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A small reaction model for ammonia is necessary for the design and development of large-scale ammonia
combustion systems using computational fluid dynamics (CFD) simulation. The present study generated a
simplified reaction model for ammonia using a genetic algorithm (14 species and 45 reactions). Optimization was
applied to reproduce the combustion properties of ignition delay times, mole fractions of ammonia and nitric
oxide at the exit of a single perfectly stirred reactor (PSR), those of a two-staged PSR, and laminar flame speed.
The generated simplified reaction model for ammonia was applied to combustion CFD simulation for a 1 MW

boiler test facility. Results of CFD simulation reproduced the characteristics of two-staged combustion well.
Nitrous oxide emissions predicted by the simulation agreed well with experimental results.

Introduction

As a carbon neutral next-generation fuel, ammonia is expected to
play an important role in the fight against with global warming.
Ammonia, which can be used as a carrier of hydrogen, has merits of high
hydrogen density, a high boiling point, existing infrastructure for pro-
duction, and much easier transportation than that for hydrogen.
Ammonia co-firing technologies are applicable to boilers, gas turbines,
engines, industrial furnaces, etc. Among these, IHI corporation has
devoted its efforts since 2017 to the R&D of ammonia/coal co-firing
technologies in boilers by experiments [1,2], reaction analyses [3,4],
and computational fluid dynamics (CFD) simulations [2,5]. Usually,
CFD is regarded as an effective approach for evaluating the performance
of large-scale boilers. Nevertheless, it is unrealistic to perform CFD
simulations using detailed reaction models for ammonia because of the
high calculation costs. The detailed reaction models for ammonia are
much smaller than those for hydrocarbons but are still too large to be
applicable to CFD simulation for large-scale boilers. Consequently, a
simplified ammonia reaction model must be built for the CFD simulation
of large-scale boilers.

* Corresponding authors.

Various methods of reducing the size of detailed reaction models
have been proposed [6-11]. A direct relative graph (DRG) method [7]
has been extensively utilized to generate reduced reaction models for
various fuels. DRG method eliminates unimportant species and reactions
under given test conditions from a detailed reaction model. Liu and Han
[12] applied the DRG method with sensitivity analysis to reproduce the
explosion limits of ammonia and ammonia/hydrogen blends. The
detailed reaction model developed by Mei et al. [13] (38 species and 265
reactions) was reduced to 26 species and 82 reactions. An even smaller
ammonia reaction model is necessary for the practical combustion
simulations of large-scale boilers. In addition to oxidation, formation
and reduction of nitric oxide (NO) are necessary for test conditions
because the prediction performance for NO is essential to a reaction
model used in boiler CFD simulations. However, it is generally chal-
lenging that a smaller ammonia reaction model is generated using DRG
method for multiple combustion properties.

The present study proposes a method to generate a simplified
ammonia reaction model using a genetic algorithm (GA). Because of the
effectiveness and robustness of GA for nonlinear problems, the optimi-
zation of rate parameters using GA has been applied for reduced reaction
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Fig. 1. Schematic of ammonia reaction pathways, (a) detailed and (b) abbreviated.

models [14-19] and global reaction models [20-22]. Elliott et al. [14]
optimized the rate parameters of reduced reaction mechanisms to
reproduce species mole fractions in a perfectly stirred reactor (PSR) and
a burner-stabilized flame. Montgomery et al. [15] applied a GA to select
the optimum QSS species in ignition problems. Perini et al. [16]
developed a method using a GA combined with mechanism reduction for
ignition problems. Sikalo et al. [17] introduced a penalty function to
improve the effectiveness of rate parameter optimization in reduced
reaction mechanisms for ignition problems. Jaouen et al. [18] proposed
a method combining a GA with DGREP and QSS. They demonstrated its
capability for methane/vitiated-air flames. Chang et al. [19] used GA
optimization for rate parameters of C4-C5 sub-reactions in an n-penta-
nol reduced mechanism to reproduce ignition delay times and species
concentrations in a jet-stirred reactor (JSR). For GA applications to
global reaction models, Polifke et al. [20] applied GAs for optimizing the
rate parameters of two-step and three-step global reaction mechanisms
to reproduce heat release rates in 1-D flames. Cailler et al. [21] intro-
duced non-Arrhenius parameters to a two-step global reaction mecha-
nism and applied GA optimization to reproduce flame temperature
dependence on an equivalence ratio. Hamosfakidis and Reitz [22]
developed an eight-step global reaction mechanism for a diesel
component. Its rate parameters were optimized using a GA to reproduce
ignition delays. Because of the simplicity of such global reaction
mechanisms, however, optimizing multiple combustion properties are
expected to be difficult.

The present study sets abbreviated reaction pathways of ammonia
combustion with small numbers of species and reactions. Furthermore,
GA optimization is applied to rate parameters in abbreviated reaction
pathways to reproduce characteristics of ammonia oxidation and NO
formation and reduction. A simplified ammonia reaction model gener-
ated by the present method is demonstrated in combustion CFD simu-
lations for a boiler test facility.

Simplified ammonia reaction model

Fig. la, depicts a schematic of a detailed reaction pathway for
ammonia [23]. Following NH; radical formation by H-atom abstraction
reaction of ammonia, three major pathways for NHy radical consump-
tion exist: oxidation, NO formation, and NO reduction. In the oxidation
pathway, the NH; radical recombination channel produces NyHy and
NyHjy. These NoH, species go to NNH by losing a H atom; NNH finally
decomposes to No. In the NO formation pathway, a NH, radical reacts
with Hy—Os radicals (mostly with an O radical) and forms HNO. HNO is
also formed through NH and HoNO from NHj,. NO is formed from NHO
with Hy—O» radicals and O,. In the NO reduction pathway, NHy + NO

Table 1
Nitrogen reactions whose rate constants are taken from the base reaction model.

NH2 + O =HNO + H

NH2 + NO = NNH + OH
NH2 + NO = N2 + H20
NNH+M=N2 +H+ M
HNO + 02 = HO2 + NO

Table 2
Virtual reactions whose rate constants were optimized using GA.

NH3 + OH = NH2 + H20
NH3 + O = NH2 + OH

NH3 + H = NH2 + H2

NH3 + HO2 = NH2 + H202
NH2 + H+ M =NH3 + M
NH2 + OH = HNO + H2
NH2 + HO2 = HNO + H20
NH2 + NH2 = NNH + H2 + H
NH2 + NH2 = N2 + H2 + 2H

HNO + H = NO + H2
HNO + OH = NO + H20
HNO + O = NO + OH
HNO + HO2 = NO + H202
NNH + OH = N2 + H20
NNH + H = N2 + H2

NNH + O = N2 + OH
NNH + HO2 = N2 4 H202

reactions form NNH or Ns. Fig. 1a shows that three species, NHy, HNO,
and NNH show high degrees in the graph and play the role of “hub” in
the three major pathways. In the present study, we set abbreviated re-
action pathways using the three hub species, reactant (NH3), and
products (NO and Ny), as portrayed in Fig. 1b. Furthermore, a simplified
ammonia reaction model was generated using the following procedure:

(1) A detailed reaction model in [23] is used as the base reaction
model.

(2) Hy—O5 reactions are taken from the base reaction model as they
are.

(3) Reactions shown in Table 1 are taken from the base reaction
model as they are because of the largest rate of production in the
abbreviated reaction pathways.

(4) Virtual reactions in Table 2 are considered. Their rate constants
are optimized by GA to reproduce combustion properties in test
conditions.

(5) Thermodynamic and transport data are taken from the base re-
action model as they are.

The vertical reactions were chosen as NHz + X, NH; + X, HNO + X,
and NNH + X reactions, where X represents Hy—O» radicals (H, O, OH,
and HO,). To mimic the NH, radical recombination reaction and its
subsequent pathways, NH; + NHy = NNH + Hj + H and NH; + NH, =
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Table 3
Test conditions of combustion properties.

(a) IDT: adiabatic, closed homogeneous reactor at constant volume
Mixture Initial T (K) ¢ Initial P (atm)

NHs/air 2000 1.0 1.0
1333
1000

2000 2.0
1333
1000

2000 0.5
1333
1000

(b) PSR1yo and PSR1yp3: Single open homogeneous reactor at constant temperature
and volume (residence time: 1 s; inlet temperature: 300 K)

Mixture Reactor T (K) @ Reactor P (atm)

NHs/air 1500 06 1.0

2000 0.6
0.8
1.0
1.1
1.2
1.3
1.4

(c) PSR2y0 and PSR2yy3: Two-staged open homogeneous reactor at constant
temperature and volume (residence time at first stage: 1 s; residence time at second
stage: 2 s, inlet temperature: 300 K, reactor temperature at second stage: T — 300)

Mixture  Reactor T at first Overall Reactor P Two-stage
stage (K) ¢ (atm) combustion ratio, R
NHs3/ 1300 0.85 1.0 0.20
air
1500
1700
1900
1300 0.35
1500
1700
1900
(d) LFS: Adiabatic 1-D steady planar flame
Mixture Inlet T (K) ¢ P (atm)
NHs/air 300 1.0 1.0

Ny + Hy + 2H were also included in the virtual reactions. The total size
of the present simplified ammonia reaction model was 14 species and 45
reactions. The present methodology is an inverse problem compared
with mechanism reductions: a minimal set of reaction equations (path-
ways) is an input in the present method, whereas it is an output in
mechanism reductions. It is noteworthy that N,O reactions were not
considered in the present study because of high-temperature process
with long residence time in the present combustion facility.

The objective function to be minimized, f, was evaluated using
combustion properties computed with the base reaction model and the
simplified reaction model. Ignition delay time (IDT), NO and NH3 mole
fractions at the exit of a single perfectly stirred reactor (PSR1yo and
PSR1yns, respectively), NO and NH3 mole fractions at the exit of a two-
staged perfectly stirred reactor (PSR2xo and PSR2ynys, respectively), and
laminar flame speed (LFS) were used as combustion properties. The
objective function for the combustion property i, f;, was defined as

Applications in Energy and Combustion Science 15 (2023) 100187

NN
[ N
]
1

L
N oo oo~

Objective value

L
> 0 o

0 50 100 150 200
Generation

Fig. 2. History of the minimum objective value in the population.
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where N; represents the number of test conditions for the combustion
property i, is; denotes the combustion property computed with the
simplified reaction model at the jth test condition, and i stand for the
combustion property computed with the base reaction model at the jth
test condition. A smaller f; represents a smaller prediction error of the
simplified reaction model to the base reaction model for the target
combustion property i. The objective function f was defined as the linear
recombination of f;:

S =fior + fesriyo +Spsr1ygy +Spsrone T Sfesr2n T SiEs (2)

Table 3 presents the test conditions of combustion properties chosen
as typical conditions of boilers. Computations of the combustion prop-
erties were made using Cantera 2.5.1. When computations of is; took a
long time or failed, a large value was set for i;.

A MATLAB code was developed to generate the simplified reaction
model that minimized the objective function. A GA function in the
global optimization toolbox of MATLAB R2020b (The MathWorks Inc.)
was used to implement the optimization. To apply GA to a chemical
reaction system, one simplified reaction model corresponded to an in-
dividual in the population. Each individual was involved with 51 rate
parameters to be optimized (17 virtual reactions x 3 Arrhenius pa-
rameters per reaction), i.e., the present optimization considered 51
design variables. Initial values of the design variables were given as
random values. A Gaussian distribution with mean of 0 and standard
deviation of 10 was used to obtain the random values. Conversions from
a design variable v to an Arrhenius parameter were applied as follows:
10” for a pre-exponential factor, 0.01v for a temperature exponent, and |
1000v| for activation energy in cm®-mol-cal-s units. These conversions
proposed in this study cover a wide range of realistic rate constant and
avoid unrealistic rate parameters from random values (e.g. a negative
pre-exponential factor and an overly large temperature exponent). The
population size was set as 300. The elite fraction and crossover rate were
set as 0.05 and 0.8, respectively. Therefore, the top 15 simplified reac-
tion models in the population were guaranteed to survive to the next
generation. Crossover was applied to 240 simplified reaction models in
the population as parents and created child models by exchanging the
design variables of a pair of the parents. Mutation was also applied to 45
simplified reaction models in the population as parents and created child
models by introducing random values to design variables of the parents.
The same procedure used for the initialization process was used for the
mutation process.
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Fig. 3. IDT and PSR1yyus computed the base reaction model and the generated simplified reaction model.
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Fig. 4. PSR2y0 and PSR2yp3 computed the base reaction model and the generated simplified reaction model. (R;: two-stage combustion ratio).

Fig. 2 presents the history of the minimum objective value in the
population. The minimum objective value decreases with the number of
generations. Large drops of the minimum objective values are observed
at several generations (57th, 63rd, and 85th). The minimum objective
value becomes almost constant after the 150th generation. The indi-
vidual with the minimum objective value at the 200th generation is used
as the generated simplified ammonia reaction model hereinafter. The
objective values of the combustion properties of the generated simpli-
fied ammonia reaction model were fipr = 0.69, fpsr1y, = 0.25, fosris =
0.37, fPstNO = 005, fPSRZNHS = 010, and fLFS = 0.001.

Fig. 3 shows IDT and PSR1yys computed with the base reaction
model and the generated simplified reaction model. IDT and PSR1yy3
showed relatively higher objective values compared to the other com-
bustion properties. IDT computed with the generated simplified reaction
model is shorter than that with the base reaction model at 2000 K.
PSR1nys computed with the generated simplified reaction model are
lower than those with the base reaction model in lean conditions at
1500 K and in fuel-rich conditions at 2000 K. As a result, the objective
values of IDT and PSR1yys are relatively higher than those of the other
combustion properties. More species and reactions would be necessary
for smaller objective values of IDT and PSR1yps. However, the gener-
ated simplified reaction model still captures qualitative trends of IDT to
temperature and PSR1yys to equivalence ratio. Fig. 4 shows PSR2y0 and
PSR2ny3 computed with the base reaction model and the generated
simplified reaction model. PSR2yo and PSR2yp3 showed relatively
lower objective values compared to the other combustion properties.

=~

Staging air Exit
\J
NH;+Air - Primary combustion Secondary combustion
Vol zone zone
Burner = /1
Furnace | .
Staging air

Fig. 5. Outline of the combustion facility.

The generated simplified reaction model satisfactorily reproduces NO
and NH3 emissions predicted with the base reaction model in two-staged
combustion. The generated simplified reaction model was applied to
combustion CFD simulations. The methods and results of combustion
CFD simulations are presented in the next section.

Combustion simulation for 1 MW test facility

The generated simplified ammonia reaction model was evaluated by
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Fig. 6. Comparison between experimental and CFD simulation results (NOx in
experiment included NO and NO, whereas NOx in computations used NO).

CFD simulation of ammonia combustion experiments in a combustion
facility with a rated heat input of 1.0 MW. An outline of this facility is
presented in Fig. 5. Ammonia and air were introduced to a burner
depicted on the left side of Fig. 5. To reduce NOx emissions, a two-stage
combustion method was adopted, with a portion of the air being intro-
duced to the middle of the furnace. Therefore, the furnace was divided
into a primary combustion zone and a secondary combustion zone. The
NOx mole fraction at the furnace exit was measured using a gas analyzer
with nondispersive infrared (NDIR) absorption.

The CFD simulation was performed using ANSYS FLUENT 20. The
generated simplified ammonia reaction model was integrated into the
simulation. The adopted turbulence model was Realizable k-¢ because of
its superior performance for flow involving rotation. The turbulence-
chemistry interaction was based on the Eddy-Dissipation Concept
(EDC). To match the experimental conditions, the CFD simulation was
performed with heat input of 0.84 MW and a total excess air ratio of
1.28. The excess air ratios in the primary zone were set in the range of
0.77 to 1.09, corresponding to a two-stage combustion ratio (the pro-
portion of the secondary air amount to the total air amount) of 15% to

Excess air ratioin Temp. I A
primary combust. zone Min.  Max.
0.83

°
©
=}

ey Y P
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40%. The inputs of fuel and air were approximately 164 kg/h and 972
kg/h. The wall temperature was set as 40 °C, which was the temperature
of the cooling water. The number of meshes was around 424 million,
which was considered as sufficiently fine for the present combustion
facility, based findings from an earlier study [24].

The applicability of the generated simplified ammonia reaction

model was confirmed in the CFD simulation. Fig. 6 presents a compar-
ison of values found from the simulation and from experimentation to
assess the NOx mole fractions at the furnace exit under various condi-
tions. The change in NOx mole fractions at the furnace exit attributable
to the excess air ratio in the primary combustion zone (or two-stage
combustion ratio) obtained using the CFD simulation agreed well with
the experiment. This simulation result was greatly improved compared
to results calculated using the Okafor’s reaction model [25] in the case
of NHj firing, except for co-firing with methane. Therefore, the accuracy
of CFD simulation adopting the generated simplified ammonia reaction
model was confirmed. In addition, Fig. 6 showed that both the simula-
tion and experiment indicated a "V"-shaped trend in NOx mole fraction
responses to the two-stage combustion ratio, and it was found that the
minimum value of NOx mole fraction appeared near an excess air ratio
of around 0.95 in the primary combustion zone (slightly fuel-rich). Re-
sults demonstrated that the NOx mole fraction increased suddenly when
the excess air ratio exceeds 1.0, i.e., on the fuel-lean side.

The cause of the previously described of NOx can be inferred from
Figs. 7 and 8, which show the distributions of gas temperature, NO and
ammonia mole fractions, and reaction rate of NHy with OH in the
furnace. The temperature distributions in Fig. 7(a) display good ignit-
ability under all conditions. Results showed a higher flame temperature
in the primary combustion zone than in the secondary combustion zone.
Combustion in the primary combustion zone became more intense as the
primary air ratio approached 1.0. In addition, in the three fuel-rich
conditions (excess air ratios of 0.77, 0.83, and 0.90 in the primary
combustion zone) where the residual ammonia remained in the primary
region, a significant increase in temperature attributable to ammonia

after-burning was observed when the staging combustion air was
introduced. The mole fraction distribution of NO in Fig. 7(b) showed
that, under fuel-lean conditions (excess air ratio higher than 1.0), NO
generated in the flame could not be reduced because the entire furnace
including both the primary and secondary combustion zones was in a
fuel-lean state and was discharged as is. However, in the three fuel-rich

AR

=
o
©

7y

Fuel lean «—— ' ——— Fuyel rich
o
[(e]
N

(a) Temperature

(b) Mole fraction of NO

Fig. 7. Gas temperature distribution and mole fraction distribution of NO obtained from CFD simulation.
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Fig. 8. Mole fraction distribution of NH3 and oxidation rate distribution of NH, obtained from CFD simulation.

conditions (excess air ratios of 0.77, 0.83, and 0.90), NO in the primary
combustion zone was reduced almost to zero. The amount of NO
generated by ammonia after-burning increased when staging combus-
tion air was introduced. Moreover, under slightly fuel-rich conditions
(excess air ratio of 0.97), results demonstrated that the inhibition of NO
from both the flame and ammonia after-burning were achieved, result-
ing in the lowest NO mole fraction at the furnace exit.

The mole fraction distributions of ammonia in Fig. 8(a) showed that,
under fuel-lean conditions (excess air ratio higher than 1.0), ammonia
was consumed almost to zero in the flame. By contrast, results obtained
under fuel-rich conditions indicated that residual ammonia after the
flame increased as the excess air ratios in the primary combustion zone
decreases. According to the distribution of the reaction rate of NHy with
OH in Fig. 8(b), results showed that, under fuel-lean conditions (excess
air ratio above 1.0), there was almost no residual ammonia after the
flame. Therefore, injecting a staging combustion air did not cause any
ammonia after-burning. By contrast, under fuel-rich conditions, as the
excess air ratio in the primary zone decreased, the residual ammonia
after combustion increased. Consequently, the results demonstrated that
after-burning of ammonia became increasingly remarkable.

Conclusions

A simplified reaction model for ammonia combustion with 14
chemical species and 45 reactions was generated using a genetic algo-
rithm. The CFD simulation by integrating this reaction model was per-
formed for ammonia combustion experiments in a combustion furnace.
Results showed that the change in NOx mole fraction at the furnace exit
to two-stage combustion ratio was in good agreement with the experi-
mental values. In addition, results demonstrated that when the condi-
tion of the primary combustion zone was slightly fuel-rich (e.g., excess
air ratio of about 0.95), inhibition of both the NOx from the flame and
from the after-burning of ammonia was achieved, resulting in a mini-
mum value of NOx concentration at the furnace exit. These ammonia
combustion characteristics are expected to be useful for the design and
operation of ammonia combustion burners.
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