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Abstract

A large-eddy simulation (LES) employing a non-adiabatic flamelet generated manifold
approach, which can account for the effects of heat losses due to radiation and cold walls, is
applied to NH3/CHy/air combustion fields generated by a swirl burner, and the formation
mechanisms of NO and CO for ammonia combustion are investigated in detail. The
amounts of NO and CO emissions for various equivalence ratios, are compared with those
predicted by LES employing the conventional adiabatic flamelet generated manifold
approach and measured in the bespoke experiments. The results show that the amounts of
NO and CO emissions predicted by the large-eddy simulations with the non-adiabatic
flamelet generated manifold approach agree well with the experiments much better than the
ones with the adiabatic flamelet generated manifold approach. This is because the NO and
CO reactions for NH3/CHy/air combustion are quite susceptible to H and OH radicals’

concentrations and gas temperature. This suggests that it is essential to take into account the
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effects of various heat losses caused by radiation and cold walls in predicting the NO and

CO emissions for the combustion of ammonia as a primary fuel.

Key words: Non-adiabatic flamelet generated manifold approach, NH3/CHy/air combustion,

Large-eddy simulation, Nitrogen oxides, Carbon monoxide

Highlights

LES employing non-adiabatic flamelet approach is employed for NHi;/CHj/air
combustion.

Heat losses affect NO and CO emissions, which can be captured by the simulation.

NO and CO reactions are susceptible to H and OH concentrations and gas temperature.

Temperature dependency of NO reaction is different between NH3/CHa/air and CHy/air.

1. Introduction

The emissions of carbon dioxide (CO,), which induces global warming, is
increasing at a rapid rate. In Japan, 39% of CO, emissions are discharged in energy
transformation industries such as power generation plants [1], and the most are produced by
combustion of fossil fuels. The amount of the CO, emissions in gas power plants is
approximately one half of that in coal-fueled power plants [2]. Therefore, while renewable
energy plants such as solar and wind power plants increase, the demand of gas power plants
is considered to remain in order to maintain the supply of electricity. But it is necessary to
reduce the CO, emissions in gas power plants more than now.

Ammonia (NH3;) combustion has recently drawn intense research interest because

of its potential to reduce CO, emissions when implemented in such power plants. NH3 is
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17.8% by weight hydrogen, a relatively high hydrogen ratio [3, 4]. The technologies related
to its production, transportation, and storage are well established, with NHj3 being the
second largest produced chemical in the world. NH3 can be also produced from renewable
energy sources [5]. In addition, NH; can be easily liquefied and stored in the conditions of
8.5 bar at ambient temperature or 240 K at ambient pressure, which is less expensive than
liquefying pure hydrogen [6]. Therefore, NH; has been considered as a potential source of
hydrogen and an alternative carbon-free fuel for the future. As the first step, it will be an
actual solution to mix NH; and conventional fossil fuels in order to reduce CO, emissions.

Considerable research on NH3; combustion has been done since the 1960s [7-9].
Experimental studies showed that the minimum ignition energy of NH3 is 16 times higher
than that of fossil fuels. At stoichiometric conditions, the quenching distance of NHj/air
was 3.5 times greater than that of propane/air [8]. Other experiments demonstrated that
NHs/air has a relatively slow chemical reaction rate, giving a laminar burning velocity of
6-8 cm/s [10], which is only one fifth that of methane (CHjy)/air. In other studies, high
production of nitrogen oxides (NOx) originating from nitrogen in NHj is considered as a
problem [11-13].

In the face of such problems for NHj combustion, some challenges for the
practical application have been conducted recently. Valera-Medina et al. [14, 15] combusted
NH3/CHy/air in various equivalence ratios in a laboratory-scale tangential swirl burner and
suggested low swirl and different injection strategies to optimize gas turbines with NHs as a
primary fuel. Kurata et al. [16] demonstrated NH3/CHy4/air combustion employing a micro
gas turbine in the Fukushima Research Energy Institute. Hayakawa et al. [17] showed that a
specific equivalence ratio supports low emissions of nitric oxide (NO) and NHs.

Because NOx emissions are strictly regulated, an optimized burner design for NH;

combustion is required. For such purposes, computational fluid dynamics (CFD) can be an
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effective approach. Somarathne et al. [18] illuminated the effect of secondary air injection
to reduce the amount of NO emissions. It was suggested that the equivalence ratio, ¢, at the
primary zone should be controlled as ¢ = 1.2. This indicates that the equivalence ratio in an
ideal combustion chamber changes from a fuel-rich condition to a stoichiometric condition.
Additionally, the NO production rate is relatively slow and depends on temperature.
Therefore, to evaluate the amount of NO emissions, it is necessary to consider heat losses
in combustion chambers. However, the simulations in previous researches were conducted
in an adiabatic condition using detailed reaction mechanisms [18, 19]. There is no study
that examined the validity of turbulence combustion models, especially flamelet
approaches.

The purpose of this study is, therefore, to perform large-eddy simulation (LES)
using two types of flamelet approach for NH3/CHy4/air combustion in the swirl burner [15],
and to validate our method by comparing the amounts of NO and carbon monoxide (CO)
emissions with experimental data. At the beginning, in order to investigate an adequate
mechanism for the condition of the swirl burner, some representative detailed reaction
mechanisms are compared through evaluating the laminar burning velocity and the amount
of NO emissions. Then, LESs with two types of flamelet approach are conducted. As a
combustion model, a non-adiabatic flamelet generated manifold approach (NA-FGM),
which is extended based on the conventional flamelet-generated manifold approach (FGM)
[20]. The NA-FGM can consider the effects of various heat losses through radiation and
cold walls. Proch and Kempf [21] employed the NA-FGM for a tabulated premixed flame.
In their approach, progress variable, progress variable variance and enthalpy difference
were introduced for generating the flamelet library, whereas mixture fraction is additionally
introduced in this study, in order to take into account the variation of ¢. In addition, the NO

and CO reactions are discussed in non-adiabatic conditions from the viewpoint of chemical
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reactions.

2. Numerical methods
2.1. Configurations of targeted chamber and swirl burner

Figure 1 shows schematics of computational domain and generic swirl burner. The
detailed structure of this burner is identified in the previous studies [15, 22]. The fuel
consists of 61.0% NH; and 39.0% CHs by volume, and the oxidizer is air. This fuel
component gave stable NH;-based flames in the experiments, and NO and CO emissions
were measured [15]. The NH3/CHa/air premixed gas is supplied from the inlet nozzle. Its
equivalence ratio is set as 0.840, 1.04 and 1.31 respectively. Because the gas is completely
mixed in advance, the variance of the composition is ignored. Progress variables C of any
inlet gases are zero. Here, C is defined as the sum of Yy, Yo, Yco and Yeo. i denotes the
mass fraction of chemical species i. After passing through the swirler, the premixed gas is
burned in the combustion chamber made of a quartz glass. The domain is divided into ~5
million vertices and ~6 million cells. The small meshes are provided to resolve the
turbulent eddies in the recirculating reaction zones.

As boundary conditions, the volume flow rate of fuel at the inlet is constant as 1.35
x 107 m’/s. The inlet premixed gas temperature is 298 K, and the ambient pressure is 1 atm.
If the LES/NA-FGM is employed, temperature, convection heat transfer rate, and
emissivity on the walls of the combustion chamber are set to 1500 K, 10 W/mzK, and 0.8
respectively. The other walls are treated adiabatically. Since these properties on the walls
could not be measured in the experiment, these parameters on the boundary conditions are
based on our experiences. On the other hand, the all walls are treated adiabatically if the
conventional LES/FGM is employed.

Here, the swirl number, Sw, of the burner is also addressed. Sw can be defined as

5
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Sw =4 (1)

Gyry’

where G, and G, are respectively the angular and radial momenta, and 7; is the radius of the
tubular cavity of the swirler. Velocity at the slit, wy, is expressed as w, = Q/(n,t,L;), where O
is total volume flow rate, and n;, ¢, and L, are respectively the number of slits, the thickness
and the longitudinal length for each slit. The angular momentum per unit volume for the
premixed gas is pwy(r; — t/2). Here, (r; — t/2) is the distance between the axis and the
center of the slits. Because of the above, the total angular momentum, G,, is expressed as
G, = pOwy(r; — tJ2) = sz(rI — t,/2)/(nstsLs). On the other hand, mean axial velocity, U, is
expressed as U = Q/(7,%). Accordingly, the total radial momentum, G,, is expressed as G,=

pOU = pO*/(7mr%). Therefore, Sw is expressed as

Sw = 1@ (2)

T ngtslg

In this study, because r; = 20 mm, n; =9, t;, = 5.7 mm and L; = 18.5 mm, Sw is

1.84.

2.2. LES/NA-FGM

For numerical simulations of premixed combustion, premixed flamelet libraries
based on the FGM [20], for which one-dimensional premixed free-propagating flame is
calculated in several equivalence ratios, are often used. However, the conventional FGM
has the deficiency that a set of chemical species’ mass fractions at the equilibrium state of
the reaction is basically stored in adiabatic conditions, so that the effect of heat loss on the
change in the composition of chemical species cannot be considered. In this study, therefore,
a non-adiabatic procedure, which was proposed by Kishimoto et al. [23] for generating
non-premixed flamelet libraries that consider the effects of heat losses based on the

flamelet/progress-variable approach [24], is employed for generating the premixed flamelet
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library. The calculations of the one-dimensional free-propagating flames for generating the
premixed flamelet libraries for the FGM and NA-FGM are conducted by using
FlameMaster [25], for which the non-adiabatic procedure [23] is introduced.

The results of one-dimensional premixed flames calculated in physical space is
converted to low dimensional manifold parameterized by mixture fraction Z, progress
variable C, and enthalpy difference Ah, shown as

¢ =¢(Z,C,Ah), 3)
where ¢ is flamelet properties such as temperature, chemical species mass fraction and so
on. Ah is the difference between the absolute enthalpy without heat loss in the flamelet
library and that with heat loss in the physical space at each vertex. In LES, the

Favre-filtered flamelet library can be obtained as
5(7.C2.C.AR) = [ (4)
¢(Z,€2,C,AR) = [, 9(Z,C,0W)P(C)dC,

where P(C) is the density weighted filter probability function of the progress variables,

and beta sub-filter distribution of the progress variable is shown as

cB1=1(1-¢)B2-1 (5)

E ) =
P(C; C'C ) - folcﬁl—l(l_c)ﬁz_ldc'

Here, 8, and S, are given as

Bi=h(C.C?) =C(C=-1) (6)
B =B(C.C7) = (1-0) (C5-1), (7)

where C is grid scale and C? is sub-grid scale variable component.

The numbers of grids set for Z, C, CF'T'/z, and, Ah, are 100 x 100 x 50 x 4. The
discrete points of C, C™? andAh are arranged at regular intervals. Accordingly to Z, 98
points are regularly arranged among Z = 0.057 and Z = 0.12, and points of Z = 0.0 for only

oxidizer and Z = 1.0 for only fuel are added.
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The governing equations for the LES employing the FGM and NA-FGM are the
same. They are the conservation equations of mass, momentum, absolute enthalpy h,

mixture fraction Z, and progress variable €, and NO mass fraction Yy, as follows:

% +V-(pu) = 0. (8)

%u+v (pliti) = VP + V-5 + V-1 9)
ai V- (puth) =V (PDaVR) + V" qn + Qraa- (10)

a; + V- (ptiZ) =V (pD;VZ) + V- q;. (11)

apc +V-(puC) = V- (pDVC) + V- q¢ + . (12)
apYN0.|_v (PtiYno) = V- (PDyy,V¥no) + V- Gy, + PONo- (13)

Here, u is the velocity, P is the pressure, o is the stress tensor. Dy, Dz, Dc and Dy, are

the diffusion coefficients of /, Z, C and Yy, respectively, which are given as

=" 14
o= (14)

where p is dynamic viscosity, and Py, is Prandtl number of each transport scalar ¢. Pr,
= 0.7 are used for the simulations. T is the subgrid-scale stress term derived from the
turbulence model, and ¢y, gz, gc and qy, ,are the subgrid-scale terms for each scalar. Qg is
the source term of radiative heat transfer. ¢ and @ denote the LES filtering and Favre
averaging of a physical quantity ¢, respectively. w. is the reaction rate of C. Temperature
is calculated from transported enthalpy with the species mass fractions and these thermal
data.

It is well-known that reactions related to NO are slow. NO concentration in the
flamelet libraries is calculated at the equilibrium state. The reactions are often affected by

heat losses in practical combustion chambers. In that case, the concentration is not
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coincident with experimental results. Then, NO concentration is evaluated based on IThme
and Pitsch's approach [26]. They proposed the method that the forward and backward NO
reaction rates are separately modeled with the reaction rates taken from the flamelet library

as,

— _ ¥ .y %
Wyo = Wyo + Yo FFm> (15)

NO

where d)jv‘ro and dy, denote forward and backward reaction rate, respectively, and
Vgémdenotes NO mass fraction in the flamelet libraries. Therefore, for the LES/NA-FGM,
the slow rate of the NO reactions in non-adiabatic conditions can be considered. On the

other hand, for the LES/FGM, the rate in an adiabatic condition is considered.

2.3. Computational details
The governing equations are solved using an unstructured LES solver:
FrontFlow/Red extended by some research institutes, including Kyoto University, referred
to as FFR-Comb [23, 27, 28]. Previously, the NA-FPV was implemented to the LES solver
and the accuracy of non-adiabatic procedure is validated [23]. In this study, the NA-FGM is
newly implemented to the code.
A dynamic Smagorinsky model [29] is used as the turbulence model. A first-order
Euler implicit method is used for time advancement, and the time step is set to 1.0 x 107 s.
The flamelet libraries for the FGM and NA-FGM are built using the mechanisms developed
by the University of California San Diego [30] with nitrogen chemistry [31] in this study.
This mechanism has 70 species and 321 reaction steps. The reason for selecting this
mechanism is expressed in section 3.1. A gray gas model is adopted as the radiation model

[32]. The absorption constant is 0.10, which is determined by reference to the results of
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RANS simulation with weighted sum of gray gasses model [33].
As ignition process, the initial value of the progress variable, C, is set to 0.5 at the
region which is from 20 mm to 50 mm from the burner rim and within 15 mm from the

center axis. After that, the calculations are continued until the fields reach steady state.

3. Results and discussion
3.1. Validation of reaction mechanism

The predicted combustion behavior is strongly affected by the detailed reaction
mechanism used in the LES. Therefore, in this section, the effects of the detailed reaction
mechanism on the laminar burning velocity, Sz, and NO emissions are investigated in terms
of one- and two-dimensional simulations, respectively. As the detailed reaction mechanism,
GRI-mech 3.0 [34], and the mechanisms developed by the University of California San
Diego [30] with nitrogen chemistry [31], Tian et al. [35], and Okafor et al. [36] are featured.
Here, these mechanisms are respectively referred to as GRI-mech, UCSD-mech, Tian-mech,

and Okafor-mech which was developed by combining GRI-mech and Tian-mech.

3.1.1. Laminar burning velocity by one-dimensional simulations

One-dimensional adiabatic and unstretched laminar premixed flames of
NH3/CHy/air mixtures are calculated using ANSYS Chemkin-PRO [37]. This application is
used for comparing various reaction mechanisms, because the FlameMaster cannot deal
with complex mechanisms such as Tian-mech and Okafor-mech. It is found the cause that
these mechanisms have NH + NO = N,O + H as an important elementary reaction and the
pre-exponential factor is negative value. S; is defined as the velocity at the cold boundary
in the computational domain.

Figure 2 shows the comparison of S; obtained by one-dimensional calculations

10
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using different detailed reaction mechanisms, together with experiments of Okafor et al.
[36]. The fuel consists of 52.1% NH; and 47.9% CHy4 by volume, and this constituent is
close to that in the swirl burner. Tian-mech overestimates S; in the whole ¢ range. Although
GRI-mech shows good accuracy, the reactions related to NH;, which is an important
species for the NO reactions, are not included [38]. Okafor-mech shows a good agreement
in a wide range of ¢. Finally, although UCSD-mech matches the experimental results at ¢ >

1, it somewhat overestimates at ¢ < 1.

3.1.2. NO emissions by two-dimensional simulations

Two-dimensional RANS (Reynolds-Averaged Navier-Stokes) simulations are
conducted in order to compare the amount of NO emissions using each reaction mechanism.
There are no previous studies that evaluated the amount of NO emissions for NH3/CHy/air
laminar flames, so the experiment conditions by Valera-Medina et al. [15] are taken up in
order to qualitatively evaluate each reaction mechanism.

Figure 3 shows the schematic of computational domain for two-dimensional
RANS simulations. The domain is divided into ~90 thousand cells. As the conditions
regarding the composition of the premixed gases, its flow rate and temperature and pressure
are the same in section 2.1. For the premixed gas, the uniform radial velocity, V, and
uniform circumferential velocity, W, are used as the inlet boundary condition. V" and W are

respectively expressed as

_Q

V=i (16)
_Q

W= i (17)

Wall conditions are adiabatic and any radiation model is not employed, due to focus on the

elementary adequateness of each reaction mechanism for the swirl burner. Realizable k-¢

11



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

model [39] is employed as a turbulence model.

Figure 4 shows the comparison of temperature distributions obtained by
two-dimensional RANS simulations using different detailed reaction mechanisms at ¢ =
0.840, 1.04 and 1.31, respectively. The distributions by GRI-mech, UCSD-mech and
Okafor-mech are quite similar at each ¢ condition. There is great difference for only
Tian-mech. Although Tian-mech overestimates laminar burning velocity, the flame is lifted
up from the bottom of the burner. In the experimental study, the actual flame was not lifted
up at ¢ = 1.31 [15]. Therefore it is assumed thatTian-mech is incompatible with the
conditions of this study.

Figure 5 shows the comparison of the amounts of NO emissions obtained by
two-dimensional RANS simulations using different detailed reaction mechanisms, together
with experiments [15]. The NO concentrations for the whole conditions by the simulations
reach the steady state before approaching the outlet boundary. All mechanisms overestimate
the amounts of NO emissions in the whole ¢ range in comparison with the experimental
results. The amount of NO emissions using UCSD-mech is comparatively close to the
experimental result except for Tian-mech. NO emissions with both of Okafor-mech and
UCSD-mech are similar at ¢ = 0.840 and 1.04, but the amount of NO emissions at ¢ = 1.31
with Okafor-mech is 1.55 times larger than that with UCSD-mech.

As above, because UCSD-mech has a relatively reasonable agreement among these
mechanisms and can be dealt by the FlameMaster, it is employed for generating the

flamelet libraries and discussing the NO and CO reactions in non-adiabatic conditions.

3.2. Predictions of NO and CO emissions by LES
3.2.1. NO emissions

First, Fig. 6 shows the comparisons of distributions of (a) temperature, (b) axial

12
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velocity, (¢) OH mole fraction, and (d) NO mass fraction at ¢ = 1.31 between the LES/FGM
and the LES/NA-FGM. The maximum temperature for the LES/FGM is 1974 K, the same
as the adiabatic flame temperature, 7,q. However, the LES/NA-FGM shows 1950 K, and it
is lower than the 7,4 by 24 K by heat losses. There are no differences in terms of flow field
between these approaches. The difference in OH mole fraction distributions, which is one
of the most important species for the NH; combustion, should be addressed. Once OH is
produced in the LES/FGM, the concentration remains high throughout the combustion
process. However, OH in the LES/NA-FGM is produced only in the flame region, and, after
leaving this region, it disappears. This is the reason that the production of NO in the
LES/NA-FGM is lower than that in the LES/FGM. The effects of temperature and the
presence of H and OH radicals are discussed in section 3.3.1. Figure 7 shows the
comparisons of axial profiles of NO concentration and temperature at ¢ = 1.31 between the
LES/FGM and the LES/NA-FGM. NO concentrations for both approaches rapidly decrease
through passing each flame zone. After that, the NO concentration for the LES/FGM
remains almost the same in the downstream. This is explained by Fig. 8, which shows the
correlation between production rate of NO and progress variable, C, at ¢ = 0.840, 1.04 and
1.31for Ah =0 (FGM). The production rate of NO in the downstream of a flame is negative
at only ¢ = 1.31, and when the value of C becomes its maximum, the rate is almost zero.
The LES/FGM estimates the amount of NO emissions as 148 ppm in Fig. 7. However, the
NO concentration for the LES/NA-FGM monotonically decreases even in the downstream
of a flame, and eventually reaches 9 ppm. This value is close to 7 ppm measured in the
experiments [15]. This shows the superiority of the LES/NA-FGM in estimating the amount
of NO emissions, and it also shows the quantitative accuracy at ¢ =1.31.

Second, Fig. 9 shows the comparisons of distributions of (a) temperature, (b) axial

velocity, (¢) OH mole fraction, and (d) NO mass fraction for the LES/NA-FGM between

13
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the cases of ¢=0.840 and 1.04. The maximum of OH mole fraction at ¢ = 0.840 and 1.04 is
larger by approximately 15 times than that at ¢ = 1.31, increasing the reactivity at these ¢
conditions. As a result, the NO production is quite high, especially at ¢ = 0.840. Each of
NO concentrations at ¢ = 0.840 and 1.04 for the LES/NA-FGM also decreases in the
downstream of the flames. This is the peculiar behavior derived from the presence of heat
losses, because the NO production rate in the downstream of a flame zones is almost zero
in adiabatic conditions in Fig. 8.

Figure 10 shows the comparison of the amounts of NO emissions as a function of
¢ between the LES/FGM and the LES/NA-FGM, together with the results obtained by
one-dimensional premixed flame calculations (PREMIX) and experiments [15]. For
comparison, the NO concentrations at the outlet boundary for one-dimensional laminar
premixed flames are also illustrated as PREMIX. The amount of NO emissions for the
LES/FGM is proximate to that for the PREMIX and is higher than that of the experiment
for whole ¢ conditions, whereas that for the LES/NA-FGM is estimated quantitatively at ¢
> 1.04. However, it is overestimated by more than twice, at ¢ = 0.840, even when the
LES/NA-FGM is employed. The reasons of the overestimation are as follows. First, the
experiment at ¢ = 0.840 may include an uncertainty. According to the experiment, the
amount of O, emissions at ¢ = 0.840 is approximately 4.5%. The concentration corresponds
to that as ¢ =0.752 if the premixed gas is completely burned. However, because the amount
of NO emissions at ¢ = 0.752 for the LES/NA-FGM is still high in Fig. 10, it cannot be
concluded that the experimental condition was equivalent to not as ¢ = 0.840 but as ¢ =
0.752. Second, some inaccuracies remain in UCSD-mech employed in this study.
UCSD-mech overestimates S; at ¢ < 1, and the reactions concerning NO are still not
validated. At ¢ = 0.840, there is very few effect on the consumption rate of NO in

non-adiabatic conditions in section 3.3.1. If this should be the case, it means that
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UCSD-mech overestimates the NO production in a flame zone. For the quantitative
prediction of NO emissions at ¢ = 0.840, these unclear problems must be separately

examined.

3.2.2. CO emissions

Because CO emissions are often problematic for practical uses because of its
harmful effect on human bodies, this section deals with their evaluation. Figure 11 shows
the comparisons of distributions of CO mole fraction at ¢ = 0.840, 1.04 and 1.31 between
the LES/FGM and the LES/NA-FGM. Once CO in the LES/FGM is produced at ¢ = 1.04
and 1.31, the concentration remains high. This is the effect of thermal dissociation, and one
part of CO, transforms into CO in high temperatures. This transformation is hardly seen in
the LES/NA-FGM because of heat losses.

Finally, Fig. 12 shows the comparison of the amounts of CO emissions at ¢ =
0.840 between the LES/FGM and the LES/NA-FGM, together with the experiments [15].
The experimental results for other ¢ conditions were not accurately measured because of an
upper limit of equipment range. At ¢ = 0.840, the amount of CO emissions in the LES/FGM
is overestimated, whereas that in the LES/NA-FGM is close to the experimental result,
which emphasizes that the LES/NA-FGM is a more accurate tool to determine the amount

of CO emissions.

3.3. Effects of heat losses on NO and CO reactions

The effects of heat losses on the NO and CO reactions are investigated in detail in
terms of one-dimensional premixed flame -calculations below. The UCSD-mech is
employed as the detailed reaction mechanism as ever. The fuel consists of 61.0% NH3 and

39.0% CHy4 by volume, and the unburned temperature and pressure are 298 K and 1 atm,
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respectively.

3.3.1. NO reactions

The reactions related to NO are slower than others. Therefore, it is assumed that
heat losses affect the consumption rate of NO in the downstream region of flames. Figure
13 shows the time series of NO concentrations at ¢ = 0.840, 1.04 and 1.31 for NH3/CH4/air
combustion obtained by one-dimensional calculations in non-adiabatic conditions. Here,
the downstream region of a flame is defined as the downstream side from the position that
H mole fraction reaches the maximum. The all species’ concentrations at the time in an
adiabatic condition are used as each initial condition. Then, the change of NO
concentrations is calculated under constant temperature, 7, in downstream regions. Besides,
T,q4 shows the adiabatic flame temperature at each ¢ condition.

At ¢ = 0.840, the NO concentrations are not changed other than the case of 7' =
1900 K, and it slightly decreases at 7= 1900 K. At ¢ = 1.04, the NO concentration at 7' =
T,q remains over 4000 ppm. On the other hand, it dramatically decreases in non-adiabatic
conditions, and especially at 7= 2000 K, it eventually reaches 204 ppm. As temperature
becomes lower than 77 = 2000 K, the consumption rate becomes slower, and the NO
concentration at 7= 1500 K rather increases and heads for 6300 ppm. That is, this value is
larger than that in the adiabatic condition. Finally, at ¢ = 1.31, the NO concentrations
become diminished as temperature decreases. In the case of 7= 1900 K and 1800 K, the
NO concentrations gradually decrease, and they eventually reach about 6 ppm. NO
instantaneously disappears in the cases of 7< 1700 K.

For comparison, Fig. 14 shows the time series of NO concentrations at ¢ = 0.840,
1.04 and 1.31 for CHs/air combustion obtained by one-dimensional calculations in

non-adiabatic conditions. At ¢ = 0.840 and 1.04, the production rate of NO increases

16
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through thermal NOx processes as temperature becomes higher. For CHa/air combustion,
there is no specific temperature condition which strengthens the consumption of NO, and
this trend is different from NH3/CHa/air combustion. On the other hand, the NO
concentration decreases slowly at ¢ = 1.31, and the consumption rate of NO becomes max
at around 1900 K.

For NH3/CHy/air combustion, Fig. 15 shows the relevant reaction path related to
the NO concentration at ¢ = 1.31 at the time that its consumption rate is max by
one-dimensional calculation in a non-adiabatic condition. The ambient temperature is 7' =
1900 K. The thickness of each arrow denotes the relative magnitude of the reaction rate.

NO is mainly consumed through three routes, or N,O, N,H and N, route respectively.

NO + NH=N,0+N (18)
NO + NH, = N,H + OH (19)
NO+N=N,+0 (20)
NO +NH =N, + OH (21)
NO + NH, =N, + H,0 (22)

In the N,O route, N,O changes to N, by reacting with H or OH radical. Moreover, NH; and
NH, which are needed for above reactions, are generated from NH3 and NH;, respectively.
These reactions require H and OH radicals. Therefore, it is important for the consumption
of NO that there are active radicals such as O and OH in non-adiabatic conditions.

As above, the effects of heat losses on the consumption of NO are not almost
observed at ¢ = 0.840, but the NO concentration slightly decreases at only 77= 1900 K. At ¢
= 1.04, NO concentration decreases the fastest at 7= 2000 K, and as temperature becomes
smaller, it rather increases. At ¢ = 1.31, NO concentrations at 7 = 1900 K and 1800 K
decrease gradually to about 6 ppm, and in the cases of 7 < 1700 K, it instantaneously

disappears. Such heat losses and active radicals such as H and OH support the consumption
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of NO.

3.3.2. CO reactions

Figure 16 shows the principal reactions of CO at ¢ = 0.840 for NH3/CHy/air
combustion obtained by one-dimensional calculation in an adiabatic condition. The
consumption rate of CO basically depends on one reaction,

CO + OH = CO, +H. (23)
OH radical is namely the most important species.

In order to evaluate the effects of heat losses, ambient temperature dependence for
the consumption of CO is investigated. Figure 17 shows the time series of CO
concentrations at ¢ = 0.840 for (a) NH3/CHy/air combustion and (b) CHg/air combustion,
which are obtained by one-dimensional calculations in non-adiabatic conditions. The
definition of the downstream region is the same as the previous section. For NH3/CHy/air
combustion, the consumption rate of CO becomes larger with rich OH radicals under low
ambient temperature. As temperature becomes lower than 7,4, the consumption rate of CO
becomes faster, and the rate becomes max around 1500 K. At 7= 1500 K, the concentration
reaches a few ppm within 40 ms. The consumption rate at 7= 1200 K becomes slower than
that at 7= 1500 K, but the concentration reaches under 1 ppm after the passage of 200 ms.
Because the required time is much larger than the reaction time of other main species, the
transport equation of CO must be additionally employed in LES for the prediction of CO
emissions in such non-adiabatic conditions. In other words, in this study, it is assumed that
the amount of CO emissions can be evaluated without its transport equation. At 7= 900 K,
CO reactions are completely stopped and the concentration remains quite high. Additionally,
the behavior of the CO concentration for CHy4/air combustion is almost the same as that for

NHj;/CHy/air combustion.
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4. Conclusions

In this study, a large-eddy simulation (LES) employing a non-adiabatic flamelet
generated manifold approach (NA-FGM), which can account for the effects of various heat
losses caused by radiation and cold walls, was applied to NH3/CHg/air combustion fields
generated by a swirl burner, and the formation mechanisms of NO and CO for ammonia
combustion were investigated in detail. The amounts of NO and CO emissions for various
equivalence ratios, ¢, were compared with those predicted by LES employing the
conventional adiabatic flamelet generated manifold approach (FGM) and measured in the
bespoke experiments [15]. The results obtained in this study are summarized as follows.

(1) The amounts of NO and CO emissions predicted by the LES/NA-FGM agree well with
the experiments much better than the LES/FGM. This is because the NO and CO
reactions for NH3/CHy/air combustion are quite susceptible to H and OH radicals’
concentrations and gas temperature. This suggests that it is essential to take into
account the effects of various heat losses caused by radiation and cold walls in
predicting the NO and CO emissions for the combustion of ammonia as a primary fuel.

(2) Regarding the NO emissions, the amount is successfully predicted using the
LES/NA-FGM for ¢ > 1.04, whereas it is overestimated at ¢ = 0.840. This is
considered to be due to the UCSD-mech used for generating the flamelet libraries. This
mechanism tends to overestimate S;, which may produce NO excessively in a flame

zone.
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Fig. 9: Comparisons of instantaneous distributions of (a) temperature, (b) axial velocity, (c)

OH mole fraction, and (d) NO mass fraction for LES/NA-FGM between the cases of ¢ =

0.840 and 1.04.
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Fig. 10: Comparison of time-averaged amounts of NO emissions as a function of ¢ between

LES/FGM and LES/NA-FGM, together with the results obtained by adiabatic

one-dimensional premixed flame calculations (PREMIX) and experiments [15]. The

display ranges are (a) 0.70 < g< 1.5 and (b) 1.2 < ¢ < 1.5.
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Fig. 13: Time series of NO concentrations at ¢ = 0.840, 1.04 and 1.31 for NH3/CHy/air

combustion obtained by one-dimensional calculations in various temperature conditions.
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Fig. 14: Time series of NO concentrations at ¢ = 0.840, 1.04 and 1.31 for CHy/air
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combustion obtained by one-dimensional calculations in various temperature conditions.
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Fig. 15: Relevant reaction path related to NO concentration at ¢ = 131 for

NH3/CH4/combustion at the time that its consumption rate is max by one-dimensional

calculation in 7= 1900 K.
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Fig. 16: Principal reactions of CO at ¢ = 0.840 for NHi/CHy/air obtained by

one-dimensional calculation in an adiabatic condition.
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Fig. 17: Time series of CO concentrations at ¢ = 0.840 for (a) NH3/CHy/air combustion and

(b) CHy/air combustion obtained by one-dimensional calculations in various temperature

conditions.
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