES =
RAx, R=6 is an arbitraly downsampling factor and NS =5 is a
typical number of points in the thermal thickness of a LES calcula-
tion.

Fig. 13 shows the spatial evolution of Ar/Ag, ST/Sg and Iy for
each flame. In all cases, flame surfaces increase in the first flame
regions before being destroyed by the mechanisms discussed in
the previous section. For the CH,4 case, the large increase in tur-
bulent flame speed Sy is linked to the increase in flame surface
since the equidiffusion of the mixture does not impact the local
states of this flame (Ip ~ 1) [14,33]. Super-unity values of I ob-
served for the second region (x/H > 7) in Fig. 13 might be linked to
the increase in turbulent intensity along the streamwise direction

9 The filtered flame thickness @ is obtained by using Eq. (1) on filtered temper-
ature field T.
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Fig. 13. Streamwise evolution of Ar/Ag, ST/S? and Ip for CHy4 case (a), NH;-H; case
(b) and H, case (c). Statistics are performed on all the snapshots for which the
flames are statistically stabilized (t <t < 27).

leading to lower turbulent advection time scales (associated to the
flame surface destruction) than the molecular times scales (asso-
ciated to diffusive transport) resulting in higher Karlovitz numbers
as discussed by Rieth et al. [32]. Therefore, locally A; decreases
more strongly than the drop-off of Sy /SE, which increases incre-
mentally the stretch factor Iy further downstream. A similar trend
is observed for the NH3-H; case indicating that the flame structure
is not altered by preferential diffusion effects of hydrogen in this
case. In contrast, for the H, flame, the stretch factor grows from

DF (s - 5))

)
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Ip ~ 1 at the flame foot to Iy ~ 2.5 at the tip, more than the flame
wrinkling factor [25]. As a comparison, this was not observed in
calculations performed at richer conditions with ¢ = 0.7 and at-
mospheric conditions [73,74], indicating that the impact of stretch
on a hydrogen/air mixture in lean conditions depends strongly on
the operating point.

To assess how the flame structures are altered by the flame-
turbulence interaction, Figs. 14, 15 and 16 show |Vc| and @y con-
ditionally averaged with respect to curvature and strain. Progress
variable gradients are normalized with respect to the flamelet gra-
dient at ¢ = c*. The heat release rate is normalized by the maxi-
mum value of the flamelet at ¢ = c*.

For the methane flame, the normalized progress variable gradi-
ents shown in Fig. 14a are below unity for both large negative and
positive curvature values, indicating a substantial thickening of the
flame front in comparison with the flamelet structure. The larger
gradients (linked to thinner flame fronts) are located on flame el-
ements that are almost not curved (« ~ 0). In contrast, large posi-
tive tangential strain rates cause a substantial increase in the gra-
dients (Fig. 14b). However, when compared with the corresponding
flamelet, HRR is not enhanced by curvature (note the small scale in
Fig. 14c). A small decrease in HRR is noted at zero curvature where
the CH4 flame burns slightly less when strained, as also confirmed
by the decreasing trend when K; is increasing as shown in Fig. 14d.

The NH3-H, case gives nearly the same results in terms of
progress variable gradients as those observed for the CH, case,
with a thinner flame front around « ~ 0 and for large positive val-
ues of K. A slight thinning of the flame front is nevertheless ob-
served for positive of curvature (Fig. 15a), indicating a small flame
response to convexly curved flame elements. Besides, the normal-
ized HRR exhibits larger variations than the CH, case but remains
below unity, under both curvature and tangential straining effects
(Figs. 15a and d). As a result, stretch effects slightly modify the
structure of the NH3-H, flame leading to averaged burning rates
below the maximum 1D flamelet rate all along the flame, and the
flame brush extends to the same length as observed for CH,4 case.
This result is specific to the stoichiometric conditions and mixture
proportions used in this study.

Fig. 16 shows that the H, flame behaves differently with a
greater alteration of its structure. As noted by Berger et al. [25],
the lean hydrogen flame is mostly thickened at negative curva-
tures while large progress variable gradients are retrieved at both
zero and positive curvatures (Fig. 16a). An asymmetry with respect
to zero curvature is also retrieved, especially compared with the
methane flame [12,75]. A significant flame response to curvature is
also shown in terms of heat release rate. Large negative curvature
values are related to a decrease in HRR and thereby the local con-
sumption rates. In contrast, substantial HRR are obtained on flat
flame elements, and even more at positive curvature, where devi-
ations from the laminar behavior exceed a factor three (Fig. 16¢)
due to H, preferential diffusion effects (see also Fig. J.3 of the sup-
plementary material). As a result, the global and lean equivalence
ratio of ¢gepq = 0.45 is not maintained along the corrugated flame

Fig. 14. CH, flame: averages of \Vcwl and @r conditioned by « (a, ¢) and K; (b, d) in the first (x/H < 7) and second region (x/H > 7). Parameters are retrieved on the

isosurface of ¢z, =0.72, at t = 2. Progress variable gradients are normalized with |Vc,

iy

|'™® computed from the corresponding 1D unstretched laminar flame at Cy, =072



V. Coulon, J. Gaucherand, V. Xing et al.

Fig. 15. NH3-H, flame: averages of |V,

ol

isosurface of ¢, , = 0.78, at t = 27. Progress variable gradients are normalized with |V

(a) (b)
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and @r conditioned by « (a, c) and K; (b, d) in first (x/H < 7) and second region (x/H > 7). Parameters are retrieved on the

|"® computed from the corresponding 1D unstretched laminar flame at Cipo = 0.78.

(d)

0
K-8}

Fig. 16. H, flame: averages of |VcHz | and @r conditioned by « (a, c) and K; (b, d) in first (x/H < 3.5) and second region (x/H > 3.5). Parameters are retrieved on the isosurface
of ¢, = 0.85, at t = 2. Progress variable gradients are normalized with |Vc,, |'® computed from the corresponding 1D unstretched laminar flame at cj, = 0.85.

0.45

Plocal

0.3

Fig. 17. Joint distribution of tangential strain rates K; and curvature x colored by
local equivalence ratio ¢joq retrieved on the isosurface of cj; = 0.85, at t = 27. The
solid line represents the averages of K; conditioned by «. The square dot represents
the mean strain rate and is located at « ~ 0. (For interpretation of the references to
color in this figure, the reader is referred to the web version of this article.)

front causing significant discrepancies in local equivalence ratios,
which is further discussed in the following. In contrast with the
laminar case, super-unity values of normalized HRR are already ob-
served in the first region (x/H < 3.5), indicating that stretch effects
impact the flame for very early axial positions with I > 1 near the
flame foot as shown in [25]. As a result, a strong overconsumption
is observed on flat flame elements [76] and in the vicinity of the
leading edges, which counterbalances the stiffening effects so that
the overall response of the hydrogen flame to stretch yields large
super-unity Iy values as shown in Fig. 13c. Also, note the increase
in HRR for positive values of K; in Fig. 16d before switching to ex-
tinction due to blow off.

It is instructive to quantify both curvature and tangential strain
rate effects on the H, flame structure by assessing the variations
in local equivalence ratio. Fig. 17 shows the relationship between
Ks and « through a joint distribution colored by local equivalence
ratio, @ocq, defined by Eq. (12) [31]

Zn/Zo

Proca = (Zu/Zo)st”

(12)

Local equivalence ratios span a wide range of values, with very
large hydrogen depletion close to the trailing edges mostly asso-
ciated with positive strain rates causing local extinction events.
While the global equivalence ratio is retrieved at x ~ 0, the limit
for leaner and richer mixtures is shifted toward positively curved
and compressed flame elements. This highlights the influence of
tangential strain rates on the hydrogen preferential diffusion ef-
fects for flame elements slightly curved with positive curvature,
which correspond to the tails of thermo-diffusively unstable struc-
tures. However, flame elements strongly curved at the tip of these
long-tail structures generate unconditionally local richer mixtures,
hence explaining the large HRR associated with compressed and
thickened flame elements as shown in Fig. 16d (2nd region). The
averages of K; conditioned by « for each flame are shown in
Fig. K.1 of the supplementary material.

Finally, the impact of stretch effects on the whole H, flame
structure is investigated and compared to the CH; and NH3-H,
cases: Fig. 18 shows the conditional mean of |Vc| with respect
to the fuel progress variable c. For CHy, the gradients are almost
not altered in the preheat zone but slightly steeper in the reac-
tion zone due to straining effects as shown in Fig. 14b. While the
NH3-H; case features the same behavior as the CH4 case, signifi-
cant gradients are retrieved for the H, case, especially in the pre-
heat zone and up to the oxidation zone.

Fig. 19 shows conditional means of heat release rates with re-
spect to the progress variable for all cases. As expected, the CHy
flame is not leading to higher HRR than the maximum flamelet
rate consistently with previous works [13,14,33,77]. A nearly anal-
ogous result is observed in the preheat zone of the NH3-H, case,
but conditional averages yield lower HRR in the reaction zone since
this flame burns less fresh reactants when strained (Fig. 15d). A
large scatter is observed in this case but induces only a small de-
viation of the conditional averages with respect to the 1D flame, as
shown in Fig. 19b, which reveals source term discrepancies with-
out significant internal flame structure alterations. This result con-
firms the thermo-diffusive stable behavior of the NH3-H, blend
used in this work (46% vol. Hy) at stoichiometric conditions un-
der atmospheric pressure and temperature. In contrast, Wiseman
et al. [15] retrieved a thermo-diffusively unstable flame at at-
mospheric pressure, in lean (¢ = 0.45) and preheated (T, = 750K)
conditions by computing a temporally evolving turbulent planar
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Fig. 18. Averages of |Vc| conditioned by c, at t = 27. Scatter: 3D points with cor-
responding PDF (in log scale), dashed-lines: 1D unstretched laminar flames, solid
lines: conditional means of |Vc| for CHy case (a), NHs;-H, case (b), H, case (c). (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

jet flame with similar turbulence parameters (u’/S‘Lj ~7, It/EE ~ 4.8
and Re = 13800). It is equivalently characterized by a mismatch be-
tween the HRR conditioned by water-based progress variable and
their corresponding 1D flame. The authors indicate a stronger con-
sumption of the fuel with respect to the flame surface increase,
leading to Iy ~ 2 in this case, with a flame more resilient to strain
in lean and preheated conditions because of the fast hydrogen dif-
fusion (see also [30]). Further analysis of this case [32] indicated
the strong influence of flame elements convexly curved toward
reactants on burning rates, even exacerbated at higher pressure.
Therefore, while the stoichiometric NH3-H, flame structure of the
present study is almost not altered by the turbulent mixing, dras-
tic changes could be obtained with different fuel proportions and
operating conditions.

However, when considering the pure H, flame, a large scatter
is observed in Fig. 19c with a remarkable deviation with respect to
the corresponding flamelet in the preheat zone as expected in TRZ
regime. While this result indicates the poor ability of the progress
variable cy, to represent all local flame states due to the turbu-
lent mixing, the scalar value c;:,z = 0.85 retrieved in the 1D flame
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Fig. 19. Averages of @r conditioned by c, at t = 27. Scatter: 3D points with cor-
responding PDF (in log scale), dashed-lines: 1D unstretched laminar flames, solid
lines: conditional means of @r for CH,4 case (a), NH;-H; case (b), H, case (c). (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

almost matches the maximum value of the conditional mean. This
could explain the good agreement between both stretch factors Ij
and Iy observed in the previous section. It also confirms that the
flame structure highly modified by the gradients is even more al-
tered by the intense local burning rates, leading to average flame
propagation speeds in excess compared to SP.

3.4. Variations in hydrogen flame structure: Comparison with
counterflow flamelets

As shown in the previous sections, hydrogen preferential diffu-
sion strongly impacts the flame dynamics by impacting the flame
surface and enhancing the local equivalence ratio. However, the
flame structure variations observed in the DNS are also ascribed to
tangential strain rates for near-flat flame elements. Therefore, both
parameters should be considered to model the overconsumption
of hydrogen in lean conditions. Hence, laminar premixed counter-
flow calculations were performed, for counterflow flamelets based
on equilibrium products assumed to be fairly representative of the
local environment of the 3D turbulent flame. The calculations span
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Fig. 20. Contours of 1D stretch factors I)? = SIP/S? (¢ = 0.45) in the K!° — ¢ space,
with strain rates and equivalence ratios matching the values retrieved on the iso-
surface of ¢jj . The mean strain rate value in the 3D DNS is (Ki|cj,) = 24365,
Flamelets are computed from Cantera counterflow calculations at T, = 300K and
P = 1bar, and K!® = (1f,/py + my/pp)/L with L the distance separating streams of
fresh and burnt gases, r1, and i, the mass fluxes per unit area of the unburnt and
burnt gases, respectively. Points belonging to the 3D isosurface of cj, are retrieved
from near-flat flame elements (|« 8?| < 0.01), and positively curved flame elements
(k82 > 2 and ¢yoca1/Pgiobar > 1.1). Each point is colored as a function of the distance
to the inlet x/H.

a range of equivalence ratios 0.3 < ¢ < 0.7, with 1D strain rate K!P
values from Os~! to twice the average value measured on the iso-
surface of c;;z, from which [ ~ Iy has been observed. Then, 1D

stretched laminar consumption flame speeds S!P are computed ac-
cording to Eq. (13) and normalized by the 1D unstretched laminar
flame speed S‘L] at global equivalence ratio of the 3D case in the
KIP — ¢ space

1 .
W, dx.
puYf,u / He

The ratios S{P/S9 corresponds to the 1D stretch factors retrieved
from flamelets subjected to various mixtures and strain effects
only. To compare with the data retrieved from the aforementioned
isosurface, several points belonging to near-flat flame elements are
sorted according to the condition |K5’(_]| < 0.01 from those match-
ing large positive curvature values at k89 > 2. Fig. 20 shows that
3D data are located in the range 1< S[P/S? <3, thus matching
the 3D stretch factors observed in the DNS (Fig. 13c). Most of the
points extracted from flat flame elements correspond to slightly
richer conditions than the global equivalence ratio since no flame
elements are perfectly flat in turbulent conditions. In particular, 1D
stretch factors S}P/S? ~ 2 are retrieved all along the isosurface, ex-
cept near the inlet, which highlights the strong influence of strain
effects on the consumption rates in regions weakly affected by the
hydrogen preferential diffusion. This suggests that the hydrogen
flame response to large tangential strain rates in near-flat regions
could lead to global stretch factors retrieved in turbulent condi-
tions [64]. Moreover, flame elements strongly affected by the hy-
drogen preferential diffusion with equivalence ratios highly shifted
to richer conditions exhibit higher consumption speed deviations
with 2 < SIP/SY < 3 irrespective of the strain rate values. These
points correspond to positively curved regions enriched by hydro-
gen preferential diffusion and piloted by the thermo-diffusive in-

SIP = (13)
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stabilities in the 3D DNS. Note that as the equivalence ratio de-
creases, the strain rates have much less impact on the consump-
tion rates with 1D stretch factors close to unity, indicating that
highly strained cusp regions are much less affected than the lead-
ing edges.

These findings suggest that 1D counterflow flamelets in the
KIP — ¢ space can be used to reasonably approximate stretch ef-
fects in addition to the flame surface wrinkling determined by the
flame surface density approach. Investigations about the overcon-
sumption induced by the coupling between strain effects and pref-
erential diffusion using 1D - 3D comparisons will be the subject
of future work, considering a wider range of DNS operating condi-
tions and including multi-fuel assessment with NH3-H; flames.

4. Conclusion

In this study, three DNS calculations of methane, ammonia-
hydrogen and pure hydrogen premixed flames were conducted at
atmospheric conditions, in a slot burner configuration and in both
laminar and turbulent regimes. The composition of each mixture
is chosen to provide the same unstretched laminar flame speed
of the stoichiometric methane flame, leading to a stoichiometric
ammonia-hydrogen flame using 46% vol. H, and a lean hydrogen
flame (¢gjopq = 0.45). Although the gas expansion ratios differ, the
results show that the three mixtures lead to very similar flames in
the laminar regime because they propagate at the same speed, al-
beit small oscillations are observed for the pure hydrogen case due
to the thermo-diffusive instabilities that are convected toward the
flame tip. However, when turbulence is injected in the fresh gases,
results change drastically: both methane and ammonia-hydrogen
cases generate similar turbulent flames but the pure hydrogen
flame brush is shorter with less flame surface.

The displacement speed plays an important role in the evolu-
tion of flame surfaces, causing the destruction of each flame on the
negatively curved flame regions in the rear of each flame brush,
by overwhelming the surface creation mainly driven by tangential
strain rates. The flame destruction is amplified by strong surface
contractions due to flame-flame interactions which locally disrupt
the diffusive fluxes leading to strong positive values of displace-
ment speed in the cusp regions. While this effect is supported by
the reaction rates of the methane and ammonia-hydrogen flames,
the pure hydrogen flame exhibits a kinematic restoration mainly
from its diffusive fluxes. Moreover, the hydrogen case exhibits
higher flame surface production at the leading edges because of
thermo-diffusive instabilities, resulting in a nearly zero surface
budget from dilatation by propagation.

Both methane and ammonia-hydrogen turbulent combustion
are mostly driven by the flame wrinkling induced by turbulence
without significant flame structure alterations, whereas the hydro-
gen flame is strongly impacted by stretch effects. The stoichiomet-
ric conditions of the ammonia-hydrogen blend lead to a thermo-
diffusively stable flame, contrasting with previous studies using
leaner mixtures. The pure hydrogen flame response to curvature
and tangential strain rates is radically different with substantial
flame structure alterations as indicated by super-unity stretch fac-
tor Iy > 1. It originates from the hydrogen preferential diffusion ef-
fects leading to thermo-diffusive instabilities driven by the flame
elements that are convexly curved to the reactants, but also from
strain effects which highly affect the burning rates in regions of
low curvature. In general, results show that the hydrogen flame re-
sponse to stretch leads to an enhancement of the gradients, but the
large burning rates counterbalance these stiffening effects caus-
ing average consumption speeds in excess of two times the un-
stretched laminar flame speed.

According to a 1D-3D comparison of the hydrogen case, the
impact of strain and mixture variations are well recovered using
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counterflow flamelet calculations, suggesting that such 1D flames
could be used to approximate the stretch effects on lean hydrogen
flames propagation in turbulent conditions.
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A. Reference parameters of the power law model for viscosity

The solver!' used in this study allows to compute multi-species flows assuming a
molecular viscosity g independent of the gas composition. This assumption is con-
sidered since mixtures are perfectly premixed and mainly composed of air which is
characterized by a Prandlt number around 0.7. Molecular viscosity is determined

using the power law as

b
T
e Al
w=p f(ﬂ-ef) (A1)

where the reference parameters ji,er, Trey and b (Table A.1) are determined using
least squares optimization to fit viscosity values computed with Wilke’s law [1] from

1D flame calculations for ranges of pressure, unburned gas temperature and pressure.

Case CH, NH;-H, H,
frep [kgm™s7] 1.80x107°  1.76x107° 8.06 x 107°
Trey [K] 300 303 265

b 0.68 0.67 0.65

Table A.1: Reference parameters used to model the molecular viscosity with the power law for all

cases.

Thttp://www.cerfacs.fr/avbp7x



B. Validation of ammonia-hydrogen reduced scheme (ARC)

70

6O

50

40

30

SY [em/s]

20

10

Figure B.1: Reduced scheme validation for the NH;—H, blend. Numerical data from CRECK (de-

tailed) [2], and ARC (reduced) schemes are in good agreement with experimental data from Lhuillier

et al. [3].



C. Mesh convergence study

Mesh resolution has been chosen based on a mesh convergence study considering

pure H,. Fig. C.1 shows hydrogen reaction rates conditionally averaged with respect

to the progress variable (based of the fuel mass fraction) using four different mesh

resolutions: N, =[4.5,7,9,11], with N, the number of mesh points within the thermal

thickness 67 . According to this study, a convergence clearly starts above N, = 9. Hence,

11 mesh points seems accurate enough to capture 3D Lewis effects on NHz;-H, and

H, flames structure, and very close to the adequate resolution for thermo-diffusively

instable flames mentioned by Howarth et al. [4].

The N. = 7 case gives acceptable

results, and was chosen for the CH, case for which the Lewis effects are known to be

not critical.

2Nt ===—= 1D flame

—tn, [kg/m?.s]

c

Hy

Figure C.1: Conditional averages of hydrogen reaction rates with respect to the progress variable (H,

based) for different mesh resolutions.



D. Spectral analysis of the turbulence
In these configurations, two sources of velocity fluctuations affect the flames:

1. The homogeneous and isotropic turbulence injected in the fresh gases of the
slotburner using the Passot-Pouquet spectrum. To quantify its evolution, power
spectral densities of different temporal signals of the turbulent kinetic energy
have been computed. Results indicate that turbulence decays very slowly as
shown in Fig. D.1, where nearly self-similar spectra are observed for signals
retrieved along the streamwise direction, in the center of the flame brush at

fixed positions in both crosswise and spanwise directions.

2. The turbulence generated in the shear zones. The development of the shear-
induced turbulence in the two shear layers is strongly affected by each flame de-
velopment, which adds significant dissipation to the turbulent structures (Fig. D.2).
It is not clear that this turbulence will ever have enough time to become fully

developed according to the statistics retrieved in the jet core.
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Figure D.1: Power spectral density of temporal signals of turbulent kinetic energy (TKE) retrieved
at six positions ”P” for the H, case. Lower power density is observed for the entire bandwidth of the
TKE signal located in the upper shear layer (position "P1bis”), where high viscous dissipation rates

are retrieved.

Figure D.2: H, case: viscous dissipation rate and contour of progress variable c;IQ = 0.85, both

averaged in the spanwise direction z.



E. 2D laminar calculations
Theoretically, the flame length of a 2D slot burner is defined as [5]
H/2
T SV T
tan [(n’csm (szfc)]

leading to [y ~ 0.28m, with H the slot height, S9 the unstretched laminar flame speed

Iy = (E.1)

and Uy, the central jet velocity. Fig. E.1 shows the heat release rates of the flames
normalized by their maximum value in a 1D unstretched laminar flame. In the absence
of turbulent motions, all three flames behave in very similar ways, as expected from
their identical laminar flame speed. The methane flame has constant heat release rates
equal to the maximum flamelet value along the whole flame front. The same result
is obtained over most of the ammonia-hydrogen flame, but a local flame extinction
is observed at the flame tip (Fig. E.1, center). The hydrogen flame (Fig. E.1, right)
has approximately the same length but exhibits thermo-diffusive instabilities near the
flame tip. In this regime, they are convected by the mean flow and have only a small

impact on the local flame states.
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Figure BE.1: Isocontours of normalized HRR for 2D laminar cases at ¢ ~ 100t (tf = 67 /Sg ).



F. Definition of stretch

The total stretch K is driven by two contributions: the tangential strain rate, K,
and the curvature-linked propagation rate (referred to as “curvature term”), K.. The

overall stretch K experienced by the flame sheet is the sum of these two contributions
K=K,+K.=Vu-nn:vu+ Syx, (F.1)

with £ = V- n representing the curvature and n = -V¢/|V¢| the normal vector to

the flame front pointing towards the fresh gases. Therefore, positively curved flame
elements are curved convexly to fresh gases while negatively curved flame elements are
curved concavely to fresh gases. The curvature term represents surface dilatation and
induces either surface production or destruction depending on the sign of Sy and k.
The displacement speed Sy represents the difference between the normal component
of the flow field velocity vector u, and the velocity vector associated to a point on the
isosurface of ¢*, w, which follows the governing equation of the progress variable ¢

Eq. (F.2) [5, 6]

Oc

ot c=c*
Hence, it is the flame front speed relative to the flow and is defined kinematically by

Eq. (F.3)

+w- Ve|,_. =0. (F.2)

c=c*

Sa=(w-u|_.)n. (F.3)

Sy can also be determined with the heat and species diffusive fluxes and the heat

release rates on the isosurface of ¢* by Eq. (F.4) [5]

Sq [V'(/\VT) +pVT‘Z(Dka‘kVYk):|+# (—thwk), (F4)
k

- PCP‘VT| pCp|VT‘ k

Sagiss Streae
where Dy, is the molecular diffusion coefficient, Cp, . is the mass-specific heat capacity,
Y} is the mass fraction, hy is the enthalpy and wy, is the mass-production rate for the
kth species. Therefore, the displacement speed is a net balance between the reaction
rates and diffusive fluxes. The latter can be decomposed into a normal component

which is generally oriented in the opposite direction to the normal vector n as defined



above, and a tangential component which varies linearly with opposite curvature [7, 8].
In a steady, unstretched planar laminar flame, the sum of the contribution due to
reaction and normal diffusion would be equal to S [9]. Therefore, K is piloted only
by turbulence whereas K. depends on both turbulence and chemistry. In this work,

Sq is computed from Eq. (F.4).

10



G. 3D isosurfaces colored by the normal and tangential components of the

diffusive contribution of the displacement speed

G.1. Methane/air flame
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Figure G.1: Instantaneous isosurfaces of CEHA =0.72, at t = 27, colored by curvature &, diffusive con-
tribution of the displacement speed desz alongside its normal and tangential components desz,n’
dei”’t, respectively. Flame-flame interactions occur in regions highly curved with negative curva-
ture where the normal diffusion fluxes oriented in the direction of normal vector n are reduced, while
tangential diffusion fluxes are increased. (For interpretation of the references to color in this figure,

the reader is referred to the web version of this article.)
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G.2. Ammonia-hydrogen/air flame
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Figure G.2: Instantaneous isosurfaces of 0}120 =0.8, at ¢t = 27, colored by curvature x, diffusive con-
tribution of the displacement speed desz alongside its normal and tangential components desz,n’
Sdm[f,:v respectively. The flame-flame interactions in the extreme cusp regions are limited as the
normal diffusion fluxes are not disrupted and annihilate the effects of tangential diffusion. (For in-

terpretation of the references to color in this figure, the reader is referred to the web version of this

article.)
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G.3. Hydrogen/air flame
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Figure G.3: Instantaneous isosurfaces of C;“Iz =0.85, at ¢t = 27, colored by curvature &, diffusive con-
tribution of the displacement speed desz alongside its normal and tangential components delff)n,
Sdy; fran respectively. Strong flame-flame interactions are retrieved, where the normal diffusion fluxes
are strongly affected in the extreme cusp regions and supported by intense tangential diffusion fluxes.
(For interpretation of the references to color in this figure, the reader is referred to the web version

of this article.)
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H. Average of the displacement speed conditioned by curvature
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Figure H.1: Averages of the total displacement speed S, and its diffusive and reactive contributions
desz’ Sd,.q. conditioned by curvature x on the isosurfaces of ¢* at t = 27: CH, case (a), NH3-H,
case (b), Hy case (c). Surface contraction at negative curvature is supported by the reactive contri-
bution of Sy for both CH, and NH3;-H, cases, while the H, case exhibits a kinematic restoration

induced by the diffusive fluxes only.
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I. 3D isosurfaces colored by the density-weighted displacement speed

Si/sp Sa/sp Su/sp
0123456 0123456 0123456

e S

Figure I.1: Instantaneous isosurfaces of ¢*, at ¢t = 27, colored by the density-weighted displacement
speed: CH, case (left), NH;—H, case (center), H, case (right). Averaging these fields yields the
isoscalar-based stretch factors Iy = (Sa)s /S9 [10-13]. Extreme stretch factors are retrieved in the
cusp regions and originate from flame-flame interactions as discussed in [14] (For interpretation of the

references to color in this figure, the reader is referred to the web version of this article.)
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J. Transverse slices of heat release rate
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Figure J.1: Transverse slice of the CH, heat release rates normalized by the maximum value in
corresponding 1D flame, retrieved at ¢ = 27. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)
J.2. Ammonia-hydrogen/air flame
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Figure J.2: Transverse slice of the NHz~H, heat release rates normalized by the maximum value in
corresponding 1D flame, retrieved at ¢ = 27. (For interpretation of the references to color in this

figure, the reader is referred to the web version of this article.)
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J.3. Hydrogen/air flame
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Figure J.3: Transverse slice of the Hy heat release rates normalized by the maximum value in corre-
sponding 1D flame, retrieved at ¢ = 27. Intense burning rates are retrieved on flame elements curved
convexly to fresh gases (leading edges), as a marker of hydrogen preferential diffusion. (For inter-

pretation of the references to color in this figure, the reader is referred to the web version of this

article.)
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K. Average of the tangential strain rate conditioned by curvature
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Figure K.1: Averages of the tangential strain rate K conditioned by curvature x on the isosurfaces of
c* at t = 27: CHy case (a), NH3—H, case (b), H, case (c). The solid horizontal lines correspond to the
mean strain rates for each case ((Ksleg.y,) = 3096571, (Ksley,o) = 2637571, (Ksley,) = 2436s71).
While both CH, and NHz;—H, cases reach an almost constant surface contraction (Ks < 0) at positive
curvature, the H, case exhibits a stronger contraction which intensifies as the positive curvature

increases. This effect is a marker of the thermo-diffusive instability of hydrogen.
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A. Reduced mechanism for ammonia-hydrogen/air mixture

The Analytically Reduced Chemistry (ARC) used in this work was derived to
achieve an accurate description of the combustion of premixed NH;—H, /air flames.
The reduction was performed using Arcane [1], a fully automatic multi-step reduc-
tion tool relying on Directed Relation Graph with Error Propagation (DRGEP) [2],
chemical lumping [3] and Quasi-Steady State (QSS) assumption [4].

The reference detailed mechanism is CRECK C1—C3 scheme (31 species, 203 reac-
tions) [5], for which carbon related species are removed. The ARC mechanism models
the chemistry of the ammonia-hydrogen/air blend with 14 transported species and 7

QSS species (Table A.1). The Prandt]l number of all species is equal to 7.20223360e-01.

Transported

Species  Schmidt number  QSS species

N, 7.91933071¢-01 o)
H, 2.01035469¢-01 N,H,
H 1.29142304e-01 N,H,
0, 7.80325784¢-01 N
H,0  7.11763704c-01 N,H
OH 4.90096612¢-01 N,NO
H,0,  7.60364501c-01 N,H,
HO,  7.55287584c-01

NO 7.64704477¢-01

N,O 1.01016545¢00
HNO 7.61288927e-01
NH; 6.73071089¢e-01
NH 4.56358209¢-01
NH, 4.68963305e-01

Table A.1: Species characteristics of the NH;—H, ARC mechanism.

The mechanism is available at https://chemistry.cerfacs.fr/, and detailed

description of the reactions is given in Table A.2.



Table A.2: List of reactions with A the pre-exponential factor in m3("’1)/kmol"’1,s with n the
order of the reaction, b the temperature exponent and E, the activation energy in Jkmol~'. In the
case of fall-off reactions, two sets of Arrhenius coefficients are specified, the first one being the low

temperature set and the second one the high temperature set.

Reaction

A

b

E,

10
11
12
13
14
15
16
17

18
19
20
21
22
23

H2 + O +— H + OH

H2 + OH +— H + H20
H+ 02+ O+ OH

H20 + O «+— 2 OH

H202 (+M) «— 2 OH (+M)

H + H202 «— H2 + HO2
H202 + OH +— H20 + HO2
H202 + OH +— H20 + HO2
H + HO2 «+— 2 OH

H + HO2 +— H2 + 02

HO2 + O «+— 02 + OH

HO2 + OH +— H20 + 02
HO2 + OH +— H20 + 02

2 HO2 +— H202 + 02

2 HO2 +— H202 + 02

H + 02 (+M) +— HO2 (+M)

O+ OH + M +— HO2 + M
NH3 +— H + NH2

H + NH2 <— H2 + NH

H + NH3 +— H2 + NH2
NH3 + OH +— H20 + NH2
NH3 + O +— NH2 + OH

5.080000E+01
4.380000E+10
1.140000E+11
6.700000E+04
2.490000E+21
2.000000E+12
2.150000E+07
1.740000E4-09
7.590000E+10
7.079000E+10
1.140200E4-07
3.250000E+10
7.000000E+09
4.500000E+11
1.000000E+11
1.900000E4-08
1.737000E+13
4.650000E+4-09
1.000000E+-10
3.497000E+30
4.000000E+10
1.963000E+4-01
1.559000E+02
4.430000E-01

2.670000E+00
0.000000E+00
0.000000E+00
1.704000E+-00
-2.300000E+-00
9.000000E-01
1.000000E+-00
0.000000E+00
0.000000E+00
0.000000E+00
1.082700E4-00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
-1.230000E+-00
4.400000E-01
0.000000E+00
-5.224000E4-00
0.000000E+00
2.854000E+00
2.372000E+00
3.180000E+00

2.632573E+07
2.924616E+07
6.395662E+07
6.270477E+07
2.039658E+08
2.039658E+08
2.510400E+07
1.330512E4-06
3.041350E+07
1.234280E4-06
2.317016E+06
0.000000E+00
-4.572945E+-06
4.572945E407
4.619504E+07
-5.894942E4-06
0.000000E+00
0.000000E+00
0.000000E+00
4.651072E+08
1.527160E+-07
3.564852E+07
4.974776E+05
2.819974E+07




No. | Reaction A b E,

24 | HO2 + NH3 «— H202 + NH2 1.173000E-03 | 3.839000E-+00 | 7.221584E+407
25 | NH3 + 02 +— HO2 + NH2 1.415000E4-07 | 1.285000E400 | 2.310572E+408
26 | NH2 + O +— H + HNO 1.500000E+412 | -5.470000E-01 | 3.500753E+06
27 | NH2 + O «+— H + HNO 7.730000E+10 | -2.770000E-01 | 2.704538E+06
28 | NH2 + O +— NH + OH 7.000000E+09 | 0.000000E+00 | 0.000000E+00
29 | NH2 + O +— NH + OH 3.300000E+05 | 1.500000E4+00 | 2.124133E+07
30 | NH2 + OH +— H20 + NH 9.600000E+03 | 1.970000E4+00 | 2.803280E+06
31 | NH2 + O2 «+— HNO + OH 2.900000E-05 | 3.764000E+00 | 7.608604E+07
32 | HO2 + NH2 +— H2NO + OH 1.566000E-+10 | 0.000000E-+00 | 0.000000E+400
33 | NH + NH2 «— H + N2H2 1.500000E+12 | -5.000000E-01 | 0.000000E~+00
34 | NH + NH2 «— N + NH3 9.600000E+00 | 2.460000E+00 | 4.476880E~+05
35 | 2NH +— N + NH2 5.700000E-04 | 3.880000E+00 | 1.430928E+06
36 | 2NH — H2 + N2 6.260000E+09 | -3.600000E-02 | -6.732056E+05
37 | 2NH — 2 H + N2 5.634000E+10 | -3.600000E-02 | -6.732056E+05
38 | 2 NH2 «+— NH + NH3 5.640000E-03 | 3.530000E400 | 2.301200E+06
39 | 2 NH2 «— N2H4 5.600000E+45 | -1.130000E+01 | 4.971554E+07
40 | 2 NH2 +— H + N2H3 1.200000E+4-09 | -3.000000E-02 | 4.219146E+4-07
41 | NH2 + NO <— H20 + N2 2.600000E+16 | -2.369000E+00 | 3.640080E-+06
42 | NH2 + NO <— N2H + OH 4.300000E+07 | 2.940000E-01 -3.623344E+06
43 |H+NH+— H2 + N 3.010000E+10 | 0.000000E400 | 0.000000E+00
44 | NH+ O «+— H + NO 3.000000E+10 | 0.000000E+00 | 0.000000E+00
45 | NH 4+ OH <— H + HNO 2.000000E+10 | 0.000000E+00 | 0.000000E+00
46 | NH 4+ OH +— H20 + N 2.000000E+06 | 1.200000E+00 | 0.000000E+00
47 | NH 4+ 02 +— HNO + O 4.050000E4-08 | 9.000000E-02 4.464328E+07
48 | NH 4+ 02 +— NO + OH 2.010000E+12 | -1.380000E+00 | 2.372328E+07
49 | N+ NH +— H + N2 6.410000E+08 | 5.100000E-01 8.368000E+04
50 | NH 4+ NO +— H + N20 5.328000E+09 | 2.600000E-02 -1.210808E+07
51 | NH 4+ NO +— N2 + OH 3.635000E+07 | 3.610000E-01 -1.190055E+07




Reaction

A

b

E.

52
53
54
55

57
58

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

76
r
78
79

N + OH «— H + NO
N+02+—NO+0O
N+NO+—N2+0O

H + N2H4 +— H2 + N2H3
N2H4 + OH <— H20 + N2H3
N2H4 + NH2 <— N2H3 + NH3
N2H3 <+— H + N2H2

H + N2H3 «— H2 + N2H2
N2H3 + OH «— H20 + N2H2
N2H3 + NH2 «— N2H2 + NH3
N2H2 +— H + N2H

N2H2 +— H + N2H

H + N2H2 «— H2 + N2H
N2H2 + OH «— H20 + N2H
N2H2 + NO «— N20 + NH2
N2H2 + NH <— NH2 + N2H
N2H2 + NH2 +— NH3 + N2H
N2H +— H + N2

N2H + 02 +— HO2 + N2
N2H + NO «+— HNO + N2
HNO <— H + NO

H + HNO +— H2 + NO

HNO + O +— NO + OH
HNO + OH +— H20 + NO
HNO + 02 +— HO2 + NO
HNO + NH2 +— NH3 + NO
H + H2NO +— H2 + HNO

H + H2NO «+— NH2 + OH

2.830000E+10
9.027000E+06
4.280000E+10
9.600000E+05
1.300000E+10
3.700000E+03
3.600000E+47
2.400000E+05
1.200000E+03
9.200000E+02
1.800000E+-40
2.600000E+40
4.121000E+4-06
5.923000E-02

4.000000E+09
2.400000E+03
8.800000E-05

1.000000E+09
5.600000E+11
5.000000E+10
1.825900E+20
9.680000E+08
2.290000E+10
6.300000E+07
2.000000E+10
3.670000E+04
4.800000E+05
4.000000E+10

0.000000E+00
1.000000E+-00
0.000000E+00
1.500000E+-00
0.000000E+00
1.940000E+-00
-1.038000E+01
1.500000E4-00
2.000000E+00
1.940000E+00
-8.410000E4-00
-8.530000E+-00
1.289000E+00
3.400000E+00
0.000000E+00
2.000000E+00
4.050000E+00
0.000000E+00
-3.850000E-01
0.000000E+00
-3.008000E+-00
6.200000E-01
0.000000E+00
3.900000E-01
0.000000E+00
1.630000E+00
1.500000E4-00
0.000000E+00

0.000000E+00
2.719600E+07
6.568880E+06
2.024345E407
-1.330512E+-06
6.819920E+-06
2.885864E+08
0.000000E+00
-4.985654E+06
-4.822060E+-06
3.069090E+08
3.049559E+08
-9.376344E+-05
-5.705721E+4-06
4.985654E+07
-4.985654E4-06
-6.736240E+4-06
0.000000E+00
-5.439200E+04
0.000000E+00
2.003299E+08
1.506240E4-06
0.000000E+00
1.582389E4-07
6.232486E+07
-5.230000E+-06
6.526203E+06
0.000000E+00




Reaction

A

b

E.

80
81
82
83
84
85
86
87
88

H2NO + OH «— H20 + HNO
H2NO + NH2 +— HNO + NH3
H2NO + 02 +— HNO + HO2
H2NO + HO2 «+— H202 + HNO
N20 (+M) «— N2 + O (+M)

H + N20 «— N2 + OH

H + N20 «— N2 + OH

N20 + O +— 2 NO

N20 + O «— N2 + 02

2.400000E+03
1.800000E+03
2.300000E-01

3.360000E+02
6.020000E+11
2.530000E+07
5.000000E+11
6.620000E+10
1.020000E+11

2.000000E+00
1.940000E+-00
2.994000E+00
2.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00
0.000000E+00

4.988165E+06
-2.426720E+4-06
6.903600E+07
-5.999856E+06
2.403457E+08
1.903720E4-07
7.573040E+07
1.114199E4-08
1.172357E+08
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Premixed lean hydrogen-air flames exhibit instabilities due to hydrodynamic instabilities but also thermo-
diffusive instabilities. However, in the case of ammonia/hydrogen blends, the effect of ammonia addition
on instabilities is still unclear. To investigate intrinsic instabilities in premixed ammonia/hydrogen-air
flames, a parametric study of laminar premixed flames is performed for different fuel contents, from pure
hydrogen (H,) to a blend of 40% of H, and 60% of ammonia (NH3) in volume, equivalence ratios (0.4 to
1.0) and pressures (1 and 10 bar) to investigate thermo-diffusive instabilities. Numerical simulations using
detailed chemistry are performed where an initial perturbation is set to disturb the planar flame front
and to compute its growth rate. During the initial linear phase, the perturbation’s amplitude grows or
decreases depending on the flame’s mixture propensity to be unstable or stable, respectively. At small
times, the linear growth rate of the perturbation can be estimated and compared to theory. As expected,
the maximum growth rate obtained in the linear phase depends on the mixture’s equivalence ratio, fuel
ratio, and pressure. Ammonia addition leads to a reduced peak growth rate, likely due to lower reactivity
leading to a higher Zel'dovich number. Very lean mixtures (equivalence ratios of 0.4 and 0.5) are thermo-

diffusively unstable, regardless of the ammonia content, due to hydrogen’s preferential diffusion.

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Carbon-free fuels have recently been of interest to decarbonize
energy systems such as gas turbines, internal combustion engines,
boilers and furnaces [1]. Indeed, these fuels, such as hydrogen (H,)
or ammonia (NH3) emit no CO or CO, as they burn with air. How-
ever, their introduction in combustors remains a challenge. Indeed,
H; has a considerable flame speed and wide flammability range,
not only requiring the redesign of chambers but also, raising safety
issues [2]. Storage and transportation difficulties are also expected
from the volatility and low volumetric energy density of H,. On
the other hand, while NHj is easier to store and transport [3], it is
characterized by a very low flame speed which limits its direct use
in combustion systems. This major drawback can be offset by mix-
ing NH3 with H,: research has shown the potential of mixing these

* Corresponding author at: Department of Energy and Process Engineering, Nor-
wegian University of Science and Technology, Trondheim NO-7034, Norway.
E-mail address: gaucherand@cerfacs.fr (J. Gaucherand).

https://doi.org/10.1016/j.combustflame.2023.112986

two fuels to find a compromise in terms of each fuel's advantages
and drawbacks [4,5].

To implement H, and NH3 mixtures as fuels at a large scale,
a fundamental understanding of the flame front structures and
propagation is necessary. Experimental and numerical works have
highlighted the effect of preferential diffusion in lean H, flames,
leading to thermo-diffusive instabilities [6,7]. These flames are
characterized by significant wrinkling, enhanced speed, and short-
ened length. Thermo-diffusive instabilities have been experimen-
tally studied in different setups such as laminar and turbulent
spherical flames [8], fan-stirred chamber and coflow jets at high
Reynolds number [9]. Numerically, direct numerical simulations
(DNS) are often used to investigate such phenomena. Lean Hj-air
premixed flames have been investigated using DNS, showing that
thermo-diffusive effects strongly affected the flame [10,11]. These
studies showed that models for turbulent premixed flame need to
account for thermo-diffusive effects at two levels:

« locally, along the flame front, each unit surface of the flame
can burn, on average, more than the laminar-unstrained flame
speed, S?, This can be measured through an indicator Iy defined

0010-2180/© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/)
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by the normalized, surface averaged consumption speed along
the front:
<S¢ >

Io= g 1)

Cells are formed on the flame front, independently of any wrin-
kling due to turbulent eddies. This wrinkling due to thermo-
diffusive effects is called ®q and is defined by:

=

® =1

(2)
where X is the flame surface and Ly the reference or initial flame
surface.

The overall effects of thermo-diffusive instabilities are mea-
sured by the product Ig®( which indicates the factor by which the
total reaction rate increases. Values of 1[g®g up to 4 have been re-
ported by Berger et al. for a turbulent lean H,-air flame at equiva-
lence ratio ¢ = 0.4 [10]. [p®g up to six were observed experimen-
tally for premixed turbulent spherical H,-air flames while 1,®, for
CH, flames were close to unity [8]. Increasing the pressure also in-
creases 1g®y as demonstrated for a premixed turbulent H,-air at
¢ = 0.7 for pressures going from 1 to 7 bar [12].

Preferential diffusion effects have also been observed for pre-
mixed turbulent NHj3/H;/N,-air (40% NHs, 45% H,, and 15% N,
in the fuel) flames at ¢ = 0.45 with [®y above 1.5 [13]. On the
other hand, at ¢ =1, for a premixed turbulent NH3/H;-air flame
(54% NHs, and 46% H,), unity [o®, values were found [14]. Rieth
et al. [15] also found enhanced effects, at high pressure, of molec-
ular hydrogen diffusion in leading points for premixed NH3/H,/N,-
air when comparing initial pressures at 1 bar and 10 bar. These
results indicate that equivalence ratio, fuel and composition (in
the case of blends), and initial pressure affect the development of
thermo-diffusive instability.

A simple solution to predict the occurrence of thermo-diffusive
instabilities would be to rely on theory [16-18]. Theoretical anal-
yses of these instabilities have been carried out for decades for
laminar premixed flames undergoing a small perturbation. Matalon
and Matkowsky assumed a global one-step reaction [16] for Lewis
close to unity, and Sivashinsky considered a small density jump
throughout the flame front but accounted for a small Lewis num-
ber [19,20]. Recently, Berger et al. [21] have shown that these the-
ories do not accurately capture the evolution of lean premixed H,-
air flames [21]. Accounting for fuel mixtures and complex chem-
istry is another difficulty. This is where simulations can be intro-
duced: a stability analysis can be performed using 2-D DNS, where
a planar flame is exposed to a small perturbation. During the first
instants, also called the linear phase, the perturbation’s amplitude
will either grow or decrease: the growth rate of a given wave-
length can be evaluated to reconstruct a dispersion relation [21,22].
This dispersion relation quantifies the stability of a given mixture.

Numerical studies of dispersion relations have been carried out
using DNS by Berger et al. [21] in a parametric study to investi-
gate premixed Hy-air flames by varying the equivalence ratio, ini-
tial pressure, and temperature using detailed chemistry. Detailed
chemistry was also used by Altantzis et al. [23] to study lean pre-
mixed Hy-air at ¢ = 0.6 and 5 atm for different domain lengths.
Frouzakis et al. [22] studied Hj-air for 0.5 <¢ < 2.0 and found
good agreement of theoretical dispersion relation for ¢ > 0.75.
Yuan et al. [24] used one-step chemistry to simulate flames with
unity Lewis numbers to study the effect of increasing pressure up
to 5 bar. Higher pressure was investigated by Yu et al. [25] for
a premixed H-air flame at ¢ = 0.6 who found enhanced hydro-
dynamic instabilities for high-pressure cases. Studies have high-
lighted preferential diffusion in premixed NH3/Hy-air flame ex-
perimentally in expanding spherical flames [26,27]. Dampened
thermo-diffusive instabilities were observed qualitatively in lean
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conditions (up to ¢ =0.6) when increasing the amount of NH3
[26] in NH3/H, mixtures. However, increasing the initial pressure
destabilized NH3/H,-air flames at ¢ = 0.8 and ¢ = 1.0 [27]. How-
ever, to the authors’ knowledge, no dispersion relation has been
computed yet for NH3/H,-air flames and compared to theoretical
relations. In fact, due to the large difference between the Lewis
number of the two fuels, as well as the possible dissociation of
ammonia into hydrogen for intermediate temperature, the ques-
tion of whether ammonia addition will dampen the instabilities
is an open one with no definitive answer. Notably, some research
has highlighted a non-monotonic evolution of the Markstein num-
ber for fixed equivalence ratio and varying H, content in NH3/H,
mixtures [28,29]. Therefore, several hypotheses can be formulated
about what the effect of ammonia addition to hydrogen might lead
to: 1) NH3 dissociating into H, at intermediate temperature could
lead to more instabilities, 2) H, could dominate the flame front
destabilization and the NH;/H, flame might behave like a pure H,
flame, 3) or NH3 addition might dampen the instabilities.

The present work aims to fill the literature gap by provid-
ing growth rate values for an extensive range of mixtures, vary-
ing equivalence ratios, and fuel composition from pure hydrogen
to mixtures of ammonia and hydrogen up to 60% of ammonia
in volume. The effect of pressure on instabilities will also be in-
vestigated for cases at ¢ = 0.5 for pure H, and for a blend of
50% of NH3 and H, in volume. DNS using detailed chemistry
will provide quantitative information on the strength of thermo-
diffusive instabilities for these mixtures, to be compared with the-
ory. Thermo-diffusive instabilities will also be compared to hydro-
dynamic instabilities to investigate if NH3/Hy-air flames can be
thermo-diffusively unstable, how does NHj affects the flame stabil-
ity, and how high pressure affects NH3/H, flames. These will pro-
vide useful insights on the mixtures’ impact on thermo-diffusive
instabilities, which is needed for the combustion model devel-
opment for ammonia/hydrogen and supports the fuel blend se-
lection for retrofitting. Section 2 covers the theoretical disper-
sion relation formulas, the numerical setup, the parametric vari-
ations performed, and the methodology to compute the numeri-
cal relation dispersion. Section 3.1 presents the results obtained for
the numerical dispersion relation, Section 3.2 presents expressions
for the Lewis number of NH3/H, blends which are then used in
Section 3.3 to compare the dispersion relation from the DNS re-
sults with theoretical predictions [16,19,30]. The impact of other
global flame parameters is also investigated in Section 3.4, and a
fit of the peak growth rate based on the DNS data is provided in
Section 3.5 before concluding in Section 4.

2. Theory, numerical setup and methodology to compute the
flame growth rate

2.1. Theoretical background of flame response to perturbation

Works by Darrieus and Landau [30,31] showed how planar
flames were intrinsically unstable due to hydrodynamic instabili-
ties caused by the density jump in the flame front from fresh to
burned gases. The hydrodynamic instability wp; can be defined as:

VJo3+o02—-0-0
wpp=———, 3
DL o1 (3)
where o = % is the expansion ratio equal to unburned over
burned density. The non-dimensional growth rate @ dependency
with respect to non-dimensional wave number k can be written in
a first estimation as :

& = wprk, (4)

where @ = wt and k = ké,‘_)‘ The flame time 7 corresponds to the
ratio of the flame thermal thickness 8,‘_) to the unstretched flame
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speed s? and the thermal thickness 87 is defined by :

0 _ Tog — T (5)

L™ max(VT)’
where T, is the initial flame temperature, and T4 is the adiabatic
flame temperature. However, numerical and experimental work
have not observed this unconditional instability, and Eq. (4) is in-
complete. New dispersion relations have been derived, such as the
one by Matalon et al. [16] where a second-order term is added
to account for a stabilizing or destabilizing behavior due to Lewis
number effects:

@ = wprk — 8By + B(Leess — 1)B2 + PiBs |k = wprk — wok®. (6)
The diffusive flame thickness 8p = Dy/s?, where Dy, is the thermal
diffusivity, is needed to define § =8p/5?. The coefficients By, B,

and Bj are functions of the expansion ratio, the thermal conduc-
tivity evolution with temperature, and wp; [32]:

= i 0QRwp.+0 +1) UM o _
e 2(6+<a+1>wm)( o—1 L X dH/‘ A(x)dx). (7)
o (1+ wp) (0 + wpr) v o -1\i(®
= i w0y,
’ 2(0'—1)(<T+((T+1)a)m)/1 ° <x71> X dx,  (8)
o _ o
Bs = m((g - Do) ff] A(x)dx), )

where A = A/Ay is the normalised thermal conductivity and x =
T/Tu.

The Prandtl number P, the Zel'dovich number S, and the ef-
fective Lewis number Le,; are also needed in Eq. (6). Zel'dovich
number B for detailed chemistry is computed using the approach
proposed by Law et al. [33] to evaluate the overall activation en-
ergy:

Ea _ ,zw (10)
R d(1/Te)’

where R is the universal gas constant. To vary the adiabatic tem-
perature and calculate Eq. (10), two 1-D flames are computed
where the amount of N, is varied slightly (+0.3%). The overall ac-
tivation energy is computed with the gradient of the line obtained
using a linear fit of the curve given by plotting p,S; over 1/Ty4, us-
ing the results of the two 1-D flames. The values of E; used in this
work are provided in the Supplementary Material in Fig. C.1. The
Zel'dovich number g is given by:

po Bl T an

ad
Matalon et al’s dispersion relation Eq. (6) is derived for Lewis
numbers close to unity, where the second term of the expres-
sion w; has a stabilizing effect. However, for lower values of Lewis
number, w, is positive: the dispersion relation becomes destabiliz-
ing for all wave numbers. Sivashinsky [19,20] derived a dispersion
relation for the linear phase accounting for a fourth-order term
that is stabilizing regardless of the Lewis number:

&):5|:§(1—Le)—1:|l—<2—4831_<4. (12)

Another relation by Sivashinsky was derived for the non-linear
flame evolution but is outside the scope of this work [34].

Further dispersion relations have been established by Pelce and
Clavin [17], Klimenko and Class [35], Chung and Law [36] and
others. Lipatnikov and Chomiak [37] reviewed the assumptions
needed to derive dispersion relations and presented different the-
oretical relations, but the scope of our study will be limited to
the theories of Darrieus-Landau (Eq. (4)), Matalon et al. (Eq. (6)),

Combustion and Flame 256 (2023) 112986

and Sivashinsky’s (Eq. (12)) dispersion relations for comparison in
Section 3.3.

A critical parameter in all theoretical evaluations of @ is the
effective Lewis number Le,. Defined by Joulin and Mitani [38] for
two reactant flames, Le,; is given by:

L legtller A=1+B(¢p7'-1) ifp<1,
Ceff = .
b leridleo  A_14B(¢p-1) if =1,

where Ler and Ley are the fuel's and oxidant’s Lewis numbers.
Oxygen O, is taken as the oxidant. When only one fuel is consid-
ered, the effective Lewis number is straightforward to derive, us-
ing the fuel's Lewis number in Eq. (13) (i.e in the case of pure
H;). However, for a fuel mixture, the fuel's Lewis number requires
a new evaluation. Several definitions have been suggested and vali-
dated against experiment [39,40]. Three of them have been consid-
ered here. The first one (Ley) was proposed by Muppala et al. [41],
who suggested a volume-based formulation of the fuel's Lewis
number (Ley), based on the volume fraction (X;) of each fuel in
the fuel mixture:

(13)

f
Ley = )" Xile;, (14)
n=1
with f the number of fuels in the fuel mixture. Dinkelacker
et al. [42] proposed a diffusion-based (Lep) formula:

f
1 Xi
— ki 15
Lep ; Le; (15)
Law et al. [43] used a heat release-based formulation (Leq ), where

the Lewis number of each fuel is weighted by the nondimensional
heat release (g;) based on the consumption of each fuel:

Y qile—1)

Leqg =1+ (16)
Z£:1 qi
with
QY
%=1, (17)

where Q; is the heat of reaction of the fuel i and Y;, its mass
fraction far upstream. In the case of NHj3/H,-air flames, Zitouni
et al. [29] found that the Le, definition matched their experimen-
tal results quite well, that the Lep formulation was more suited for
lean mixtures, and Ley was accurate in richer conditions. In this
study, an analysis of strained flame will be performed to determine
the most suited definition for the Lewis number in Section 3.2 and
will be used to compute the theoretical dispersion relations dis-
cussed in Section 3.3. This comes as an addition to the scarce liter-
ature on the topic of a suited Lewis number definition for mixtures
of ammonia and hydrogen.

2.2. Numerical setup

The reacting Navier-Stokes equations are solved with the com-
pressible solver AVBP! [44], an explicit massively parallel code
solving the conservation of mass, momentum, energy equations,
and species transport. The flow is gaseous and NH3/Hy-air chem-
istry is modeled using an analytically reduced chemistry mecha-
nism derived from CRECK [45] and reduced with Arcane [46] (18
species, 6 species with QSS assumption and 150 reactions). Valida-
tion of the mechanism is presented in the Supplementary Materi-
als in Fig. A.1. The reduced mechanism is also included in the Sup-
plementary Materials. A power law is used to compute the molec-
ular viscosity @ = uref(T/T,Ef)b. Constant Schmidt S, and Prandtl

1 http://www.cerfacs.fr/avbp7x.
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Table 1
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Overview of the 2-D DNS. For each case, the content of ammonia in volume in the fuel Xyy,, the equiv-
alence ratio ¢, the initial pressure P, the laminar flame speed s?, the thermal flame thickness 82, the
diffusive flame thickness 8p and the adiabatic temperature T4 are provided.

Case name X, (%] @[] P[bar] Y [m/s] &) [um] 8p [wm] Ty [K]
NH3-00-Phi-04 0 04 1 025 562 105 1416
Ref 0 05 1 056 382 49 1625
NH3-00-Phi-1 0 1.0 1 227 326 14 2242
NH3-03-Phi-04 30 04 1 0.07 1389 366 1343
NH3-03-Phi-05 30 05 1 0.19 686 139 1534
NH3-03-Phi-1 30 1.0 1 0.93 317 31 2222
NH3-05-Phi-04 50 04 1 0.02 3840 1187 1316
NH3-05-Phi-05 50 05 1 0.09 1277 307 1502
NH3-05-Phi-1 50 1.0 1 0.46 432 61 2169
NH3-06-Phi-04 60 0.4 1 0.01 8493 2657 1301
NH3-06-Phi-05 60 05 1 0.05 1983 506 1487
NH3-06-Phi-1 60 1.0 1 031 576 89 2147
NH3-00-Phi-05-10-bar 0 05 1 0.15 80 18 1633
NH3-05-Phi-05-10-bar 50 05 1 0.01 1099 60 1513

P numbers are used for species molecular diffusion: Dy = 1/Sc,,
for species k, and for thermal conductivity: A = uCp/P: with Cp the
specific heat capacity of the mixture. In the Supplementary Materi-
als, a comparison between constant Lewis number assumption and
varying Lewis number is illustrated for the reference case, with
an overall good agreement, leading to the validity of the constant
Lewis number assumption in these premixed flames.

The numerical scheme used to solve the equations is Lax-
Wendroff [47], a second-order scheme in space and time. A third-
order accurate in space and time Taylor-Galerkin finite-element
scheme was also tested with no major difference, therefore the
second-order scheme was used in the parametric study to save
computational time. Simulations are performed in 2-D rectangular
domains with length Ly and height Ly. Cartesian meshes are used
to discretize the domain with the selected cell size to have 40 grid
points in the thermal flame thickness (Sf‘ At the inlet (bottom of
the rectangular domain), fresh gases are injected at a velocity equal
to the laminar flame speed of the mixture computed with Cantera
[48]. The flow exits the domain at the outlet (top of the rectan-
gular domain), where static pressure is imposed. Inlet and outlet
use non-reflecting NSCBC boundary conditions [49]. Periodic con-
ditions are imposed in the spanwise direction x. Initially, the flame
front is mapped onto the domain using a 1D flame computed with
Cantera and is perturbed with a sinusoidal perturbation F(x):

F(x) = Agsin(kx), (18)

with Ag the initial amplitude of the perturbation, selected to be 2%
of 8{’ (to remain in the linear regime), and k is the wave number
of the perturbation. Ly is selected to be equal to the wavelength
of the imposed perturbation: A = 27 /k = 277 /nd?, with n varying
between 1 and 60. Ly corresponds to 246?, and the initial pertur-
bation is imposed at 188? in the y-axis (Fig. 1(a)).

An initial temperature T, of 300K is selected for all conditions.
The reference case is set for pure hydrogen at ¢ = 0.5 at atmo-
spheric pressure to compare the results with literature data and
validate the methodology. Parametric variations of the equivalence
ratio from ¢ = 0.4 to 1 are performed. A parametric variation of
ammonia concentration in the fuel composition from Xyy,= 0%
to 60% in volume is also performed. Some fuel blends are se-
lected to be computed at 10 bar to study the effect of pressure at
¢ = 0.5. An overview of the 14 simulations performed is presented
in Table 1.

2.3. Methodology for growth rate computation

The early flame propagation is investigated to compute the dis-
persion relation. Below a critical wave number k., the flame front

perturbation will either grow or decrease exponentially with time.
The growth rate is computed with the flame front’s amplitude evo-
lution, tracked using the isoline T = 3T, to define the flame front.
The amplitude of the first mode of the Fourier transform of the
flame front is computed at each time step and tracked, providing
the time evolution of the amplitude A(t). The exponential growth
rate w is computed during the linear phase by:

W= %[ln(A(t))] (19)

Care is taken to verify that the linear phase is well captured, as
verified by the existence of a plateau at small times (between O
and ~ 6 t in Fig. 1(c)) for w as a function of time. The dispersion
relation w(k) is then obtained as a function of the wave number k
as the procedure is repeated for different domain lengths. The nu-
merical setup and operation for the dispersion relation extraction
are described in Fig. 1. To validate the methodology, it was first
applied to a pure H, air, ¢ = 0.5 case and compared to the results
of Berger et al. [21] and Frouzakis et al. [22] in Fig. 2. Good agree-
ment with Frouzakis et al. [22] is obtained, whereas, at large wave
numbers, a small deviation is observed with results from Berger
et al. [21]. These small differences are likely due to different chem-
istry, transport properties, and DNS code.

3. Linear regime: linear stability analysis
3.1. Analyses of DNS database

At low equivalence ratio, characteristics of thermo-diffusive in-
stabilities are recovered: super adiabaticity and higher heat re-
lease captured in positive curvature zones (i.e., zones where veloc-
ity streamlines are convex towards burned gases) than in negative
curvature zones (i.e., zones where velocity streamlines are concave
towards burned gases) as observed in Fig. 3 for pure H, cases at
different equivalence ratios and Fig. 4 for an equivalence ratio of
0.4 at different NH3 to H, ratios in the fuel. This was observed
for lean pure H, by Howarth and Aspden [50], but we also ob-
serve this for lean NH3/H, mixtures. The dispersion relations ob-
tained by DNS are presented for different equivalence ratios and
fuel compositions (Fig. 5) and pressure variations (Fig. 6). The sym-
bols are the growth rate computed numerically for each domain
size. A second-order polynomial fit of the growth rates is also plot-
ted. Non-dimensionalized units of the growth rate versus the wave
number (wt versus ké?) are used for all plots.

As expected, for all cases, wt grows due to the destabiliza-
tion of small wave numbers induced by hydrodynamic instabil-
ities. Then wt decreases for larger wave numbers I«S? due to
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Fig. 2. Dispersion relation obtained in the methodology of Fig. 1 compared to the
work by Berger et al. [21], and Frouzakis et al. [22] for pure H, at ¢ = 0.5 and 1 bar.

thermo-diffusive effects within the flame front. To appreciate the
effect of the hydrodynamic stability limit, wp;7 as a function of
the wave number is also plotted on the same figures for each
mixture. A nearly constant expansion ratio for each fuel mix-
ture at a given equivalence ratio leads to wp;7 being almost
superimposed.

For small wave numbers, cases at ¢ = 0.4 have wt exceeding
wp, T which indicates that the contribution of the thermo-diffusive
instability is to make the mixture more unstable (positive contri-
bution of thermo-diffusive instabilities). On the other hand, at ¢
= 1.0, the negative contribution of thermo-diffusive effects is ob-
served since wt are all below wp; 7. At 1 bar, the most unstable

mixture (wmax? shown in Fig. 7(c)) corresponds to pure hydrogen
at ¢ = 0.4, with a maximum growth rate of more than twice that
of ¢ = 1.0. Figure 5 shows that the maximum growth rate obtained
in the simulations diminishes with increasing equivalence ratio re-
gardless of the fuel composition. This indicates the propensity of
leaner mixtures to be more thermo-diffusely unstable, likely due to
the small effective Lewis number of the mixture, indicating prefer-
ential diffusion. This had been observed by Berger et al. [21] and
Frouzakis et al. [22] in the case of pure hydrogen. Figure 5 shows
that these findings can be generalized for lean NH3/H, flames. In
Fig. 7, where the normalized maximum growth rate of each mix-
ture is reported, we see that thermo-diffusive instabilities are re-
duced when the NH3 content in the fuel increases at any given
equivalence ratio, with a collapse of peak growth rate for all cases
at stoichiometry.

Regarding the effects of pressure, Fig. 6 indicates a larger
growth rate for 10 bar in the case of pure H, at ¢ = 0.5 compared
to 1 bar, as observed by Berger et al. [21] and Attili et al. [51] for
CHy4. The same trend is found for the NH3/H, case experimentally
by Li et al. [27]. This is caused by both the thinner flame caus-
ing more instabilities at high pressure and the enhanced reactiv-
ity. Consistent in our simulations, ammonia addition makes the
flame more stable than the pure hydrogen case at high pressure.
These results also highlight the importance of pressure on instabil-
ity dependency and should be considered for pressurized engine-
like conditions.
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Fig. 5. Dispersion relation for varying equivalence ratio, at various NH3 contents
in volume in the fuel. Symbols correspond to the growth rates extracted from the
simulations, dashed lines correspond to the second-order polynomial fit of these
growth rates. The theoretical hydrodynamic growth rate wp, 7 is also shown in solid
line for all mixtures.

A cut-off wavelength A. (Fig. 7(a) and (d)) associated with
the cut-off wavenumber k. where wt become negative can be
obtained from Figs. 5, 6. The normalized maximum growth rate
wmaxT (Fig. 7(c) and (f)) and the wavelength associated with the
maximum growth rate A, (Fig. 7(b) and (e)), are also reported.
The scaling of the critical wavelength Ac and of A, depends
directly on the flame thickness evolution 8?. Finally, the disper-
sion relation of NH3/H, mixtures evolves in a similar manner with
equivalence ratio and pressure as pure H,. NH3 reduces the peak
growth rate and, by extension, the instabilities for the investigated
range of fuel content and equivalence ratio. We highlight that po-
tentially, some proportions of ammonia and hydrogen could cause
dissociation of ammonia into hydrogen, therefore leading to more
instabilities, but that is not captured in the early linear phase of
the flame front evolution and the peak growth rate increases with
H, content in these cases.

3.2. Evaluation of Lewis number for NH3/H, blends

For model development, finding global flame parameters to pre-
dict thermo-diffusive instabilities and computing theoretical re-
lation dispersion instead of performing parametric sweeps with
DNS would be preferred to limit the computational cost. How-
ever, these theoretical expressions still need to be verified and val-
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Fig. 6. Dispersion relation for varying pressures, for NH; at 0% and 50% content in
volume in the fuel at ¢ = 0.5. Symbols correspond to the growth rates extracted
from the simulations, dashed lines correspond to the second-order polynomial fit
of the growth rates of cases at 1 bar, and the dotted lines to the growth rates with
at 10 bar. The theoretical hydrodynamic growth rate wp,7 is also shown in solid
line for all mixtures.

50%, ¢ = 0.5

idated. For these compositions of ammonia/hydrogen, as discussed
in Section 2, a suited definition for the effective Lewis number
of a fuel blend needs to be evaluated. To do so, Cantera simula-
tions of premixed, slightly strained flames are performed to com-
pute the Markstein length [52] of the mixtures at different equiva-
lence ratios. In these twin flames simulations, the premixed flame
is obtained with a counterflow of two streams of fresh gases going
against one another, leading to a strained flame [53]. This is done
for the cases at 1 bar only. We compute the strain « = 2my/py/w
(my is the mass flow rate of the reactants and w the domain width
between the two streams) and the flame consumption speed s in
order to compute the Markstein length at small strains [54,55]:
) —sc

L,= P (20)

A negative (positive) value of the Markstein number, typically
indicates an unstable (stable) mixture. Theoretical relations [54-
56] link the Markstein length to global flame parameters: o, 8, X,
A and Le,¢¢ which were defined in Section 2 :

_ L _ Ble—1) [7A00), 01
"6 20-1) )i «x x—1
By comparing the Markstein length from Cantera simulation
with Eq. (21), it is possible to evaluate the best definition of the
Lewis number. This is shown in Fig. 8 for three fuel compositions
(30, 50 and 60% of NH3) at atmospheric pressure. For the case with
30% NHs, the strained Markstein length (20) is closest to the Mark-
stein derived with the volume-based definition of the Lewis num-
ber (Ley) compared to the other definitions. At 50% NHs, the re-
sults from equivalence ratio 0.6 to 1 match very well the results
using Ley. Finally, the results for 60% NHj for the strained flame
are between the volume-based definition (Ley) and the diffusion-
based definition (Lep). Eq. (21) was derived for constant viscos-

Ma

dx. (21)
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bottom: a zoom on the y-axis to determine the most suited Lewis number definition.

ity with single-step flame, where the Zel'dovich number B was
also derived with assumptions to compute the activation energy.
Therefore, the computation of the theoretical formulas for 8 and
Ly, leads to uncertainty in the results to compare the Lewis num-
bers. We also note that at a low equivalence ratio (¢ = 0.4), the
strained-derived Markstein number is not well reproduced with
any of the Lewis definitions in the theoretical relation (21). Here
we suggest that, among all the investigated definitions, Le, best
captures, overall, the instabilities of the mixtures compared to the
other definitions for the NH3/H, mixture for different equivalence
ratios in lean to stoichiometric cases. This is a similar conclusion
reached by Zitouni et al. [29] for a large range of equivalence ratio
and NHs/H, ratio.

3.3. Comparison of DNS-derived relation dispersion with theoretical
dispersion relations

The Lewis number definition Ley (Eq. (14)) based on volume
is then used in the theoretical dispersion relations of Sivashinsky
Eq. (12) and Matalon’s Eq. (6). We present the results for the
three equivalence ratios in this study ¢ = 0.4, 0.5, and 1, and for
the cases with pure H, and 50% of NHs. The relation dispersions

for ¢ = 0.4, 0.5, and 1 for all fuel contents are presented in the
Supplementary Materials in Fig. B.1.

Matalon’s theory [16] captures the stabilizing effect of large
wave numbers for very large values of k for cases ¢ =0.4 and
0.5, not seen on the figure due to the x-axis limit. Large devi-
ations from the DNS-derived dispersion relation are found, with
the cut-off wavelength and the peak growth rate not reproduced
with the two theoretical relation dispersions. This is true for leaner
cases since Matalon’s relation for the stoichiometric case leads to
a closer cut-off wavelength and peak growth rate to the DNS re-
sults. The model by Sivashinsky [19] predicts the stabilizing ef-
fects at high wave numbers thanks to the inclusion of the fourth-
order term. For all cases, the cut-off wavelength and peak growth
rate are not well evaluated compared to the DNS results due to
density variation throughout the flame front not being included
in Sivashinsky's model. Section 3.2 showed the difficulty of the
mixture’s Lewis number definitions to reproduce the Markstein at
these low equivalence ratios. We find that theoretical formulas for
the dispersion relation also struggle to match results with DNS for
pure H, for which the Lewis number definition is well defined.
This suggests that these theories are not able to capture the flame
behavior at a low equivalence ratio, even if the Lewis number is
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Fig. 9. Computed dispersion relation (solid line with symbol) compared with the-
oretical dispersion relation using the volume-based definition of the Lewis num-
ber: Matalon’s dispersion relation Eq. (6) (dashed line) and Sivashinsky’s relation
Eq. (12) (dotted line). wp; is not pictured as it was already in Fig. 5. Case ¢ = 0.4,
0.5 and 1 for 0% NH3 and 50% NHs.

not well defined at small equivalence ratios. Overall, these results
indicate a need for theoretical dispersion relations to account for
preferential diffusion effects occurring at small equivalence ratios
to be suited for H, and mixtures of NH3/H, (Fig. 9).
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3.4. Impact of Zel'dovich number and expansion ratio

To assess the impact of ammonia addition on other global flame
parameters, and understand its stabilizing effect seen in Section 3,
Fig. 10 presents the values obtained from one-dimensional Cantera
simulation for the unstretched laminar velocity, Zel'dovich num-
ber, and expansion ratio -defined Section 2- to measure the im-
pact of these global parameters on the instabilities. We consider
both cases at 1 and 10 bar. The laminar flame speed increases with
equivalence ratio up to stoichiometry and increases with the hy-
drogen content in the fuel. At ¢ = 0.5, the pressure increase re-
sults in a decrease of s?. Lower values of the Zel'dovich number
indicate a stronger reactivity. Higher H, contents lead to a lower
Zel'dovich number: ammonia addition lessens the reactivity of the
mixtures. Zel'dovich number decreases with increasing equivalence
ratio indicating higher reactivity towards stoichiometry as captured
by higher adiabatic temperatures. The similar Zel'dovitch number
at ¢ = 1.0 for all fuel blends can explain the collapse of the peak
growth rate observed Fig. 7. The higher pressure leads to a thinner
flame thickness and a lower flame speed, leading to more instabil-
ities. However, based on the BE evolution with pressure, compared
with the evolution of A. from Fig. 7 with pressure, we can con-
clude that the pressure effect on the flame thickness and flame
speed is not the only reason for the instability increase (if it had
been, the evolution for both quantities would have been propor-
tional, which it is not the case here for both H, and NH3/H;).
Therefore, there are two mechanisms due to pressure: the insta-
bilities increase due to the thinner flame, but the domination of
chain termination reaction and the increase of reactivity also leads
to larger instabilities. Indeed, the Zel'dovich number increases as
we shift towards high pressure for both the pure H, case and the
50% of NHj case. Increasing the Zel'dovich number for increasing
pressure is found for H, and NH3/H; flames due to chain termi-
nation reactions becoming more important at high pressure than
chain branching reactions. The domination of chain termination re-
actions leads to a higher temperature at higher pressure, as seen
in Table 1 and to a more reactive mixture. This was also found
for pure methane by Attili et al. [51]. The fuel mixture does not
strongly affect the expansion ratio at a given equivalence ratio, but
a larger difference appears at stoichiometry. Indeed, as the equiv-
alence ratio increases, H,O formation increases, leading to a large
difference in density between burned and unburned gases. And as
the ammonia content increases in the fuel, NO formation increases,
leading to a larger unbalance between burned and unburned gas
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Fig. 10. Variation of laminar unstretched flame speed s, Zel'dovich number B, and expansion ratio o. Top: variation of equivalence ratio ¢ for different NH; fuel ratios.
Bottom: Variation of initial pressure P for different NH; fuel ratios at equivalence ratio ¢ = 0.5.
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densities. The influence of pressure on the expansion ratio is min-
imal.

Overall, ammonia addition in the fuel leads to a higher expan-
sion ratio due to more products exacerbating the density difference
between burned and unburned gases. Furthermore, ammonia addi-
tion reduces reactivity, reducing the Zel’dovitch number. The dis-
persion relation and peak growth rate are impacted by these differ-
ent parameters, as well as by the effective Lewis number, as they
change with mixture composition, equivalence ratio, and pressure
and impact the reactivity, hydrodynamic stability, and preferential
diffusion.

3.5. Fit for wmaxT for atmospheric conditions

DNS data can be used to suggest a fit based on the mixture
composition for atmospheric conditions to estimate the value of
wmaxT for various NH3/H, compositions at different equivalence
ratios. This is similar to what Berger et al. [21] did for pure H,
and Attili et al. [51] for CHy. Eq. (22) is derived from the observed
DNS results to assess the impact of fuel content and equivalence
ratio and can be used to estimate criterion for thermo-diffusive in-
stabilities importance such as the ones suggested by Chomiak and
Lipatnikov [57] and Chaudhuri et al. [58]. It can also be useful for
modeling purposes to suggest such an empirical fit [21,50,59,60].
The fit is based on the composition ¢ and fuel content Xyy,, and
is suited only for atmospheric conditions:

b
¢\ (1—Xw)
w; itT = W, T\ — —_————
max, fit max.ref (¢ref (1 — XNH, )ref

with a = —1.01 and b = 0.31. Results (Fig. 11) show the fit's accu-
racy and indicate that an equivalence ratio increase will lead to a
lower peak growth rate while an increase of Xyy, will lead to a
lower peak growth rate.

(22)

4. Conclusion

The dispersion relations of an extensive dataset of NH3/H;/air
premixed flames, with varying fuel ratios of hydrogen and am-
monia, equivalence ratio, and pressure were numerically computed
through high fidelity Direct Numerical Simulations. The dispersion
relations were extracted from growth rate computation for varying
initial wavelength perturbation. This allowed studying the effects
of intrinsic instabilities on the flame front. The study leads to the
following findings:

« Darrieus-Landau instabilities were found to dominate mixtures
at stoichiometry, and the computed relation dispersion relation
was equal to or below the Darrieus-Landau dispersion relation
for all wave numbers: the thermo-diffusive mechanisms has
no impact on the mixture. On the other hand, for leaner mix-
tures, the computed dispersion relation is above the Darrieus-
Landau dispersion relation at small wave numbers: the thermo-
diffusive mechanism has a positive impact on the mixture.
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- An investigation of slightly strained flames has been performed
to select a Lewis number definition that can be used in theo-
retical relations. We find the volume-based Lewis number (Ley )
to be best suited for NH3/H, mixtures.

Comparisons with theoretical dispersion relations showed the
theory’s difficulty in fitting the stabilizing effects at large wave
numbers for lean mixtures. This indicates a need for new the-
oretical relations to capture lean flames behavior. This was
known for pure hydrogen but is now extended to mixtures of
ammonia and hydrogen.

Within the investigated range of operating points, we use quan-
titative arguments to show that ammonia addition leads to
more stable mixtures. The impact of ammonia dissociating into
hydrogen and leading to an increase of instabilities has not
been captured in this work, but it would be interesting to in-
vestigate a larger amount of operating conditions to see if, in
some cases, ammonia addition might actually lead to more in-
stability. However, the investigation of more operating condi-
tions is outside of the scope of this study.

Higher peak growth rates were computed for leaner mix-
tures, indicating that leaner flames are more unstable, even for
NH3/H; mixtures.

A pressure increase resulted in a higher growth rate as chain
termination reactions became more important for both NH3/H,
mixtures and pure H,.

Concluding, the present study contributes to the fundamental
understanding of ammonia/hydrogen combustion and the develop-
ment of thermo-diffusive effects. Furthermore, it provides unique
correlations and datasets that could be used for modeling purposes
following what is proposed for pure hydrogen-air flames by Berger
et al. [21,59] and Aniello et al. [60].
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A. Validation of ammonia hydrogen reduced scheme (ARC)

The Analytically Reduced Chemistry (ARC) used in this study was derived to
achieve an accurate description of the combustion process of premixed ammonia/hydrogen-
air flames. The reduction was carried out with the ARCANE code co-developed by
CERFACS and Cornell University [1]. It is a fully automatic multi-step reduction
tool relying on DRGEP [2], chemical lumping [3] and Quasi-Steady State assumption
[4].

The CRECK [5] C1 - C3 scheme, for which carbon related species are removed, was
chosen as the detailed reference mechanism. This scheme comprises 31 species and
203 reactions.

The reduced ARC mechanism generated by ARCANE comprises 18 transported
species and 6 species in Quasi-Steady State:

e The transported species are Ny, Hy, H, Oy, O, HyO, OH, HyO5, HO,5, NO,
NyO, NOyy HONO, NoHy, NHs, NoHy, NH, N H,.
e The Quasi-Steady State species are HNO, Ho,NN, N, NNH, H,NO, NoHj;.

Prandt number of all species is equal to 0.643. Species Schmidt number are listed
here after in the same order as the transported species: The mixture used to com-
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S,
0.8026
0.2012
0.1324
0.7905
0.4879
0.7185
0.4972
0.7007
0.7649
0.7742
0.1022
0.9151
0.9188
0.7785
0.6907
1.0429
0.4631
0.4751

Table A.1: Schmidt number of the species.

pute the Prandtl and Schmidt of this study is selected based on an optimization
where the Lewis number for a range of equivalence ratio and hydrogen content have
been tested and the Lewis number most optimized to represent the range of mixture
investigated is selected for the rest of the study. Both Lewis numbers in the burned
and fresh gases are tested to perform this optimization. Here the Lewis number Leg
and Lep most representative of the range investigated and kept hereafter is at 300K
for the mixture 50% NHj and ¢ 0.6 in the burned gases.

The impact of transport assumptions is evaluated hereafter, where, for the refer-
ence case of pure Hy and ¢ = 0.5, we compare two one-dimensional laminar flames,
one with constant, non-unity, Lewis number assumption and the other with varying
Lewis number assumptions, we compare the temperature and flame speed.

We find a good agreement between the temperatures and a slight underprediction
in the constant Lewis case in the burned gases. The relative error in the burned gases
is still very low with a 6 % error.

A detailed description of the reactions is given in Tab. A.2.
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Figure A.1: Comparison between constant and varying Lewis number in one-dimensional flame.
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Figure A.2: Reduced scheme validation for the NH3/Hy mixtures. Numerical data from CRECK
[5] (detailed), and ARC against experiment from Koroll et al. [6], Law et al. [7], Vagelopoulos et
al. [8], Dowdy et al. [9], Kumar et al. [10], Zhou et al. [11], Han et al. [12], and Lhuillier et al.
(13]



B. Theoretical dispersion relations introduced in Section 2 are compared
with the computed dispersion relation for equivalence ratio ¢ = 0.4,
0.5 and 1 for all mixtures.

k30[-]

® NH; =0% Numerical
¢ NH3 =30% -=-- Matalon

< NH3; =50% -+ Sivashinsky
© NHj3 =60%

Figure B.1: Computed dispersion relation (solid line with symbol) compared with theoretical dis-
persion relation using volume-based definition of the Lewis number: Matalon’s dispersion rela-
tion(dashed line) and Sivashinsky’s relation (dotted line). wpy, is not pictured. Case ¢ = 0.4, 0.5
and 1 for 0 % NHs, 30 % NHs, 50 % NH3 and 60 % NHs.
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C. Activation energy

x10°
_ 50f
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0.5 1.0
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Figure C.1: Variation of activation energy with equivalence ratio ¢ for different NH3 fuel ratios.
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D. Lewis number
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Figure D.1: Variation of Lewis number based on different fuel Lewis number definition: from left to
right: Hy, NH3, Q, V and D as defined Section 2. Top: variation of equivalence ratio ¢ for different
NHj fuel ratios. Bottom: variation of initial pressure P for different NHj fuel ratios at equivalence

ratio ¢ = 0.5.

12



Len, [-] Lenn, [-] 075 Ley [-] Leg [-] Lep [-]
0.32 1.10 ’ IRRR 10 0.5 st
105 0.50 FrEeee® 05 0.4 H-4-4444
0.30 tooooom [Falatatalatel]
05 1.0 05 1.0 0.5 1.0 0.5 1.0 05 1.0
o[- o[- ¢ [-] ¢ [-] o[-
0.32 1.10 0.6 1.0 0.45
B 1 0.40
1.05 0.4+ 0.5 0.35
0.30 —an —a
0 10 0 10 0 10 0 10 0 10
P [bar] P [bar] P [bar] P [bar] P [bar]
+X1wr.13 =0% +XNH3 =30% —<—XN[-13 =50% —eo XNH; =60%

Figure D.2: Variation of effective Lewis number based on different fuel Lewis number definition:
from left to right: Ho, NH3, Q, V and D as defined Section 2. Top: variation of equivalence ratio
¢ for different NHj fuel ratios. Bottom: variation of initial pressure P for different NHj fuel ratios
at equivalence ratio ¢ = 0.5.
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