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Performance of Cracked Ammonia Combustion in a Gas Turbine Engine
Evaluation through CFD and chemical reactor JOHANNA LINDFORS
Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

The issue of global warming and the increasing global energy demand requires intro-
duction of new, renewable fuels for energy- and electricity production. If generated
from green hydrogen, ammonia could be of particular importance in future sustain-
able energy systems as an energy carrier and a carbon free gas turbine fuel. Opposed
to hydrogen, transportation and storage of ammonia is already widely established
and easily facilitated; however, the combustion properties of pure ammonia are not
feasible with a turbulent gas turbine environment due to low reactivity. By partially
cracking ammonia into its elementary components, suitable combustion properties
can be obtained. Ammonia combustion is also prone to substantial levels of NOx
and NyO emissions. However, adoption of rich-lean staging has previously been
shown to mitigate NOx emissions from the combustion process. In this thesis, the
combustion performance of cracked ammonia in the SGT-750 gas turbine combus-
tor, provided by Siemens Energy AB, is evaluated in terms of emissions and flame
stability. Numerical CFD and chemical reactor network (CRN) models are used
to investigate the feasibility of different fuel compositions, originating from cracked
ammonia, as gas turbine fuels. Equivalence ratios ranging from approximately 0.4 to
1.5 are investigated, in single stage and air-staged combustion. The results revealed
that flame stability was achievable for ammonia cracking degrees of at least 40%
at lean conditions, and NOx emissions below 100 ppmvd were emitted for rich-lean
staged combustion. Global warming potentials, as COs-equivalents, far below those
of conventional natural gas combustion were found for several fuel compositions and
equivalence ratios. However, great discrepancies were apparent among the resulting
N,O emissions from the different models. Thus, further experimental validation of
the applied computational models and chemical mechanism is required, to establish
the environmental performance of cracked ammonia as a gas turbine fuel.

Keywords: CFD, CRN, ammonia, hydrogen, gas turbines, combustion, NOx, NoO
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List of Acronyms

Below the acronyms that have been used throughout this thesis are listed in alpha-
betical order:

AFT Adiabatic Flame Temperature
CcCM Complex Chemistry Model

CD Cracking Degree

CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy

CRN Chemical Reactor Network

Da Damkdéhler number

EB Elliptic-Blending

EDC Eddy Dissipation Concept

ER Equivalence Ratio

FGM Flamelet Generated Manifold
GT Gas Turbine

ISAT In-Situ Adaptive Tabulation
Ka Karlovitz number

Le Lewis number

LFC Laminar Flame Concept

PFR Plug Flow Reactor

PSR Perfectly Stirred Reactor
RANS Reynolds-Averaged Navier-Stokes
Re Reynolds number

RPL Rich Pilot Lean

RST Reacting Species Transport
RSTT Reynolds Stress Transport Turbulence
SCR Selective Catalytic Reduction
TFSC Turbulent Flame Speed Closure

URANS Unsteady Reynolds-Averaged Navier-Stokes
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Nomenclature

Below is the nomenclature of indices, parameters, and variables that have been used
throughout this thesis.

Indices

i, J, k
gen
Pz

st

SZ

t

Parameters
C,, Cr. C,

C’517 :2
Cii, Cp

Ppz
¢sz

Tk

SL

Dummy indices for variable or species
Generation

Primary zone

Stoichiometric conditions

Secondary zone

Index for turbulent variable

k — € turbulence model constants

Lag-EB turbulence model constants
Complex chemistry model constants
Turbulent diffusivity

Mean energy

Mass flow

Turbulent kinetic energy

Large-eddy length scale/Turbulent length scale
Pressure

Primary zone equivalence ratio

Secondary zone equivalence ratio
Universal gas constant, 8.3145 J/(mol - K)
Reaction rate of species k

Laminar flame velocity

x1



S; Source term of variable 7

S Strain rate tensor

T Temperature

Toa Adiabatic flame temperature
t Time

t; Turbulent time scale

T Mean viscous stress tensor
TRANS Turbulent stress tensor

u Local velocity

U Mean convective velocity
V Volume

Y Species mass fraction

A Mixture fraction

Greek letters

« Elliptic blending factor

n Kolmogorov length scale
Neomb,tot Total combustion efficiency

€ Turbulent dissipation rate

[ Dynamic viscosity

i Turbulent dynamic viscosity
v Kinematic viscosity

w Species production rate

p Density

© Wall-normal stress component
) Equivalence ratio

Y Arbitrary quantity of the flow
T Kolmogorov time scale

Oc, Ok, Og Lag-EB turbulence model constants
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1

Introduction

1.1 Background

The issue of global warming demands a shift from fossil-based to renewable energy
sources. Along with an increasing electricity demand globally, the search for renew-
able energy sources is of particular importance to the electricity sector. Ammonia
generated from green hydrogen and nitrogen has the potential of constituting a re-
newable energy carrier with zero carbon comprised greenhouse gas emissions [1].
The fuel could also provide balance in a renewable-based electricity system during
seasons of non-favourable climate [2]. Thanks to the long history of ammonia pro-
duction, distribution- and storage systems are already widely established, which is
not the case for other renewable fuels such as hydrogen [3]. Pure ammonia does
unfortunately not possess the combustion properties required for extensive use in
present gas turbine designs due to its low reactivity, flame speed and narrow flamma-
bility limits [1, 4]. However, by cracking ammonia into its elementary components,
H, and N,, before combustion, a fuel mix with more suitable combustion properties
can be generated.

With steam and nitrogen gas being the only primary products, combustion of am-
monia and hydrogen generates neither carbon dioxide nor carbon monoxide. Unfor-
tunately, large amounts of nitrous oxide, N,O, and nitrogen oxides, NO and NO,
(NOx), can be formed in the process [1, 5]. The formation of NOx in combustion of
ammonia differs from that of conventional hydrocarbon combustion, in that the fuel
itself constitutes a source of nitrogen. Hence, the mechanism behind NOx mitiga-
tion is somewhat different in NH3/Hs combustion compared to that of carbon fuels.
Furthermore, little is still known about flame stability of ammonia/hydrogen fuels
[6]. Flame stability is crucial to combustion in gas turbines, to enable steady-state
operation and to avoid unnecessary damage of the equipment.

If successfully stabilising ammonia flames and mitigating NOx and N,O emissions,
ammonia could play an important role in the energy system as a fully renewable gas
turbine fuel. Exchanging conventional hydrocarbon fuels for non-carbon based gas
mixtures with similar combustion properties could also enable retrofitting of existing
combustion processes, which is attractive from an economic point of view [4]. This
is also true for Siemens Energy AB, who would benefit largely from being able to
switch to renewable fuels while keeping already existing gas turbine designs. There-
fore, the primary objective of this master thesis project is to evaluate flame stability
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and emission levels of different ammonia/hydrogen fuel mixes, in the combustor of
the gas turbine model SGT-750.

1.1.0.1 Previous work at Siemens Energy

Several mesh optimization and model stability studies were performed on the SGT-
750 sector model used in this project. M. Safari compared the residual stability
obtained for two different turbulence models; the Lag EB k- and the SST k-w model
[7]. The Lag EB k-£ model was concluded to improve stability for the residuals and
monitored properties such as velocity, equivalence ratio and mass flow in the first
main channel. S. Reinberth performed a mesh independence study on the same
model, to reduce the number of cells and make simulations more efficient [8]. The
distribution of equivalence ratio and velocity magnitude in the first main channel
were used as parameters for evaluation of mesh dependency. He introduced mesh
refinements at the fuel jets, which was shown to improve convergence. The same
parameters were used by W. Charoenchang, who used a jet-in-crossflow model to
test different mesh strategies for the main jets and channels [9]. Mesh refinements
surrounding the jets, geometrically formed as cylinders, were implemented. Due
to the accomplished improvements, the mesh will not be further optimized in this
project.

1.1.1 Aim

The aim of this thesis is to perform primary analysis on the potential of partially
cracked ammonia as a fuel for the SGT-750 gas turbine model, provided by Siemens
Energy AB. The analysis will be performed with respect to flame stability and emis-
sions of NOx and N5O. Fuel configuration that exhibit stable flame properties and
show reasonable emissions levels will be identified for further, detailed analysis at
Siemens Energy AB. Combustion of different NH3/Hy/No fuel mixes will be sim-
ulated with CFD through the software STAR-CCM+, as well as chemical reactor
network modeling using the python-integrated package Cantera. The ammonia dis-
sociation degree will range from zero to one, and several equivalence ratios will be
investigated.

1.1.2 Limitations

The simulations performed in this project will cover only the 30° SGT-750 burner
section. Hence the flow field in the compressor and turbine, upstream and down-
stream of the combustor respectively, will not be included in the computational
models. This project will not look into the detailed flow patterns occurring in the
combustion chamber, including possible effects of local mixing on the flow and com-
bustion products. Neither will the process requirements of ammonia cracking, or
any economical aspects thereof, be examined.
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1.2 Gas turbine SGT-750

The SGT-750 gas turbine model, provided by Siemens Energy AB, is designed for
industrial applications and has a simple cycle gross power output of 39.8 MW, [10].
The gas turbine consists of a 13-stage axial air compressor, 8 combustion vessels
and a two-stage axial power turbine. The full design is shown in Figure 1.1, where
the compressor and turbine are colored blue and orange, respectively. The SGT-
750 operates with either gaseous or liquid fuels. The present burner design is also
compatible with hydrogen-containing fuels, up to 40% hydrogen content.

Figure 1.1: SGT-750 gas turbine model, with compressor section colored in blue
and turbine section in orange [10]

1.2.1 Burner

The combustion chambers constitutes a fourth-generation Dry Low Emissions (DLE)
system [10]. A DLE burner is specifically designed to provide good mixing between
fuel and air, and to generate low levels of NOx and CO in the exhaust gas [11, 12]. A
cross section of the burner design is visualized in Figure 1.2, where the DLE burner,
the combustion chamber and the transition duct is marked. The SGT-750 burner
is equipped with four fuel/air lines; two main inlets, a pilot and a Rich-Pilot-Lean
(RPL) stage. The majority of the fuel is injected through the two main channels,
where it is distributed into the flowing air through small holes. Thus, the fuel and
air rapidly mix in the channels before entering the combustion zone. Guide vanes are
placed in both main channels to generate a swirling flow, which is required to obtain
a stable flame. Each of the fuel/air liners also has a separate inlet. This increases
flexibility, since each inlet can be assigned an individual fuel mix and equivalence
ratio. Pre-burned gases enter the combustion chamber through the RPL, which
together with the pilot provides further stabilization of the flame. A transition duct
is mounted at the converging end of the combustion chamber, which leads the gas
flow to the first turbine stage.
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|DLE burner|

[ Convective combustor |

Transition duct

Figure 1.2: Combustion chamber of the gas turbine model SGT-750 [12]. The 4th
generation DLE burner, its combustion chamber and the transition duct is marked.
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Theory

This chapter covers the theoretical background that is needed to grasp the content
of this report, including properties of the fuel, emissions and computational models.
Resent research work on the topics is presented as well.

2.1 Flame characteristics

To characterize, describe and understand the behavior of a fuel in a combustion
process, concepts such as laminar flame velocity (sr), lower heating value (LHV)
and adiabatic flame temperature (T,4) are useful tools. The laminar flame velocity,
also known as the laminar flame speed or laminar burning velocity, is the velocity at
which the front of a premixed flame propagates, relative to the unburned reactants
[13]. The laminar flame speed is defined through equation 2.1

ow b — 4y 12

where T, T, and T}, are the unburned, burned and self-ignition temperature, re-
spectively. « is the thermal diffusivity of the gas mixture and w is the reaction rate.

The lower heating value defines the maximum amount of heat that can be released
from a specific fuel during combustion, under the assumption that possible fuel
moisture and product water is obtained as vapor. This is usually expressed in MJ/kg
fuel. Finally, the adiabatic flame temperature is the uniform temperature of a gas
mixture that has undergone complete combustion under adiabatic conditions. This
temperature is reached when all of the heat released from the combustion process is
used to heat the gas. The adiabatic flame temperature and the laminar flame speed
are both properties of the fuel, but they also depend on the equivalence ratio and
inlet temperature.

2.2 The fuel, its combustion properties and emissions

In this section, the combustion properties of ammonia and hydrogen are explained.
Chemical mechanisms available for simulation of combustion are discussed, as well
as the formation of emissions in the combustion process and present emission limits.
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2.2.1 Characteristics of NH; and H,

Ammonia constitutes a suitable hydrogen carrier due to its much higher boiling
temperature compared to pure hydrogen. Ammonia condensates at -33°C at atmo-
spheric pressure, and remains liquefied at room temperature if pressurized to 9.9 atm
[14]. This makes transportation and storage of NH3 much more convenient and cost-
effective compared to Hy, which either needs to be heavily pressurized to condensate,
or cooled down to -253 °C at atmospheric pressure [15, 3]. However, combustion of
pure ammonia is technically challenging due to flame instability issues. This in turn
originates from the low chemical reactivity of ammonia, leading to low burning ve-
locities and a larger risk of early blow-off [15]. Ammonia also has a much lower
heating value and heat release rate compared to both Hy and conventional natural
gas. The combustion properties of NHs3, Hy and CH,4 (the main component of natu-
ral gas) are summarized in Table 2.1. Here, the maximum burning velocity, sz, maz
of ammonia is reached at an equivalence ratio of 1.1. A definition of equivalence
ratio is given in equation 2.3. Despite its challenges, ammonia has recently gained
interest as a potential fuel for electricity generation, also in gas turbine technologies.
Although gas turbines in theory are fuel flexible, a switch from methane to ammonia
combustion will be a huge challenge. This is primarily due to the large differences
between the fuels [6].

LHV [MJ/kg] | Toa* [K] | Flammability limits, ¢ | Sgmaz [m/S]
NH; 18.6 2073 0.63 - 1.40 0.07
H, 120 2379 0.1-7.1 2.91
CHy4 20 2225 0.50 - 1.7 0.37
Fully cracked NHjy 21.3 2255 - -

Table 2.1: Lower heating value, adiabatic flame temperature, flammability limits
and maximum laminar flame speed for ammonia, hydrogen and methane [14]
*Values obtained in this study, for ¢ = 1.0, T = 300 K, p = 1 bar

In contrast to the low reactivity of ammonia, hydrogen is a highly reactive and fast
burning fuel. Adding H, or partially cracking the ammonia fuel to its elementary
components Hy and Ny, according to reaction 2.2, is an effective measure to increase
the flame speed and flame stability [16, 17]. It must be noted that the process of
cracking ammonia to hydrogen is endothermic. Reaction 2.2 demands 2.7 MJ /kg of
cracked ammonia (46 kJ/mol) [18], which equals almost 15% of its heating value.
However, with a hydrogen content of 17.8% by mass, the gain in LHV of the cracked
fuel is enough to overcome the heat demand of the cracking process. As shown in
Table 2.1, the LHV of cracked ammonia is exactly 2.7 MJ/kg higher than that of
pure ammonia.

NH,(g) — 3Nalg) + SHa(o) (22)

S. Wiseman et al. performed experimental and computational investigations on
turbulent combustion of a fuel mixture consisting of 40% NH3/45% Hy/15% Ny by
volume [6]. This mixture exhibits laminar combustion properties similar to those of

6
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CH,. Their results showed that, for equivalence ratios ¢ € (0.3,0.8), the blow-off
velocity was about an order of magnitude larger than that of methane. S. Choi
et al. performed experimental studies on hydrogen-enriched ammonia flames at
elevated temperatures and normal pressure [19]. Their results revealed that the
maximum flame temperature and blow-off limits increased for hydrogen-enriched
flames, compared to pure ammonia combustion. Thus, Hy addition has the potential
of improving the combustion properties of ammonia flames. M. Ditaranto et al.
performed an experimental study on combustion of partially cracked ammonia in a
small-scale SGT-750 burner, at different decomposition rates. In their study, fuel
mixes of up to 90% ammonia content (by volume) showed strong flame stability at
atmospheric pressure [20].

2.2.2 Chemical mechanism

The ability to accurately reproduce experimental results in terms of flame speed,
flame structure, emissions and ignition delay time in computational simulations is
heavily dependent on the chemical-kinetic mechanism applied to the computational
model. Several chemical mechanisms describing both methane- and ammonia com-
bustion have been developed and updated during the past decades [21, 22]. P.
Zhang, et al. performed a comparative analysis on various combustion mechanisms
for different CHy/Hy/CO/air/diluent-mixes. The predictions of laminar burning ve-
locity by 12 different mechanisms were compared to a collection of experimental
data consisting of 5500 data points from 111 different publications [23]. In gen-
eral, the accuracy of each mechanism was dependent on the operating conditions
and fuel composition. However, for operating conditions that are typically present
in gas turbine engines, their results pointed towards FFCM-1-2016, SanDiego-2014
and NUIG1.1-2021 as the three mechanisms that succeeded to reproduce the exper-
imental data most accurately. The San Diego mechanism (updated 2016) will be
used for simulation of methane combustion in this project.

High accuracy mechanisms often include a complete chemical scheme with hundreds
of elemental reactions and species [21, 22]. Implementing such mechanisms would
lead to huge computational costs, which inhibit practical usage in computational
fluid dynamics models. Instead, short mechanisms have been developed for im-
plementation in computational models. Such mechanisms cover only the reactions
and species that influences the combustion characteristics notably. A short nitrogen
mechanism on hydrogen-oxygen-nitrogen systems was recently proposed by Y. Jiang
et al. [21]. The proposed mechanism is based on the short nitrogen mechanism de-
veloped in San Diego during the 1990’s, and contains 60 elementary reactions and 19
chemical species. In their study, the laminar burning velocity, extinction strain rate
and NOx emission levels were calculated for different NH3 /H, mixes, at equivalence
ratios ranging from 0.6 to 1.4. From the mechanism, nitrous oxide profiles were com-
putationally underestimated, while agreeing with experimental data within a factor
of 2. Moreover, the ignition delay time was calculated for temperatures ranging from
approximately 1600 K to 2500 K, at pressures of 1.4, 11 and 30 atm. The mechanism
was shown to reproduce experimental and tabulated data on NH3/Hs combustion

7



2. Theory

properties with high accuracy (£ 20%) for high pressures and temperatures. Since
high temperatures and pressures are usually found in industrial gas turbines, the
mechanism proposed by Y. Jiang et al. is considered appropriate for the current
application and will be the primary mechanism used in this project.

Purely kinetic or thermodynamic simulations, such as those performed with Can-
tera, are less computationally expensive than CFD simulations. This makes such
models more compatible with extensive chemical mechanism, such as the one pro-
posed by A. Stagni et. al in 2020 [24]. The mechanism includes 31 species and
203 chemical reactions, and was experimentally validated for oxidation of ammonia
under lean conditions (¢ < 0.375), at temperatures between 500-2000 K and atmo-
spheric pressure. The mechanism was also evaluated by T. Indlekofer et al., who
performed chemical reactor network (CRN) and LES simulations on combustion of
approximately 5% cracked ammonia in a gas turbine environment, and compared
to the San Diego mechanism [4]. Their results showed little difference in the NOx
emissions between the mechanisms. Furthermore, no effect on the NoO emissions
was reported. The Stagni mechanism will be used in this project only for sensitivity
analysis of the chemical mechanism on the Cantera model output.

Although the ability of different mechanisms to predict global combustion parame-
ters has been extensively studied, validation of the ability to foresee the production
of important individual species such as N,O is still missing. N,O is typically formed
within the interior of ammonia flames, and decreases in the products after reaching a
peak in the primary reaction zone [21]. The need for further experimental validation
was specifically pointed out by S.A. Alturaifi et.at., who compared the performance
of 15 different chemical mechanisms on ammonia oxidation (including Sandi 2020
but not San Diego), in terms of their ability to numerically reproduce experimental
data on NoO formation during oxidation of ammonia [25]. Their results implied
that none of the mechanisms could accurately predict both NoO mole fraction and
peak production time, two crucial characteristics in modelling of N,O formation.
R.C. da Rocha et al. summarized the numerical performance of NO prediction of 10
different chemical mechanisms, through Cantera modeling of ammonia combustion
[26]. Their results implied strong variations in the NO emissions between the mech-
anisms (with peak values ranging from 2800 to 10500 ppm at 1 bar pressure), again
pointing out the importance of an accurate chemical mechanism to the performance
of numerical simulations on ammonia combustion.

2.2.3 Emissions

If ammonia or ammonia/hydrogen fuel blends are to be implemented as gas tur-
bine fuels, strict control of the NOx emission rates is required. NOx formation
from hydrocarbon fuels has been thoroughly studied throughout the past decades.
However, the formation of NOx in ammonia combustion differs from that of hydro-
carbons since the fuel itself constitutes a source of nitrogen. The formation of NOx
in ammonia/hydrogen combustion has been shown to depend on the equivalence

8
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ratio, fraction of Hy in the fuel, operating temperature and pressure, and degree of
mixing between fuel and oxidizer [1, 4, 20, 27, 28]. A definition of the equivalence
ratio is given in equation 2.3 below

(mfuel/mair)
(mfuel/mair)st

Q=

(2.3)

where index st refers to the ratio of fuel to air mass flow at stoichiometric conditions.
Moreover, humidification of the air flow also reduces NOx formation, although at
the expense of flame stability [1]. In conventional hydrocarbon combustion systems,
the only source of nitrogen is air, thus NOx is mainly formed in regions of high
temperature, so called thermal NOx. In the case of NH3/Hy combustion, equiva-
lence ratios above unity have been shown to reduce the level of fuel-NOx formed in
the process [4, 17, 28]. A reduction in NOx emissions at equivalence ratios close to
the lean blow-out limits was also reported by A.A. Kateeb et al., who investigated
the stability limits and NO emissions of NH3/H, flames experimentally, at ammonia
cracking degrees above 70% and a wide range of equivalence ratios [29].

D. Pugh et al. performed experiments and simulations on NO formation in an am-
monia/air diffusion flame and under premixed conditions (¢ = 0.9-1.2) [1]. They
found that the NO production decreased significantly with increasing ¢, while the
amount of NOy present in the outlet flow was negligible for all equivalence ratios
except ¢ = 0.9. Z. Li and S. Li performed a numerical study on the effect of mixing
on NOx formation in staged ammonia combustion. In their study, minimum NOx
formation was achieved at ¢ = 1.25 [27]. Y.Sun et al. performed RANS simula-
tions on combustion of ammonia/hydrogen fuel blends up to 50% Hs by volume, at
equivalence ratios between 0.8-1.4. Their results showed an increase in outlet mole
fraction of NO with Hy fuel content, and a continuous decrease in NO emissions
with ¢.

Rich fuel-oxidizer blends have been proven to reduce NOx formation, but such blends
also leave unacceptable amounts of unburned fuel in the flue gases. Rich-lean stag-
ing can be used as a measure of mitigating both NOx emissions and unburned fuel,
simultaneously [4, 1, 27]. In a rich-lean staging process, the combustor is divided
into a fuel-rich (low NOx) and a fuel-lean zone. Secondary air is added downstream
of the fuel-rich region to increase the concentration of oxidizer, thus ensuring com-
plete burnout of the fuel. It is important to note that for rich-lean combustors, the
NOx emissions only decrease with primary equivalence ratio up to a certain level.
At excessively high equivalence ratios, the level of unburned NHj that enters the sec-
ondary zone is large enough to generate high levels of NOx in the secondary zone,
thus conquering the emission mitigation obtained by the staging process [27, 30].

For rich-lean staged combustion of NH3/H,, larger reductions in NOx and unburned
fuel were found for premixed flames compared to diffusion flames [1]. M. Ditaranto
et al. found that for low and medium-high ammonia decomposition rates, minimum
NOx emissions were reached at a local equivalence ratio close to 1.3 [20]. Moreover,

9
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they found that the NOx emissions increased with the ammonia decomposition rate,
apart from the case of full decomposition. The minimum NOyx emission rates were
measured to ~500 ppm for low decomposition rates (< 30% overall, by volume),
and close to 1000 ppm for medium-high decomposition rates. Finally, the maximum
NOx level was found at an ammonia decomposition rate of approximately 0.6 at
atmospheric pressure, and 0.7 for a pressure of 15 bar (¢ = 0.9), indicating that the
peak-NOyx decomposition rate increases with pressure. However, their results also
showed a dependency of the peak-NOx decomposition rate on the equivalence ratio.
Rich-lean staged ammonia combustion experiments were also performed by Okafor
et al., where primary zone equivalence ratios between 0.8-1.4 were investigated. In
their study, the minimum NOx emissions were obtained at ¢pz = 1.1 [30].

Combustion efficiency is another important aspect of a combustion process. In
essence, high combustion efficiency is achieved if the gas is fully oxidized at the
combustor outlet. The definition of total combustion efficiency, 7comp.tot, used in this
report is given in equation 2.4. Under rich conditions, the amount of unburned fuel at
the combustor outlet increases with ¢ [28], and hence a second trade-off between low
fuel-NOx and high combustion efficiency is found in ammonia combustion systems.

mNHg,in + mHg,in - (mNH3,out + mHg,ouzﬁ)

(2.4)

Tlcomb,tot = . .
MNHs,in T MH, . in

2.2.3.1 Emission limits

Sweden is a member of the European Union, where relevant emission limits are
provided by the European Union MCP (medium combustion plants) directive. Ac-
cording to the European Union MCP directive (2015), new and already existing gas
turbines (1-50 MWy,) are obligated to maintain their NOx emissions below 50 and
150 mg/Nm3, respectively [31]. Assuming a water content of 16 vol% in the flue
gases, the acceptable emission levels can be estimated on a dry basis. The corre-
sponding emissions measured as pure NO or NO, are given in Table 2.2. Selective
catalytic reduction (SCR) equipment, used for NOx removal, is typically able to
reduce the NOx emissions by up to 90% [32]. Therefore, the emission limits of a gas
flow entering an SCR, which is assumed to reduce the NOx content by 90%), is also
provided in the table.

NOx [mg/Nm?3] | NO [ppmvd] | NOy [ppmvd]
New GT 20 44.5 29.0
New GT with SCR 500 445 290
Existing GT 150 133.4 87
Existing GT with SCR 1500 1334 870

Table 2.2: Maximum allowed NOx emissions for new and already existing gas tur-
bines, 1-50 MWy, [31]

The global warming potential of nitrous oxide is estimated to be between 265 and
298, with a lifetime of 131 £ 10 years [33]. Therefore, the fraction of NyO that
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exits a gas turbine process must be strictly controlled. According to the European
Environment Agency, the average COs emissions from electricity generation in the
European Union 2020 was approximately 230g COs-eq/kWh [34]. For a gas turbine
operating with pure methane, with an electrical efficiency equal to that of the SGT-
750 gas turbine model (40.3%), the carbon emissions would be approximately 490 g
CO2/kWh. If ammonia shall be considered a competitive fuel despite its challenges,
the GWP of the emissions has to be far below that of methane combustion.

2.3 Computational models

This section describes the computational models that are relevant for this project.
CFD models and combustion models are explained, as well as their governing equa-
tions and how they are implemented in the software STAR-CCM+-.

2.3.1 Reynolds-Averaged Navier-Stokes

In the Reynolds-Averaged Navier-Stokes (RANS) framework, transport equations
for time-averaged flow quantities are solved. By solving for the mean properties,
the RANS framework in general constitutes a computationally affordable method
for most engineering applications [35, 36]. However, by time-averaging the instan-
taneous Navier-Stokes equations, extra terms appear that are mathematically un-
closed. The extra terms are turbulent stresses, also known as Reynolds stresses,
which must be modeled explicitly to close the governing equations. Hence, turbu-
lent fluctuations are not tracked explicitly in the RANS framework. Instead, it is
assumed that any local quantity, v, can be decomposed into a sum of its mean and
a fluctuating component;

b=+ (25

where the bar indicate the time-average of quantity ¢, and the fluctuating com-
ponent is denoted by a prime [35]. This assumption is applied to the standard
Navier-Stokes equations before time averaging. The conservative equations for mass,
momentum and energy, as they are implemented in the software STAR-CCM+, are
given in equations 2.6, 2.7 and 2.8, respectively.

o+ V- (0) =0 (2.6
(agf) Ve (prJ) =-V-pl+ V. (T + TRANS) + £ (2.7)
(agtE) tV- (pEfJ) - —V-ﬁfj+V- (T+TRANs)U—V-(_1+fb (2.8)

Here p is the fluid density, U is the mean velocity, p is the average pressure, E
is the mean energy, I is the identity tensor, and f, is the sum of body forces [37].
The stress tensor is composed of two parts; the mean viscous stresses, T, and the
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turbulent stresses, Trans, of which the latter has to be modelled. The turbulent
stress tensor is defined in equation 2.9

2

where p; is the turbulent viscosity, S is the strain rate tensor and k is the turbulent
kinetic energy [37]. Finally, for compressible flows an additional closure law is needed
- the ideal gas law, equation 2.10,

p = pRT (2.10)

where R is the universal gas constant and 7' is the temperature.

2.3.2 Turbulence & turbulence models

Turbulence is characterized by the presence of small scale, spatial or temporal, ran-
dom fluctuations about a large scale mean property in a flow field. The fundamental
theory of turbulence is built upon two main principles, of which the first is separa-
tion of scales [38]. Turbulent energy is generated at large flow scales and transferred
to smaller scales, where the energy is dissipated as heat. The second fundamental
principle of turbulence is based on the two Kolmogorov hypotheses. The first hy-
pothesis states that for turbulence at high Reynolds numbers, small scale motions
are statistically isotropic, i.e. independent of direction. The second hypothesis states
that the turbulent energy field (and thus small scale fluctuations) can be determined
through the viscosity and dissipation rate only. This is used to define the smallest
scales in a flow - the Kolmogorov scales, given in equation 2.11

n = (”;)1/4 = (E)l/2 (2.11)

where 7 and 7, are the Kolmogorov length and time scale, respectively [38]. v is
the kinematic viscosity and ¢ is the dissipation rate. As mentioned in section 2.3.1,
turbulence length scales are not resolved in the RANS framework, and hence the
turbulent motion must be modelled. Several computational turbulence models exist
and are integrated in STAR-CCM+, among them are the two-equation turbulence
models; k-¢ and k-w, and the full closure model, Reynolds Stress Transport Turbu-
lence (RSTT). k-¢ models are commonly used in engineering applications since they
provide a stable and computationally affordable turbulence prediction. The Lag EB
k- has been shown to impose stability for the specific model of this project and will
therefore be integrated in the computational setup.

2.3.2.1 k- models

The k-¢ model is a turbulent eddy viscosity model that solves for the turbulent
kinetic energy, k = %(uf + uf +u’?), and the turbulent dissipation rate, €, through
two primary equations [39]. These two parameters are used to define the turbulent
eddy viscosity, u, according to equation 2.12

]{32
= pCu— (2.12)
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where C, is a dimensionless constant [35]. Turbulent eddy viscosity models are
based on the Boussinesq approximation, which states that the Reynolds stresses are
proportional to the mean strain rate. Another important assumption of the classi-
cal k-¢ model is that of turbulent viscosity isotropy. This assumption is applicable
to the bulk flow in many situations, but not to the boundary layers or in strongly
rotating flows [38]. Finally, it is assumed that the production and destruction of €

is proportional to that of k, which is essential to avoid non-physical negative values
of k [35].

The general k-¢ model assumes the stress and strain tensors to be aligned in a
flow field, although this is not always the case for highly strained flows [40]. The
Lag EB (Elliptic-Blending) k-¢ model takes into account possible misalignment be-
tween these tensors [41]. An elliptic blending function is also applied to improve
low Re near-wall solutions and to reduce the risk to over-predict the production of k
[39]. Simultaneously, high accuracy for high Re bulk flows is maintained. The Lag
EB k-¢ model also provides improved sensibility to anisotropy of turbulence and
rotational flows, which are relevant phenomena in gas turbine applications.

In addition to the two parameters k and ¢, the Lag EB model solves a transport
equation for the reduced, wall-normal stress component, ¢, and the elliptic blending
factor, a [39]. The turbulent viscosity is modified according to equation 2.13. This
equation includes the turbulent time scale, t;, which is given in equation 2.14.

. Cr
— C0k ty, 2.13
pe = pCup mm<t\/§CMS|> (2.13)
3
fo= (’“) c2” (2.14)
19 19

Here C,, Cr and C; are model constants and S is the strain rate tensor. The
transport equations solved for the four variables k, €, ¢ and « are given in equation
2.15 to 2.18, respectively [37]. The values of all model constant are summarized in

Table A.1 in Appendix A.

d(pk .

(gt )iy (h0) =V - (5+ 5;) Vk| 4 Bo-ple—c)+ S (215)
a(p€)+v-(psﬁ):V-K“Jr/”“)vss]JrEClP—C*p £ _% +S: (2.16)
o B o, A elle €2 k tO €

8(p<ﬁ)+v-( )=V |[E 2 wp| 4922 1 P, 45 (2.17)

BT pPY = 2" o, ¥ P ko ® ® :
V. (L’Va)=a-1 (2.18)

Here o4, 0. and o, are model constants, given in Table A.1. F; is a production
term for variable i, and S; is a user-specified source term for variable i. L is the
large-eddy length scale.

13



2. Theory

2.3.3 Unsteady RANS simulations

As explained in section 2.3.1, the ordinary RANS equations are time-averaged. This
means that no large-scale fluctuations are captured. However, it is possible to av-
erage over a very short time, to capture unsteady large scale fluctuations also in
this framework. This method is called Unsteady Reynolds-Averaged Navier-Stokes
(URANS) [36]. To model transient flows in STAR-CCM+, either a user-specified
time step or adaptive time stepping can be applied. The adaptive time-stepping
tool automatically adjusts the time step size, to meet a user-specified criterion for
the temporal resolution [42]. The Courant-Friedrichs-Lewy (CFL) number can be
used to define such a criterion, based on the expression below

uAt
CFL = AL <1 (2.19)
where At is the time step and Ax is the cell size [36]. In other words, the time step
should be less than, or equal to, the time needed for the convective flow to travel the
distance of one cell. The CFL number should be less than one to ensure numerical
accuracy and stability. In STAR-CCM+, this is achieved by specifying the target

mean value of the CFL number, as well as its target maximum value [42].

2.3.4 Combustion models

Below two types of computational models for combustion are described, as well as
the sub models of relevance.

2.3.4.1 Flamelet models

Flamelet combustion frameworks are based on discretization of a large scale turbu-
lent flame into several, local, one dimensional flamelets. The framework is used in
computational models for gaseous combustion and provides reduced computational
costs compared to frameworks which fully resolve the chemical reactions in time and
space [43]. It is assumed that the chemical time scale is much smaller than that of
the velocity field, an assumption that decouples the complex chemistry from the
flow dynamics [44]. This assumption is generally true for high Damkéhler numbers
(Da), which describes the ratio of the flow time scale to the reaction time scale.
Another fundamental assumption is that the flame thickness is much smaller than
the turbulent length scale. This assumption ensures that the local flame structure is
not distorted by vertices in the turbulent flow field. Turbulence and its interaction
with the flame is instead modeled separately in each flamelet framework.

The flamelet models introduce mixture fraction, Z, as a parameter that determines
the local combustion chemistry. The mixture fraction determines the degree of local
premixing of the reactants, given in equation 2.20 for component ¢

2221 my

where m; is the local mass fraction of stream ¢ € (1,n — 1), and n is the number of
streams (eg. fuel, oxidizer and inert) [43]. By solving the transport equation for Z

Z, (2.20)
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and its variance, local chemical properties can be obtained. The averaged transport
equation solved in STAR-CCM+ is given in equation 2.21

gt( Z)+ V- pV—(pr%—;th)V-Z =w (2.21)
where V' is the volume, Dy is the turbulent diffusivity and Scyz is the turbulent
Schmidt number for the mixture fraction [43]. w is a species source term, which is
non-zero only if phase changes are present. For steady-state flows, the transient term
is set to zero. Tables covering the chemical reaction outcomes and mixture properties
as a function of the local thermodynamic state are generated prior to the simulation.
As the simulation is initiated, the species mass fractions are interpolated from the
tabulated values at each grid point, as a function of the obtained thermodynamic
state.

2.3.4.1.1 Flamelet generated manifold The Flamelet Generated Manifold (FGM)
model is a sub-model based on the same principles as the general flamelet model,
with some differences in the governing equations [45]. The FGM model is suitable
for premixed or partially premixed flames. Here, the combustion process is tracked
through the introduction of a progress variable, ¢, which captures the fraction of
burned/unburned fuel. Hence, the usually thin film at the flame edge, in which
combustion reactions take place, is determined by ¢ € (0,1) [44]. Various definitions
of ¢ exist, however ¢ = 0 in the unburned stream. Moreover, flame ignition can be
artificially applied in the FGM model, at a user-specified iteration and position.

2.3.4.2 Reacting species transport

In Reacting Species Transport (RST) models, the chemical reactions are no longer
decoupled from the flow physics. Instead, a transport equation for each species is
solved, and the obtained mass fractions are further processed in a separate chem-
istry solver to generate the products [46]. This method is used in complex chemistry
applications, where the time scale of the reaction kinetics cannot be assumed to be
much smaller than that of turbulent mixing. Since the chemical mechanism is mod-
elled explicitly, this method is also useful for modelling flame ignition and quenching.
There are several RST sub-models available in STAR-CCM+, however, the Complex
Chemistry Model (CCM) is compatible with large chemical mechanisms. Thus, the
CCM model is deemed suitable for modelling the kinetics of this specific project.

2.3.4.2.1 Complex Chemistry Model The Complex Chemistry Model solves a
system of ordinary differential equations based on the implemented chemical mech-
anism. The model integrates the chemical mechanism on the time scale of the cell
residence time, and can handle a wide range of kinetic time scales within one chem-
ical mechanism [46]. The transport equation solved for each species in the Complex
Chemistry Model is given in equation 2.22.

0 0
o (pYi) + e (pu;Yi + Fij) = wi (2.22)
J
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where Y; is the mass fraction of species ¢, F}, j represents the diffusion flux and source
term, and w; is the production rate of species i. Since the effects of turbulence on
the chemical production rate is not resolved explicitly, it has to modeled. Modeling
turbulence-combustion chemistry interactions is difficult in general, especially at low
computational cost [44]. However, there are three models for turbulence-chemistry
interactions available in STAR-CCM+, which are all compatible with RANS cal-
culations. The models are the Laminar Flame Concept (LFC) model, the Eddy
Dissipation Concept (EDC) model and the Turbulent Flame Speed Closure (TFSC)
model [46]. All three models have been previously used to model combustion in in-
dustrial applications, such as a methane jet in cross flow [47, 48], Sandia flame D [49]
and hydrogen combustion [50]. The TFSC model is however based on the flamelet
concept, and requires a correlation for the laminar- and turbulent flame velocities
to be specified prior to the simulation. Since no such correlations are available in
the literature for the NHz/Hy fuel mixes of interest, the TFSC model was deemed
unsuitable for this specific project.

The LFC and EDC models define the production rate of species ¢ by equation 2.23

%) 229

wz‘zpf(

where f is the mean reaction rate multiplier, 7 is the residence time and Y;* is the
species mass fraction obtained after integration over a time step [46], see equation
2.25. The LFC model assumes the variable f to equal unity, and the residence time
is chosen as the cell residence time. For EDC, the time scale is set equal to the
Kolmogorov time scale, equation 2.11, and the variable f is calculated according to

equation 2.24,

3 -1

f= ~1 (2.24)

o vCiaTy, 0-25
i1 7

where C}; and Cjs are the fine structure length constant and time constant, respec-
tively [46]. Their default values are given in Table A.2 in Appendix A. L, is the
turbulent length scale. Equation 2.24 typically generates f < 1, thus EDC predicts
a lower reaction rate compared to LFC. The species mass fraction integration is
performed as shown in equation 2.25 for both models.

W:n+/mﬁ (2.25)
0

Here r;, is the sum of the rates of all reactions that involve species i, based on the
respective Arrhenius expressions [46]. Since both the LFC and EDC model explic-
itly calculates the species production rate, based on the chemical mechanism, both
models will be used and compared within this project.

Integrating a complex chemistry solver into a CFD model can be computationally

demanding. In STAR-CCM+, the complex chemistry model offers several chem-
istry acceleration features to reduce computational time, among them the clustering
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method [46]. The clustering feature groups cells of similar thermal and chemical
state, based on user-specified parameters and clustering limits, and solves for the
average properties of the grouped cells. The default clustering parameters for steady
solvers are temperature, equivalence ratio, mass fraction of OH, and chemical time
scale. For unsteady solvers, temperature, equivalence ratio, and mass fraction of
OH are the default clustering parameters. A second acceleration method is the in-
situ adaptive tabulation method (ISAT), which tabulates the chemistry ordinary
differential equations, and interpolates the solution from the tables.

2.3.5 Cantera

Cantera is an open-source chemical toolbox that provides calculation assistance for
problems involving chemical kinetics, thermodynamics and transport processes [51].
In this project, Cantera will be used to simulate chemical reactors and one dimen-
sional flames.

2.3.5.1 Chemical reactors

Chemical reactors can be modelled through Cantera, at either transient or steady
state conditions [51]. For steady solutions, a transient reactor is modelled and, start-
ing from specified initial conditions, advanced in time until the solution is converged.
Two of the available reactor types are; the zero dimensional ideal gas reactor (also
known as perfectly stirred reactor, PSR) and the constant pressure reactor, where
the volume and pressure is constant in the respective models. A plug flow reactor
is modelled as a series of perfectly stirred reactors. All available reactor models
solve for conservation of total mass and species according to equation 2.26 and 2.27,
respectively.

d
dirtn’ = Z M — Z Mot + Maall (226)
n out
d(mY;
(Tgt k) = Z mank,zn - Z Mout Y + mk,gen (227)
n out

Here m is the mass of the reactor content and 72 in the mass flow [51]. Y} is the
mass fraction of species k. The term 7,4, covers the mass flow due to potential
surface reactions (not present herein) and 1y g, represents the total generation of
species k through chemical reactions. The energy equation is formulated somewhat
differently for the different reactor models, however, the ideal gas reactor energy
equation is solved for temperature, as given in equation 2.28

dT dv pV
mcy,——

- Py Q+ %;mzn (hm — ;Ukykm> - 2 Moyt — ;mk,genuk

(2.28)
where h is the enthalpy, and ¢, is the heat capacity of the reactor content, at constant
volume. @ is the heat transfer through the reactor wall, equal to zero for adiabatic
processes.
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2.3.5.2 1D Flames

There are four types of one dimensional flame models available in Cantera, with
the only difference in the modelling parameters being the boundary conditions [51].
The freely-propagating, premixed, laminar and adiabatic lame model will be used
to model the burner flame in this project. The conservative equations for mass,
radial momentum, energy, and species, solved for a 1D flame in cantera are given in
equation 2.29 through 2.32 below

aap: +20- =0 (2.29)

pua(gir) +p (;})2 =—-A+ ;Z (u?j) (2.30)
Pucpaaf = 882 (Aaaf> - zk:jk‘cp,kgz — z}; Py Wiy, (2.31)
pua;j = —%jz'“ + Wi (2.32)

where v is the radial velocity, A is the pressure eigenvalue, A is the thermal con-
ductivity, and Wy, is the molecular weight of species k [51]. jj is the diffusive mass
flux of species k, which for the multi-component model formulation is calculated
according to equation 2.33 below

- pW

0X; D{ or
Jk = —=
W2

Y WiDpi—— — = —— (2.33)

0z T 0z

where W is the average molecular weight of the gas mixture. Dy, is the multi-
component diffusion coefficient and D} is the Soret diffusion coefficient [51].
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Methods

The combustion process was modeled with three different approaches; CFD, CRN
and 1D flames. The first part of this chapter describes the geometry, the mesh and
the static boundary conditions of the CFD model (section 3.1 and 3.2). Section 3.3
discusses the method development process and different computational setups of the
CFD model. Section 3.4 gives the methodology of the CRN and 1D flame simulations
performed with Cantera. Finally, section 3.5 shortly describes the approach for post-
processing of the results.

3.1 Geometry and mesh

The 30-degree sector model used in this project is shown in Figure 3.1. Here the
inlet boundaries and the main outlet are marked with numbers 1-6. The majority
of the air enters through the liner- and casing inlets (number 3 and 4 in Figure 3.1
respectively), while only a small part of the total air flow enters through the pilot
and RPL (both located at number 5 in Figure 3.1). Similarly, the majority of the fuel
enters through main channel 1 and 2 (number 1 and 2 in Figure 3.1 respectively).
Only a few percent of the total mass flow of fuel enter though the pilot and RPL,
see Table 3.1. All of the gas that enters the combustion chamber exits through the
main outlet, indicated by number 6 in Figure 3.1.

Figure 3.1: 30-degree sector model of the SGT-750 burner used in the simulations.
The controlled in-and outlets are numbered as follows; 1) Fuel inlet, main 1. 2) Fuel
inlet, main 2. 3) Air inlet, liner. 4) Air inlet, casing. 5) Pilot and RPL inlet. 6)
Main outlet.
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The mesh consisted of 5.6 million cells in total. Mesh refinements added by M.
Safari, S. Reinberth and W. Charoenchang, previously employed at Siemens En-
ergy AB, were covering the main channels and the upper transition region |7, 8, 9].
Further mesh refinements were added to the transition region between the main
channels and the combustor, and to the combustor walls close to the DLE burner
section. The meshed mid-plane is shown in Figure 3.2, where the darker sections
indicate a denser and finer mesh. Since a lot of work was already put into optimizing
the burner geometry and its mesh, no further mesh changes were performed in this
project.

Figure 3.2: Sector model mesh, shown at the 2D mid-plane

3.2 Boundary conditions

The two main inlets for fuel and air were all defined as mass flow inlets. The pilot-
and RPL boundary was specified as a velocity inlet, and the velocities were cal-
culated through Cantera (see section 3.4) for each fuel composition. The ratio of
mass flow at each boundary inlet to total mass flow was kept constant and is given
in Table 3.1. The absolute mass flow of fuel was allowed to vary, while the mass
flow of air was kept constant through all simulations. The total mass flow of fuel
was adjusted to obtain a constant global flame temperature in the combustor. The
normalized inlet temperatures are also provided in Table 3.1, where the base of nor-
malization was set to the air inlet temperature. The temperatures at the RPL and

pilot boundaries were not constant in all simulations, hence they are not included
in Table 3.1.

Liner | Casing | Main 1 | Main 2 | Pilot | RPL

Air mass fraction 0.72 0.25 0 0 0.027 | 0.0037

Fuel mass fraction 0 0 0.27 0.70 0.03 | 0.0011
Normalized temperature 1 1 0.38 0.38 - -

Table 3.1: Normalized total temperature and mass flows at each each boundary
inlet
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3.3 Development of computational method

The CFD simulations were performed in STAR-CCM+, version 16.06.012-R8. Sev-
eral computational models and settings for implementation of chemical reactions
were tested and evaluated. In this section, the iterative work flow and the various
computational models are declared, and their performance is summarized.

3.3.1 Validation of combustion model

The methodology development process was initiated by an overall validation of the
geometry and its flow fields under combustion. Comparison of the sector model un-
der methane combustion, using the FGM model and the San Diego mechanism from
2016, against a full scale model of the same burner was performed. This validated
the velocity fields, the behaviour of the flame and its position in the sector model.
Later, the complex chemistry model was implemented with the same chemical mech-
anism. Even though the computational cost of the complex chemistry model is much
greater compared to the FGM model, the complex chemistry model was chosen pri-
marily to enable the implementation of different fuel compositions at the different
inlets, a feature that is not available with the flamelet models.

For complex chemistry modeling, both the EDC and LFC models were tested and
evaluated in terms of their ability to reproduce the combustion characteristics ob-
tained for the full-scale model. As mentioned in section 2.3.4.2, the EDC model
typically under-estimates the reaction rate compared to LFC. As the EDC model
was implemented, no flame was obtained for methane, and neither for the ammonia-
hydrogen fuel mix. Hence, it was clear that the underestimation of the reaction rate
was large enough to make the EDC model unsuitable for this particular application.
However, by implementing the LFC model, a stabilized flame was obtained, and this
model was used onwards. This result is in agreement with that of B. Stiehl et al.
who simulated turbulent combustion of a jet in cross flow with the RANS framework
and the same computational combustion models [47].

3.3.2 Complex chemistry acceleration

To reduce the computation time of the complex chemistry solver, thus enabling a
larger number of simulations to be performed withing the time frame of this the-
sis project, two complex chemistry acceleration features were tested; the clustering
method and the ISAT method. For the clustering method, mass fraction of both OH
and NO were tested separately as clustering parameters for the steady solver (in ad-
dition to the default parameters; chemistry time step, temperature and equivalence
ratio), and their effect on the species outlet concentrations was evaluated. Both
clustering parameters were shown to reduce the concentration of NoO by several
orders of magnitude compared to the simulations with no clustering. This indicated
that the clustering feature is not feasible with the applied chemical mechanism.
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The In-Situ adaptive tabulation (ISAT) method was applied as a second option
for chemistry acceleration. In contrast to the clustering feature, the ISAT feature
over-predicted the concentration of NoO at the outlet, compared to the simulations
without chemistry acceleration. An example of the N,O variation with chemistry
acceleration method is given in Appendix B.3. Since the results to a great extent
was dependent on the choice of chemistry acceleration method, the final simulations
were performed without such acceleration.

3.3.3 Steady-state monitoring

The RANS framework was used together with the Lag EB k-¢ turbulence model.
Unfortunately, the steady solver showed great difficulties in convergence. The mon-
itored properties (temperature and species mass fractions) at the outlet were oscil-
lating, with increasing instability for lower ammonia cracking degrees. An example
of the oscillating behaviour of a species mass fraction is provided in Appendix B.1.
To overcome this problem, two methods were tested and compared; 1) The oscillat-
ing data obtained from the steady solver was averaged over 2000 iterations, 2) The
unsteady solver (URANS) was selected and a time-average of each parameter was
calculated.

The results of the time-averaging method was was shown to be heavily dependent
on the time step size. An example of the time-step dependency of NoO mass fraction
is given in Appendix B.2. Therefore, an adaptive time step size was enabled, with a
CFL-number below 1. This resulted in a time-step size close to 10~7 s. Such a time
step demanded a tremendous simulation time, even when initiated from a steady
solution. After comparing the results of a steady and an unsteady solution at 30%
cracked ammonia, no large differences in the monitored properties at the combus-
tor outlet could be detected. Hence, approach number 1) in the paragraph above
was selected for the simulations. The visual attributes of the flame such as shape,
position and temperature distribution were, however, not affected by the change of
models.

The parameters used to evaluate stability and convergence were; temperature and
mass fraction of NO, NO5 and N»O, respectively. The named properties were tracked
at the outlet boundary, until steady mean values of all parameters were achieved.
It was also ensured that the temperature at the outlet was within a range of 10 K
from the desired turbine inlet temperature. This ensured that potential differences
in emission levels between the simulations were caused primarily by the difference
in fuel composition, and not by a difference in combustion temperature.

3.4 Cantera

The python-integrated chemical kinetics tool Cantera was used to generate the
boundary conditions of each CFD simulation, and to estimate the adiabatic flame
temperature and laminar flame velocity of different fuel mixes. Due to their sim-
plicity and low computational costs, chemical reactor networks and one-dimensional
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flames were also used as complementary methods for simulating the combustion pro-
cess and to find useful trends describing the emissions. The procedures are described
in this section. In all simulations, the pressure and combustor outlet temperature
were kept constant. The short San Diego mechanism was applied to all Cantera
models. To evaluate the effect of the chemical mechanism on the emissions, the
Stagni mechanism was also applied to the Cantera models. The results are given in
Appendix C.3.

3.4.1 Boundary conditions

All variable boundary conditions of the CFD simulations were generated through
Cantera. For the lean combustion cases, the only input variable was mass fraction
of cracked ammonia, specified at each of the four inlets. While for rich combustion,
equivalence ratio was added as a second input variable. To mimic the introduction of
pre-burned gases into the combustor through the RPL, the species mass fractions at
the RPL boundary were generated using the equilibrate function in Cantera. This
function puts the gas mixture to chemical equilibrium at constant enthalpy and
pressure [51].

3.4.2 Chemical reactor network model

The combustion process was simulated through a chemical reactor network (CRN)
in cantera. The CRN outline is shown in figure 3.3a. The combustion chamber was
divided into two sections, a zero-dimensional perfectly stirred reactor (PSR) and a
one-dimensional plug flow reactor (PFR). The respective volumes of the two reac-
tors were adjusted to capture the physical flow field properly. The PSR zone was
positioned at the flame root, and sized to cover the recirculation zone that appeared
in the first part of the combustion chamber. The axial velocity field is shown in
figure 3.3b, where the recirculation zone is indicated by the negative axial velocity
colored in blue. A recirculating flow field provides enhanced convectional mixing of
the gas, which motivates the choice of a PSR at this location. The PFR was posi-
tioned downstream of the recirculation zone, where the axial velocity is uniformly
directed towards the outlet.

In the PSR zone, the fuel and primary air was assumed to be homogeneously mixed
throughout the entire volume, while in the PFR region the gas flow was assumed to
be perfectly mixed only in the radial direction. The PFR region was modelled as a
series of thin PSR reactors, distributed along the axial coordinate. The secondary
air and the PSR outlet flow was mixed prior to entering the PFR region, as shown
by the mixing zone in Figure 3.3a. For the simulations without air-staging, the PSR
products were assumed to enter the PFR zone directly from the PSR zone, hence not
passing the mixing zone. The emission levels of NoO, NO, and NO, were evaluated
at the outlet of each reactor zone.

To simulate rich-lean staged combustion also through CFD, a model combining
CFD and CRN was set up according to figure 3.4. The exhaust gases from the CFD
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simulations were injected into a mixing zone with secondary air before entering a
PFR, see Figure 3.4.
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Figure 3.3: Chemical reactor model and axial velocity field at the combustor mid-
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Figure 3.4: Layout of combined CFD and CRN model used for fuel-rich combustion

3.4.3 One-dimensional flames

The air-staged combustion process was simulated by a combination of a 1D flame,
a mixing zone and a PFR, according to the layout in Figure 3.5. The 1D flame
was assumed to be freely propagating, laminar and adiabatic. The width of the 1D
flame was set to 3 mm (in agreement with the flame thickness obtained by Q. Fan
et al. [52] for ammonia flames, however slightly in excess of that by Y. Jiang et
al. [21] for partially cracked ammonia), and the multi-component transport model
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was applied. 1D flames were also used to estimate the laminar flame velocities and
adiabatic flame temperatures of different fuel compositions and equivalence ratios.

2nd air inlet

Mixing zone

Figure 3.5: Outline of the 1D flame + PFR model

3.5 Post-processing

The temperature, total mass flow and species mass fractions were tracked at the
combustor outlet in all of the three methodologies presented. The species mass frac-
tions of NO, NOs and N,O were used to evaluate the emission performance of the
combustion, while NH3 and Hy were used to evaluate combustion efficiency accord-
ing to equation 2.4. The emissions were normalized to 15 vol% O, on a dry basis, as
suggested by C.E. Baukal and P.B. Eleazer [53]. A gas turbine electrical efficiency of
40.3 % was assumed, which is equal to the SGT-750 simple cycle gross efficiency for
power generation [10]. The global warming potential of NoO was assumed to be 298
times that of CO,, see section 2.2.3.1. The flame stability was evaluated through
visualization of the temperature field at the mid-plane of the CFD sector model in

STAR-CCM+.
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Results & Discussion

In this chapter the results of the simulations performed on cracked ammonia com-
bustion are presented and discussed. The chapter is initiated by a presentation of
the CRN emissions, followed by the results of the combined 1D flame + PFR model.
Later, the CFD results are visualized, and this is followed by a discussion on the
differences between the CFD and Cantera models. The estimated flame properties,
T,; and sy, are presented in Appendix D. For air-staged combustion, the cases of
fuel-rich conditions in the primary zone, i.e. ¢pz > 1, are referred to as rich combus-
tion, while cases with ¢p; < 1 are referred to as lean combustion. In all simulations,
the short San Diego mechanism was applied. The results of the Stagni mechanism
are provided in Appendix C.3.

4.1 Chemical reactor network models

This section gives the results of the simulated chemical reactor network. The emis-
sions of the single stage combustion cases are presented, followed by those of air-
staged combustion. If not stated otherwise, the pilot and RPL inlets were constantly
fed with a fuel mix of 42.8% cracked ammonia by mass. The cracking degree of the
main channels ranged from zero to one. Note that all cracking degrees are reported
on a mass basis.

4.1.1 Single stage combustion

The total mass flow of fuel was adjusted to maintain the specified global flame
temperature. The applied global equivalence ratios are given in Table 4.1 as a
function of ammonia cracking degree. The combustion efficiency of all simulations
was greater than 99.995% and is thus not reported explicitly.

CD 00 ]001}0102]03]04)05]| 06/ |07/ 08|09 099

1.0

Gglobar | 0.46 | 0.45 | 0.45 | 0.44 | 0.43 | 0.42 | 0.42 | 0.41 | 0.40 | 0.40 | 0.39 | 0.39

0.39

Table 4.1: Global equivalence ratio applied for each fuel composition

Figure 4.1 shows the emission levels of NOx (NO + NO,) and N,O, normalized to
15% O, content by volume. The results are given as a function of ammonia cracking
degree in the main channels. The global warming potential of the N,O is given as

COg equivalents per kWh of electricity produced. The NOx emission level increases
with CD until it reaches a peak value of 875 ppmvd at CD = 0.8. This NOx trend
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is similar to that obtained by M. Ditaranto et al., whose peak value was obtained
at CD = 0.8 by volume (0.67 by mass), at a similar equivalence ratio and 15 bar
pressure [20]. As stated in section 2.2.3, the peak-NOx CD is likely to increase with
pressure. Since the combustor pressure in this simulation was fixed at 23 bar, a
somewhat higher peak-NOx CD than that of 15 bar would be expected.

The NOx emissions were found to be comprised of more than 95 % NO, and hence
less than 5% NOs, on a mass basis. When comparing the calculated NOx emissions
in Figure 4.1 to the NO emissions limits, presented in Table 2.2, it is clear that the
emission limits for existing gas turbines could be reached with single stage ammonia
combustion, at any cracking degree, if applying additional SCR to the exhaust gas.
It should be noted that the NOx generated at CD = 1.0 is most likely due to the
ammonia present in the pilot and RPL, and is not generated from the combustion
of hydrogen.

The GWP displayed in Figure 4.1 is lower than that of methane combustion, for all
CDs. However, only CD > 0.4 generates a GWP below the EU average of 230 g
COs-eq/kWh. The maximum N5O emissions of roughly 100 ppmvd were generated
for combustion of pure ammonia, with a corresponding GWP of 434 g CO5-eq/kWh.

Emissions Vs. cracking degree
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Figure 4.1: NOx and N,O emissions from the CRN model, and corresponding CO»-
eq for single stage combustion, as a function of ammonia cracking degree in the main
channels

4.1.2 Air-staged combustion

The primary zone equivalence ratio (¢pz) of the air-staged combustion simulations
ranged from 0.5 to 1.5. The global equivalence ratio was ensured to match the local
equivalence ratio applied to each of the inlets (main 1, main 2, pilot and RPL).
The combustion efficiency of all simulations was greater than 99.995% and is not
reported explicitly in this section.
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Figure 4.2 shows the NOx emissions from the secondary zone of the chemical reactor
network, normalized to 15% O, by volume. The graph to the left represents the rich
combustion cases (¢pz € [1.1,1.5]), while the graph to the right gives the results of
lean and stoichiometric combustion (¢pz € [0.5,1.0]). The trends and emission lev-
els on the lean side agree well with those obtained by M. Ditaranto et al. [20], who
found peak-NOx emissions between 1100-1700 ppmvd at ¢ = 0.9 (emission levels
presented herein are slightly higher due to the constant cracking degree of 42.8% in
the pilot and RPL), for a single stage CRN. In figure 4.2 the lowest lean emissions
were achieved at ¢py = 0.5. Note that this is the lowest ¢p, presented in the figure,
and that both the NOx emissions and the equivalence ratios of the single stage pro-
cess (Figure 4.1) are below the minimum of the air-staged combustion. This result
indicates a decrease in NOx emissions as ¢ approaches the lean blow-out limit, as
previously reported by A.A Khateeb et al. [29].

The NOx emissions from lean staged combustion are in general very high, and most
cases are not likely to reach the emission limits even with applied SCR. On the other
hand, the NOx trends on the rich side show more promising results compared to the
lean side. Here, all combinations of CD and ¢pz show the potential of satisfying the
NOx emission limits of 150 ppmvd for existing gas turbines, if combined with SCR.
For cracking degrees above 0.4, is could be possible to reach the NOx emission limits
also of new gas turbines. Thus, the results indicate that cracked ammonia under
rich-lean staged combustion possesses good potential oas a low emissions gas turbine
fuel, for ¢pp, > 1. Since the current SGT-750 combustor model is not equipped with
a secondary air inlet, substantial geometrical re-design of the current gas turbine
engine has to be performed to implement air-staged combustion.

Minimum NOx emissions of 500 ppmvd were found at ¢pz = 1.1 for pure ammonia.
The obtained ¢py is equal to that of E.C. Okafor et al. [30], however the NOx level
is larger by approximately an order of magnitude. The emissions reported in Figure
4.2 are also more than three times those found by K.D.K.A. Somarathne et al. (162
ppm NO), at ¢pz = 1.2, p = 0.5 MPa, and CD = 0 [54]. However, the value at ¢pz
= 1.4 closely matches that obtained by K.D.K.A. Somarathne et al. (891 ppm NO).

The NyO emission from the secondary zone of the CRN are shown in Figure 4.3,
normalized to 15% O, by volume on a dry basis. Similar to section 4.1.1, the N,O-
emissions show a negative trend with increasing CD, for all ¢pz. The trend with
¢pz is positive for rich combustion, while the opposite is true for lean combustion.
Hence, to minimize N,O emissions, the primary zone should be operated close to sto-
ichiometric conditions, independent of fuel composition. The corresponding GWP
values are given in Table C.2 in Appendix C.1. It should be stressed that only one
combination of CD and ¢pz generates a GWP higher than that of methane, namely
CD = 0 at ¢pz = 1.5. Moreover, only a few combinations generate a GWP above
the average of the European Union (230 g COg-eq/kWh). These are found at CD
< 0.1 and ¢pz = 0.5, CD < 0.1 and ¢pz = 1.4, as well as CD < 0.3 and ¢p; =
1.5. Hence, air-staged combustion of cracked ammonia shows promising potential
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4. Results & Discussion

as a fuel with low greenhouse gas emissions. To achieve low emission levels of both
NOx and N,O, the air-staged combustor should thus be operated with ¢p, = 1.1-1.2.

NOx vs cracking degree, SZ
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Figure 4.2: NOx emissions from the air-staged combustion CRN, as a function of CD
and ¢pz. Rich combustion cases are shown in red (left graph) and lean combustion

is shown in blue (right graph)
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Figure 4.3: N,O emissions of the air-staged combustion, as a function of CD and
¢pz. Rich combustion cases are shown in red (left graph) and lean combustion is

shown in blue (right graph)

4.2 One-dimensional flames

The results from the second Cantera model, consisting of a combination of a 1D
flame and a PFR, are presented in this section. Firstly, the non-staged combustion
results are presented. This is followed by the air-staged simulations. In both cases
the ammonia cracking degree ranged from zero to one. The simulations were per-
formed also with the Stagni mechanism, and the results can be found in Appendix
C.3. Overall, the two mechanisms produced similar results in terms of NOx and
N,O emissions. One-dimensional adiabatic flame simulations were also performed
to estimate the adiabatic flame temperature and laminar flame velocity of different
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4. Results & Discussion

fuel compositions. The results are presented and discussed in Appendix D.

Figure 4.4 shows the NOyx and N,O emissions from the single stage combustion, as
a function of cracking degree in the main channels. The NOx production is similar
to that of the CRN model in section 4.1.1, but with a peak-NOx CD of 0.9 instead
of 0.8. The peak-NOx emission level is also considerably higher compared to the
CRN simulation (1270 Vs. 875 ppmvd), thus approaching the emission limit for
existing gas turbines. Moreover, the NoO emissions are below 0.5 ppmvd for all
fuel compositions. Hence, from the 1D flame model, the GWP of the flue gases is
negligible (not shown here), a result that is not in agreement with the CRN simu-
lations in Figure 4.1. The disagreement between the two models indicate that the
N,O production rate is heavily dependent on the model formulation. In this case,
a higher production rate is detected for the CRN model compared to the 1D flame
model.

Emissions of 1D flame + PFR vs. cracking degree (main 1 & lz}ﬂ
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Figure 4.4: NOx and N5O emissions of the combined model consisting of a 1D flame
and a PFR, as a function of cracking degree in the main inlets

Figure 4.5 shows the NOx emissions of air-staged combustion, as a function of crack-
ing degree in the main channels and for different equivalence ratios. Cases with a
lean primary zone are colored blue, while the rich-lean staged cases are colored red.
Similar to the CRN results, the NOx emissions generated for ¢py; < 1 peaks at ¢ppz
= 0.8 and CD = 0.8, though at a value of approximately 3800 ppmvd instead of 2900
ppmvd as obtained by the CRN model. The results in Figure 4.5 show overall high
levels of NOx for lean combustion, compared to the desired emission level. With
addition of SCR, the cases with potential of reaching the NOx emission limits for
existing gas turbines are those with ¢p; = 1.0, ¢ppz = 0.5 at CD < 0.6, and ¢py =
0.6 at CD < 0.1.

At ¢pz > 1, the NOx emission levels are below the target of existing gas turbines, at

all fuel compositions. Several fuel compositions of high ammonia content show NOx
emissions below 100 ppmvd, a results achieved experimentally by A.A. Khateeb et
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al. [29] for ammonia volume fractions of at least 70%.

The results on the rich side, Figure 4.5, agree well with those of the CRN simulations
for cracking degrees close to one. However, at lower cracking degrees, the emissions
of the 1D flame model are approximately an order of magnitude lower compared to
the CRN model. The two simulation techniques also generated significantly differ-
ent NOx trends with CD. The lowest NOx emissions of the 1D flame model were
obtained at ¢py = 1.3, slightly higher than ¢pz = 1.1 as in the CRN model. The
trend of the 1D flame model is in closer agreement with the experimental results
obtained by M. Ditaranto et al. [20]. Their results showed minimum NOx emissions
at ¢py = 1.3, though at levels of ~200-800 ppm at cracking degrees up to 30%, as
compared to less than 20 ppm reported herein.
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Figure 4.5: NOx emissions from the combined 1D flame and PFR, as a function of
cracking degree and equivalence ratio
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Figure 4.6: N,O emissions from the combined 1D flame and PFR, as a function of
cracking degree and equivalence ratio

The N5O emissions are shown in Figure 4.6. Almost all cases resulted in N,O
emissions below 1 ppmvd, with a few exceptions at ¢pz = 1.4 and ¢pz = 1.5. Hence,
the 1D flame simulations indicate that the NyO in the exhaust gas are independent
of both cracking degree and primary zone equivalence ratio. The corresponding
GWP is also negligible. Since this was not the case for the CRN model, it is again
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4. Results & Discussion

clear that the estimated emissions of NyO are heavily dependent on the applied
chemical model. The results obtained with the Stagni mechanism (Figure C.6a to
C.7b in Appendix C.3) also differ from those presented in this section. As already
pointed out by S.A. Alturaifi et al. [25] (see section 2.2.3), experimental validation
data is required to verify both the computational chemistry models and the chemical
mechanism. Moreover, a chemical-kinetic analysis covering the reaction pathways
and reaction rates would be useful to, in detail, address the differences between the
respective models.

4.3 CFD simulations

This section provides the results of the CFD simulations. Emissions and flame
stability of several fuel compositions under lean combustion is discussed, followed
by the results of rich combustion. The ammonia cracking degree ranged from zero
to 0.99 for lean combustion, and the respective global equivalence ratios are given in
Table 4.1. Rich combustion was performed with ammonia cracking degrees between
0.01 and 0.3. CD = 1.0 was not investigated due to assumed practical limitations
in the purity of the cracked fuel products.

4.3.1 Lean combustion

Table 4.2 shows the NoO and NOx emissions on a dry basis, normalized to 15% O,
by volume. The table also includes the total mass flow of fuel (7,0, ) NOrmalized
against the fuel mass flow at pure ammonia combustion, as well as the corresponding
GWP of the emitted NyO in g COs-eq/kWh. Combustion efficiencies greater than
99.993% were achiever in all simulations, with the maximum ammonia slip being
less than 5 ppmvd.

The required mass flow of fuel decreases with increasing cracking degree (i.e. in-
creasing hydrogen content). This is due to the heating value and adiabatic flame
temperature of cracked ammonia being higher than that of pure ammonia, as dis-
cussed in section 2.2.1. A higher LHV leads to a greater heat release at full com-
bustion. Hence, for a constant mass flow of air, the temperature can be controlled
only through the mass flow of fuel.

The N5O emissions in Table 4.2 are unacceptably high for ammonia cracking degrees
below 0.1. The high N5O emissions are likely an effect of the flame instabilities seen
for the same cracking degrees. This phenomena is visualized in Figure 4.8 and 4.9,
and is further discussed in section 4.3.1.1. However, at CD > 0.1 the N,O emissions
generate a GWP that is much lower than both that of methane and the EU aver-
age. This result is in agreement with the 1D flame + PFR model and indicate that
cracked ammonia is competitive as a gas turbine fuel, with respect to greenhouse
gas emissions.

The NOx emissions of the CFD model behaves similar to the 1D flame + PFR model.
The peak-NOx level is found at CD = 0.9, however at a notably higher value of 1795
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ppmvd (compared to maximum 1270 ppmvd seen in section 4.2). Apart from the
peak at CD = 0.9, the results in Table 4.2 indicate that cracked ammonia has good
potential of reaching the NOx emission limits of existing gas turbines, if combined

with additional SCR.

CD (main 1 & 2) | NoO (ppmvd) | NOx (ppmvd) | m,0rm | CO2-eq (g/kWh)
0.0 534.2 7T 1.0 2308.3
0.05 151.6 610 0.99 653.5
0.1 16.5 626 0.98 70.7
0.15 12.7 639 0.97 54.4
0.2 9.7 611 0.96 40.5
0.3 2.0 640 0.95 8.1
0.4 0.9 642 0.93 3.6
0.5 0.5 652 0.92 2.5
0.6 0.4 655 0.90 1.7
0.8 0.4 1339 0.87 1.6
0.9 0.4 1795 0.86 1.6
0.99 0.4 842 0.85 1.6

Table 4.2: Emissions and normalized mass flow from the CFD simulations, as a
function of ammonia cracking degree

4.3.1.1 Flame visualization

The temperature field of a stabilized methane flame is provided in Figure 4.7 and
will be used as reference in the evaluation of the visual behavior of the cracked am-
monia flames. The temperature fields are used to estimate the flame position, where
the parts colored in red can be assumed to enclose the flame. The flame front will be
referred to as the yellow transition region, in which the temperature transfers from
green to red. The flame in Figure 4.7 is stabilized, and characterized by the posi-
tion of the flame root (with sufficient distance to the inlets to avoid flashback), its
thin flame front, and a uniform temperature distribution in the combustion chamber.

\\

Low

Temperature

High

Figure 4.7: Temperature field of methane combustion

The normalized temperature fields of the lean, single stage ammonia combustion
simulations are shown in Figure 4.8. Here, the temperature has been normalized
with respect to the maximum temperature present among the lean flames. The
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cracking degree of the fuel in the main channels is specified to the right of each
picture. From Figure 4.8, a lower CD seems to generate a more stretched flame
compared to the flame in Figure 4.7. This is indicated by the axial coordinate at
which the upper flame edge reaches the wall, and by the distance between the flame
edge and the burner wall. A stretched flame may cause enhanced instability and
a risk of incomplete chemical reactions, leading to a negative effect on the turbine
efficiency and a risk of finding impurities in the gas as it enters the turbine. It should
also be noted that the flame fronts in Figure 4.8 are visually thicker than that of
the methane flame in Figure 4.7, for low cracking degrees. The wider flame front
is most likely caused by computational instabilities, and does not indicate that the
actual thickness of the ammonia flames is greater than that of a methane flame.
This could however indicate that the flame is characterized by geometrical fluctu-
ations, which causes smearing of the flame front in the time-averaged RANS solution.

At 40-70% cracked ammonia, the flame closely resembles the methane flame. The
thickness of the temperature gradient between the unburned and burned gases is
thin compared to the cases with lower cracking degree, indicating a less fluctuat-
ing behavior of the flame front. This gives an indication of high flame stability for
cracking degrees of at least 40% in the two main channels. This result is in line with
the experimental results reported by Wiseman et al., who found similar combustion
properties of a 40% NH3/45% H2/15% N2 fuel mixture (which corresponds to 42.8%
cracked ammonia by mass) as for pure methane combustion, see section 2.2.1. At
CD > 0.7, the flame front is positioned upstream of the methane flame, indicating
an increased risk of flashback. Local high temperature spots are also apparent close
to the chamber wall at higher cracking degrees, likely a consequence of a higher
concentration of hydrogen in the fuel.

The normalized NoO mass fraction fields of eight selected simulations of varying
cracking degrees are shown in figure 4.9. The fields have been normalized with re-
spect to the maximum N,O mass fraction present among the lean flames. Since
N, O is typically formed in the interior of the flame, its mass fraction field is used to
estimate the position of the primary reaction zone. Again, the degree of ammonia
cracking is indicated by the numbers in the figure. As the flame length increases
for decreasing CD, so does the length of the reaction zone, and vice versa. For pure
ammonia combustion, the reaction zone is stretched completely to the combustor
outlet. The region of high mass fraction of NoO (i.e. the red/yellow parts of Figure
4.9) reaches entirely to the outlet plane, which causes the large NoO mass fraction
seen in Table 4.2. Hence, the NoO emissions can be attributed primarily to flame
instability. This phenomena was previously noticed by S. Mashuk et al. [5] in their
experimental study, where both ammonia slip and N,O emissions could be strongly
related to instability of the flames. Therefore, cracking degrees much greater 10%
should be applied to mitigate NoO emissions. It should be noted that neither flame
instabilities nor incomplete combustion (under lean conditions) is captured in any
of the two Cantera models, which partly explains the differences seen between the
CFD simulations and the Cantera models.
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Low Temperature High

Figure 4.8: Normalized temperature field of several different fuel mixes, with num-
bers indicating the decree of cracking in each temperature field

Low N20 mass fraction High

Figure 4.9: Normalized distribution of NoO mass fraction for different fuel mixes,
with numbers indicating the decree of cracking in each picture

It was also investigated whether the flame instability observed for low degrees of
cracked ammonia could be improved by combining globally lean with locally rich
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conditions. Figure 4.10 shows the normalized temperature field and NoO mass frac-
tion of 10% cracked ammonia (main 1 and 2), under such combined conditions. The
pilot and RPL were operating at locally rich conditions, ¢pi+rpr, = 1.1, while the
main channels were locally lean, at ¢,,4in112 = 0.5. These conditions generated a
globally lean flame, but required a small amount secondary air to obtain the desired
combustor outlet temperature.

If compared to the flame of 10% cracked ammonia in figure 4.8, the flame stability is
improved by the implementation of rich conditions in the pilot and RPL. Since the
global equivalence ratio is somewhat higher than that of figure 4.8, a higher global
temperature is also seen in Figure 4.10. With addition of secondary air, NOx emis-
sions of 918 ppmvd were obtained, an increase compared to 626 ppmvd obtained for
the same cracking degree at fully lean combustion (Table 4.2). This is however still
below the emission limit of existing gas turbines, if the process is combined with
SCR. Only 0.4 ppmvd of NoO were emitted, which corresponds to a GWP of 1.6 g
COq-eq/kWh.

e ]

Low Temperature High Low N20 mass fraction High

Figure 4.10: Normalized temperature field and NoO mass fraction of 10% cracked
ammonia, at @maini+2 = 0.5 and @pier+rpr = 1.1

4.3.2 Rich combustion

The emissions of NOx and N,O, and the corresponding GWP in terms of CO,-
equivalents, from the combined CFD + PFR model are given in Table 4.3 for am-
monia cracking degrees between 0.01 and 0.3. The local and global primary zone
equivalence ratios were both set to 1.1. The NOx and N,O emissions detected at
the outlet of the combustor in the CFD model, before addition of secondary air, are
provided in Appendix E.1.

The NOx and N5O emissions in Table 4.3 are in good agreement with those reported
from the 1D flame + PFR model. Both models generated NOx emissions levels be-
low 100 ppmvd for CD < 0.3 and N5O emissions around 0.5 ppmvd.

As reported in the literature (section 2.2.3), the results show that rich-lean staging
can be used to mitigate NOx emissions compared to lean combustion. With this
method, combustion of ammonia shows potential of reaching the NOx emission
limits without additional SCR. Moreover, the constantly low NoO emissions indicate
that rich-lean staged combustion of cracked ammonia has very low greenhouse gas
emissions. Similar results were observed for ~5% cracked ammonia by T. Indlekofer
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et al., in terms of both NOx (330 mg/MJ) and N,O (0.2 ppm) emissions [4].

CD (main 1 & 2) N,O SZ (ppmvd) | NOx SZ (ppmvd) | COz-eq (g/kWh)
0.01 0.4 01.4 1.6
0.01 (pilot + RPL 0.1) 0.4 54.1 1.6
0.1 0.4 58.3 1.6
0.2 0.4 72.8 1.6
0.3 0.4 80.6 1.6

Table 4.3: Emissions from the combined CFD + PFR model at ¢py = 1.1

Figure 4.11 shows the temperature field of four rich flames, normalized to the maxi-
mum temperature present within the rich flames. The numbering gives the ammonia
cracking degree applied in each picture. As expected from the adiabatic flame tem-
peratures in Figure D.2, Appendix D, the global flame temperature increases with
CD. All of the flames show high flame stability, indicated by the thin flame fronts.
With increasing CD, the flame front stabilizes closer to the main inlets, enhancing
the risk of flashback. Note that the risk of flashback is enhanced at lower cracking
degrees compared to the lean cases. This is primarily due to a reduced mass flow of
air, required to obtain the specified equivalence ratio.

0.01

0.1

0.2

10dd
|

Low Temperature High

Bl s s

Figure 4.11: Normalized temperature fields of ¢pz = 1.1, with ammonia cracking
degree between 0.01 and 0.3, as numbered in the figure
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4.4 Model remarks

It should be stressed that the CRN provides a simplified model of the combustion
process. In the CRN model, it is assumed that the main combustion reactions take
place within the PSR region. However, based on the visual results of Figure 4.9,
the reaction zone spans over a much larger volume than anticipated in the CRN
model, particularly at low cracking degrees. Moreover, the CRN model assumes the
gas to be homogeneously mixed, and thus that the reactions take place at equal
rates in the entire PSR volume. From Figure 4.9, this is clearly not the case.
Instead, the 1D flame model seems to give a better estimation of the reaction zone
geometry displayed by the CFD simulations. However, both models fail to capture
the geometrical distribution of the reaction zone for CD < 0.1. They also fail to
predict the effects of flame instability on the combustion process. Moreover, the 1D
flame is assumed to be freely-propagating, flat and laminar, while flames in a gas
turbine combustor are actually highly strained and turbulent.
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Conclusion

Combustion of cracked ammonia in the gas turbine model SGT-750, provided by
Siemens Energy AB, was modelled through CFD and two different python-integrated
Cantera models. NOx and N,O emissions were evaluated, as well as global warming
potential and flame stability. The models covered a 30°sector of the full combustion
chamber, and CFD simulations were performed with the RANS framework in com-
bination with complex chemistry. The chemical mechanism proposed by Y. Jiang et
al. was applied [21]. The first Cantera model constituted a chemical reactor network
model consisting of a perfectly stirred reactor and a plug flow reactor (CRN model).
In the second model, a one-dimensional flame was combined with a plug flow reactor
to represent the combustion process (1D flame model). All models were applied both
to single stage and air-staged combustion. Investigated ammonia cracking degrees
ranged from zero to one. Equivalence ratios of approximately 0.4 were applied to
single stage combustion, while primary zone equivalence ratios between 0.5 and 1.5
were investigated in air-staged combustion through the two Cantera models. Rich
CFD simulations were performed with a primary zone equivalence ratio of 1.1.

Flame stability was evaluated from the temperature fields of the CFD model. At
lean conditions, flames with a low degree of cracked ammonia were characterized by
instability and prolonged reaction zones. However, stability was achieved for lean
flames at cracking degrees of 40% and above. For 80% cracked ammonia and above,
an increased risk of flashback was observed. Under fuel-rich conditions, no instabil-
ity tendencies were observed. However, the risk of flashback was enhanced already
at 20% cracked ammonia.

All three models showed promising NOx emission levels of single stage combustion,
with the majority of the emission levels between 500-800 ppmvd. This results shows
strong potential of reaching the NOx emission limits of the European Union, if com-
bined with selective catalytic reduction techniques. The NOx emissions increased
with ammonia cracking degree until a peak was reached, and decreased close to fully
cracked ammonia, a trend observed also by M. Ditaranto et al. [20]. A peak-NOx
level of 875 ppmvd was obtained at 80% cracked ammonia in the CRN model. The
1D flame and the CFD model generated peak-NOx emissions of 1270 and 1795 pp-
mvd, respectively, both at 90% cracked ammonia.

For lean, air-staged combustion (¢pz € [0.5,1.0]), the NOx emissions were found to
increase with primary zone equivalence ratio, as reported previously by E.C. Okafor

et.al [30] and M. Ditaranto et al. [20]. Peak-NOx cracking degrees were found be-
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tween 0.6 and 0.8 with the CRN model. The 1D flame model generated peak-NOx
cracking degrees between 0.8 and 0.9, while slightly overestimating the peak-NOx
value compared to the CRN model. In general, high NOx emissions were generated

for air-staged combustion with a lean primary zone, in the range of approximately
1000-3000 ppmvd.

Combustion of ammonia in a fuel-rich primary zone was shown by all three models
to reduce the NOx emission levels compared to a fuel-lean primary zone, as pre-
viously reported in the literature [4, 5, 20, 30]. However, the two Cantera models
generated significantly different trends regarding the dependency of NOx on the
cracking degree and the equivalence ratio. From the CRN model, a primary zone
equivalence ratio of 1.1-1.2 was shown to generate low NOx and low N,O emissions
simultaneously. The lowest emissions of the 1D flame model were instead generated
at ¢pz between 1.3-1.4, which better agrees to the results of M. Ditaranto et al.
[20]. The differences in emission levels between the two models were about an order
of magnitude for lower cracking degrees, while similar emissions were predicted by
both models at fully cracked ammonia.

A great discrepancy between the models was also observed for the trends of NoO
emissions with cracking degree and equivalence ratio. From the CRN model, NoO
decreased constantly with ammonia cracking degree, with the lowest NoO emissions
generated at stoichiometric conditions and fully cracked ammonia. In contrast to
the CRN model, the results of the 1D flame model indicated that the N,O emis-
sions were instead independent of both ammonia cracking degree and equivalence
ratio. The model also showed a negligible global warming potential of the combus-
tion process, with NoO emissions between 0.4-0.5 ppmvd. Such low N,O emission
were generated also from the stable flames of the CFD model, for ammonia cracking
degrees above 10%. The results agree to those obtained by T. Indlekofer et al. [4]
and S. Mashruk et al. [5]. Finally, N,O formation was shown to be highly dependent
on the computational chemistry model and its settings. The observed discrepancy
in the prediction of NyO formation implies a requirement of experimental data for
validation of the computational models and the chemical mechanism, as previously
observed by S. Alturaifi et al. [25]. A chemical-kinetic analysis of the models is also
required to fully address the differences between the models.
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A

Model constants

The model constants applied to the lag EB k — ¢ turbulence model and the EDC
chemistry-turbulence interaction model are presented in Table A.1 and A.2, respec-

tively.
Constant | Value
Cy 0.22
Cr 1
C 4
O 1
0. 1.2
C. 1.44
Cs, 1.9
o 1
Table A.1: Lag k-¢ model constants [37]
Constant | Value
Cnh 2.1377
Cho 0.4082

Table A.2: EDC model constants [37]
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B

Method development illustration

B.1 Convergence issues

Figure B.1 shows the mass fraction of NoO at the outlet for a steady RANS sim-
ulation with applied clustering for chemistry acceleration, with a fuel mix of 30%
cracked ammonia in the two main inlets and 42.8% cracked ammonia in the pilot
and RPL. This figure illustrates the large oscillations obtained in some of the steady
simulations, primarily caused by the clustering feature, as described in section 3.3.1.
Note that the scale on of left axis is logarithmic.
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Figure B.1: N,O mass fraction as a function of iterations for an steady RANS
simulation
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B. Method development illustration

B.2 Time step size

Figure B.2 exemplifies the effect of time step size on the N,O mass fraction at the
burner outlet, as a function of number of iterations for an unsteady RANS simula-
tion. There are three distinguishable regions with different trends in the NoO mass
fraction, which correspond to three different time step sizes:

1. Iteration 0 - 21 000: At= le-4 s

2. Iteration 21 000 - 31 200: At= 5e-5 s

3. Iteration 31 200 - 58 000: At= be-4 s
Due to the large effect of the time step size on the emissions, this method was not
used further.

N20 mass fraction @ outlet

A

1e-04
5e-05

1e-05
5e-06

le-06
5e-07

1e-07
5e-08

N20 @ outlet Monitor

1e-08

T — T T T T T T —————T——T——
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000

Iteration

Figure B.2: N,O mass fraction as a function of iterations for an unsteady RANS
simulation, with varying time step size
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B. Method development illustration

B.3 Chemistry acceleration

Figure B.3 gives an example of how the monitored NoO mass fraction is affected
by the use of chemistry acceleration methods. Two different methods were applied;
the clustering feature with default clustering parameters, and the in-situ adaptive
tabulation (ISAT) method. The simulation was performed with a fuel composition
consisting of 40% cracked ammonia in the two main inlets, and 42.8% cracked am-
monia in the pilot and RPL. The two acceleration methods were compared to the
non-accelerated case, and the results can be distinguished in figure B.3 by the fol-
lowing intervals:

1. Iteration 0 - 38 000: Clustering

2. Iteration 38 000 - 53 000: No acceleration

3. Iteration 53 000 - 75 000: ISAT with default settings
Due to the large effect of the acceleration methods on the results, none of the
methods were used further.
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Figure B.3: N,O mass fraction as a function of number of iterations for different
chemistry acceleration methods



B. Method development illustration
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Auxiliary Cantera results

C.1 GWP in numbers

In this section the global warming potential (GWP) of the combustion process is
presented in numbers. Table C.1 shows the GWP, in g COy-eq/kWh, of the CRN
simulation without air staging, as a function of CD in the main channels. Table C.2
shows the GWP results of the air-staged CRN simulations. The results are shown
for a range of ¢pz (top row) and CD (leftmost column).

CD (main 1 & main 2) | GWP (g COz-eq/kWh)
0.0 433.7
0.01 427.4
0.1 376.2
0.2 325.0
0.3 276.6
0.4 231.7
0.5 188.5
0.6 147.7
0.7 108.5
0.8 72.1
0.9 37.6
0.99 8.8
1.0 6.0

Table C.1: Global warming potential in g COs-equivalents per kWh electricity, for
non-staged combustion
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C. Auxiliary Cantera results

CD/¢pz| 05 | 06 [07]08]09[10] 1112 13 | 14 | 15
0.0 3159 | 982 [41.3]19.0 [9.2[5.6 | 132 54.1 [ 169.2 | 337.0 | 5125
0.01 296.9 | 107.9 | 44.1 | 17.9 | 8.7 | 5.3 | 12.3 | 53.8 | 168.9 | 337.7 | 486.1
0.1 245.6 | 83.5 | 329|146 | 7.6 | 4.6 | 87 |33.0 | 111.4 | 259.5 | 415.7
0.2 188.8 | 60.5 | 26.0 | 122 |58 |38 | 6.1 | 19.6 | 73.7 | 176.1 | 322.5
0.3 143.3 | 50.0 [20.3 | 9.3 |48 |3.2|4.74|11.7| 424 | 118.6 | 235.6
0.4 106.7 | 354 [156 | 7.1 | 4.0 27| 3.6 | 7.2 | 23.0 | 73.4 | 159.7
0.5 774 | 279 [ 108 | 54 | 32|24 3.0 | 48 | 128 | 39.0 | 98.7
0.6 542 | 188 | 80 | 44 | 27|21 25 | 34 | 68 | 199 | 543
0.7 356 | 121 | 5.8 | 33 |23[20| 22 | 26 | 40 | 94 | 258
0.8 210 | 80 | 40 | 26 [20|1.8]| 20 | 22 | 27 | 45 | 108
0.9 96 | 41 |26 | 20 |1.8|1.7]| 18 | 19| 21 | 25 | 38
0.99 21 | 1.8 | 1.8 | 1.8 |[1.7|17] 1.7 | 1.8 | 1.8 | 1.9 | 1.9
1.0 18 | 1.8 |18 | 17 |17|17| 17|18 | 18 | 1.8 | 18

Table C.2: Global warming potential in g COs-equivalents per kWh electricity, for
air-staged combustion
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C. Auxiliary Cantera results

C.2 Primary zone emissions

The emission of NOx and NoO from the primary zone (PZ) of the CRN model are
shown in Figure C.1 and C.2 respectively. The emissions are given as a function of
cracking degree, for different ¢p». No differences in NOx emission levels between the
primary and secondary zone for lean combustion (see Figure 4.2) can be observed.
However, an increase in NOx emission levels from the primary to the secondary
zone is apparent for ¢py > 1. If comparing Figure C.2 to Figure 4.3, the addition
of secondary air affects the NoO emissions remarkably.

The emissions from the primary zone of the 1D flame + PFR model are given in
Figure C.3 and C.4, respectively. The trend and emission levels of NOx for highly
rich primary zones (¢pz > 1.4) changes drastically with addition of secondary air
(see Figure 4.5). This is likely a consequence of the large amount of unburned fuel
exiting the primary zone at very rich conditions, enabling formation of fuel-NOx in
the oxygen-rich secondary zone. This effect is however not seen for N,O.

NOx vs cracking degree, PZ NOx vs cracking degree, PZ
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Figure C.1: NOx emissions exiting the primary zone of the CRN, as a function of
Qsz and CD
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N20 vs cracking degree, PZ
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Figure C.2: N,O emissions exiting the primary zone of the CRN, as a function of
¢ PZ and CD
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Figure C.3: NOx emissions exiting the primary zone of the 1D flame + PFR model,
as a function of ¢pz and CD
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Figure C.4: N,O emissions exiting the primary zone of the 1D flame + PFR model,
as a function of ¢pz and CD
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C. Auxiliary Cantera results

C.3 Stagni mechanism

The chemical mechanism proposed by Stagni et al. [24] was applied to the two
Cantera models. The resulting NOx and N,O emissions from single stage combustion
are given in Figure C.5a and C.5b respectively. By applying the Stagni mechanism,
the NyO emissions of the CRN model are reduced by approximately 90% compared
to the San Diego mechanism, Figure C.5a. In contrast, the NoO emissions of the
1D flame model remain independent of the chemical mechanism. Smaller, but not
insignificant, effects of mechanism on the NOx emissions can be distinguished as well.
Hence, an accurate chemical mechanism is of great importance to the quantitative
analysis of ammonia combustion performance, and further experimental validation
of the predicted emissions is needed.
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Figure C.5: NOx and N,O emissions as a function of ammonia cracking degree for
lean combustion, with the Stagni mechanism

The NOx and N5O emissions from the CRN model under air-staged combustion are
given in Figure C.6a and C.6b, respectively. If compared to the results of the San
Diego mechanism, the NOx levels are predicted similarly by both mechanisms. The
N>O levels are however approximately 90% lower than those of the San Diego mech-
anism. This once again points out the sensitivity of NoO formation on the model
parameters.

Finally, the Stagni mechanism was applied to the 1D flame + PFR model, and
the resulting emissions are given in Figure C.7a and C.7b, respectively. The NOx
emission trends differ slightly from those of the San Diego mechanism, Figure 4.5,
for high cracking degrees at ¢pz > 1.0. However, the 1D flame model produced
similar results over all, for both mechanisms.
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NOx vs cracking degree, SZ
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Figure C.6: Emissions from the CRN model as a function of cracking degree and

equivalence ratio, with the Stagni mechanism
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NOx vs cracking degree, SZ
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Figure C.7: Emissions from the 1D flame + PFR model as a function of cracking
degree and equivalence ratio, with the Stagni mechanism
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D

Flame properties of cracked ammonia

The laminar flame velocity (sz) and normalized adiabatic flame temperature (7,4)
for single stage, lean combustion is shown in Figure D.1a and D.1b respectively, as
a function of ammonia cracking degree. The adiabatic flame temperature is normal-
ized to the combustor exit temperature. Since the laminar flame velocity is primarily
used as a measure of predicting the risk of flashback and blow off, the four inlets
(main 1, main 2, pilot and RPL) were simulated by separate 1D flames under lean
conditions. Due to differences in equivalence ratio and fuel composition between the
inlets, this could better indicate at which location the flame is exposed to a greater
risk of flashback. Each inlet is therefore represented by a line in Figure D.1a and
D.1b. For rich combustion, uniform cracking degrees and equivalence ratios were
applied to all the inlets. Therefore, the flame properties of the rich combustion
cases were simulated by a single flame.

The laminar flame velocity does not constitute an exact measure of the flame veloc-
ity under turbulent combustion, and thus the risk of flashback cannot be estimated
quantitatively from the result in figure D.1a. However, s;, is directly correlated to
the turbulent flame speed, and the result can be used for qualitative analysis. In
Figure D.1a, the laminar flame velocities of the main channels increase rapidly with
ammonia cracking degree, an expected result due to increasing Hs content in the
fuel. For the pilot gas mixture, sy instead decreases with CD. This is due to the
decreasing fuel-to air ratio, caused by a reduction in total fuel mass flow with in-
creasing CD, see Table 4.2. sy of the RPL is very low, independent of CD. To obtain
a stable flame, the gas velocity should therefore be kept low in that region to avoid
blow-off. Finally, the difference in s between the two main inlets is due to the first
main inlet operating at a higher equivalence ratio compared to main 2.

Due to the fixed global flame temperature, T,; of the main channels in Figure D.1b
seems independent of CD. This does not indicate that the flame temperature is
actually independent of CD, but rather that the flame temperature of the gas com-
position in the main channels must be constant to maintain the specified outlet
temperature. There is, however, a notable decrease in T4 for the pilot and RPL,
with increasing CD. This is caused by the decrease in local fuel-to-air ratio, as de-
scribed in the paragraph above. For CD > 0.9, no T4 could be calculated for the
RPL gas mixture. This is most likely due to the equivalence ratio being lower than
the flammability limit of the given fuel compositions. Hence the lean combustor
should not be operated at ammonia cracking degrees above 0.9, to avoid blow-out.
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D. Flame properties of cracked ammonia

Laminar flame velocity vs. CD (main 1 & 2) Adiabatic flame Temperature vs. CD (main 1 & 2)
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Figure D.1: Laminar flame velocity and normalized adiabatic flame temperature for
the four different inlets as a function of CD (main 1 and main 2), without air staging

The laminar flame velocities and adiabatic flame temperatures as a function of crack-
ing degree and equivalence ratio are shown in Figure D.2. Lean combustion cases
are colored blue and rich combustion cases are colored red. Note that the y-scale
is logarithmic, and that sy, increases exponentially with CD, as previously reported
by R.C. da Rocha et al. among others [26]. Thus, combustion of ammonia at high
CD is likely more prone to flashback. This is generally true also for increasing ¢.
However, s;, decreases with increasing ¢ at rich conditions, confirming the result of
Y. Sun et al. [28] and Y. Jiang et al. [21].
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Figure D.2: Adiabatic flame temperature and laminar flame velocity of the primary
zone for air-staged combustion, as a function of CD and ¢.

The trend of adiabatic lame temperature with ¢ is similar to that of s;. T,; increases
with ¢ for lean combustion, and decreases with ¢ for rich combustion. A maximum
is reached close to stoichiometric conditions. At lean conditions, there is an increase
in fuel-to-air ratio with ¢, enabling a larger heat release per kg of gas mixture and a
higher 7,;. In contrast, for ¢ > 1, an increase in fuel-to-air ratio does not generate
a larger heat release since oxygen is the limiting reactant. This causes the adiabatic
flame temperature to drop in that range of ¢.
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Auxiliary CFD results

I

E.1 Rich CFD emissions

The emissions and total combustion efficiencies extracted from the primary zone of
the rich combustion simulations in STAR-CCM+ are provided in Table E.1. The
normalized temperature field of CD = 0.5 and ¢py = 1.2 is given in Figure E.1. The
flame is positioned close to the main inlets, indicating a risk of flashback.

CD (main 1& 2) ¢main1+2 ¢pilot+RPL NQO PZ (PPde) NOX PZ (ppde) Tlcomb,tot
0.01 1.1 1.1 0.01 93.1 98.25%
0.01 (pilot + rpl 0.1) | 1.1 1.1 0.01 55.9 08.32%
0.1 1.1 1.1 0.01 60.1 98.16%
0.1 0.5 1.1 0.403 916.4 99.997%
0.2 1.1 1.1 0.02 75.0 98.06%
0.3 1.1 1.1 0.02 83.0 97.87%
0.5 1.2 1.2 0.004 21.8 93.9%

Table E.1: Emissions and total combustion efficiency from the rich CFD simulations
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Figure E.1: Normalized temperature field of 50% cracked ammonia, at ¢pz; = 1.2
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