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ARTICLE INFO ABSTRACT
Keywords: This study investigates the ability of Chemical Reactor Network (CRN) methodologies in predicting NO,
Computational Fluid Dynamics CFD reduction through water injection in a lean non-premixed hydrogen combustor for a given outlet flame

Chemical Reactor Network CRN
NO, emission

Non-premixed lean combustion
Water injection

Hydrogen

temperature. A new methodology for creating a chemical reactor network to analyze emissions is proposed
and validated. The novelty lies in the definition of the connections between the different reactors composing
the network using an optimization algorithm. This approach allows the prediction of emissions without
the need for complete knowledge of the flow field of the combustor through PIV or high-fidelity CFD
simulations. The proposed method proves to be a reliable and computationally efficient framework for
predicting hydrogen combustion emissions, achieving thousand-fold computational savings over CFD while
maintaining prediction accuracy on the NO, emissions within experimental uncertainty. The results are
validated through comparisons with CFD simulations, which are first assessed against experimental data
without water injection, demonstrating CFD’s effectiveness in this scenario. The CRN, trained without water
injection, successfully applies to the water injection cases, demonstrating its predictive capability beyond the
training conditions.

1. Introduction application, such as the WET engine configuration proposed by MTU
in the aerospace sector [9] or the Hydrogen Steam and Inter-Cooled

In recent years, hydrogen has garnered significant attention as a Turbine Engine (HySITE) proposed by Pratt & Whitney [10].
potential energy carrier in the transition to a net-zero carbon society.

Particularly, with the advent of green hydrogen production, this fuel
could play a role in a fully circular economy [1, 2]. Although carbon
dioxide (CO,) emissions can ideally be avoided, nitrogen oxides (NO,,
here comprising NO and NO,) emissions still persist and may even
increase compared to kerosene due to higher flame temperatures at a
given equivalence ratio. Lean combustion and the use of water injection

The above mentioned reduction of NO, stems from various mech-
anisms. Various studies [11-15] have investigated the three primary
effects of water interaction with flames:

1. Cooling effect: Heat is extracted during the phase change of liquid
water, reducing the heat released from combustion. Further-

are proposed as means to reduce these emissions. more, cooling is due to high ¢, of steam compared to other gases,
The potential for employing liquid water and steam injection in particularly air.

combustion systems has historically been considered due to its capacity 2. Dilution effect: Steam, directly injected or produced from evap-

to enhance overall power output and fuel efficiency [3]. In recent oration reduces the mass fraction of reactants, lowering the

years, this technique has gained attention as a strategy for reducing system’s heat release per unit mass.

harmful emissions, particularly within frameworks such as MILD com- 3. Chemical effect: Water exhibits high collision efficiency in third-

bustion [4] and Exhaust Gas Recirculation (EGR), which aim to lower body reactions. Moreover, as thermodynamic effect, shifts the

the maximum system temperature. This approach is viewed as promis-
ing for reducing NO, emissions and other harmful by-products, as
documented in the literature [5-8]. There are examples of its potential

equilibrium conditions as it is also one of the major combustion
products.
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In liquid water injection, the cooling effect is dominant, while the
chemical effect can be considered secondary. At the same time, in
steam injection, the cooling effect is generally less significant compared
to the dilution and chemical effects. Even if NO, reduction can be
achieved through the decrease of temperature caused by the steam, the
chemical effect of water is capable of decreasing NO, concentration
even at constant temperatures, as demonstrated by Concetti et al.
[16]. This phenomenon arises from the impact on flame structure and
the redistribution of radicals, particularly atomic oxygen (O), which
influences the N,O mechanism, as highlighted in Goke and Paschereit
[5], Goke et al. [6]. Early research by Koroll and Mulpuru [17] on
the high collision efficiency of water in flame structures showed that
when hydrogen/oxygen premixed flames are diluted with steam, the
reduction in flame speed is less than the value predicted if water was
assumed to be inert. This effect is primarily due to a specific third-body
reaction:

H+0,+M < HO, +M (€8]

The importance of this reaction has also been recognized in stud-
ies by Lamioni et al. [18] and Attili et al. [19], where it has been
associated with a chain-breaking reaction competing with a non-third-
body chain-branching reaction. The balance between these reactions
is temperature-dependent and influenced by the presence of species
like water that affect third-body reaction dynamics. The relevance of
the third-body reactions efficiency of water on the flame speed has
also been stressed in the study of Lyu et al. [20], where it has been
considered in combination with pressure effects.

Beyond being carbon-free, hydrogen offers several advantages, in-
cluding high specific energy, with a lower heating value of 120 MJ/kg
[21], broad availability, and applicability across a wide range of con-
ditions. However, there are also substantial safety concerns related to
hydrogen’s volatility, difficulty in maintaining liquid form, low volu-
metric density (requiring larger storage volumes), and high reactivity,
which necessitate stringent precautions throughout its use. Given these
challenges, it is crucial to develop a deep understanding of hydrogen
combustion, especially for practical applications. Numerical simula-
tions at various levels of fidelity can be instrumental in achieving this.
This study aims to propose a reliable yet computationally efficient nu-
merical framework for predicting harmful emissions, specifically NO,,
which are the primary pollutants in hydrogen combustion with air due
to the high temperatures reached. Although accounting for pollutant
species such as NO, during numerical simulations is now feasible, it
remains computationally expensive and impractical for extensive para-
metric studies during the design process. The conventional approach in
Reynolds-averaged numerical simulations (RANS) involves estimating
these chemical species in post-processing, a technique justified by the
long timescales of nitrogen chemistry and the minimal impact of NO,
formation on temperature and other chemical fields [22]. However,
this approach requires new RANS simulations for every parametric
variation, even minor ones, leading to higher computational costs
during the design process.

Recent research has focused on developing techniques that repre-
sent combustion devices using ensembles of 0D ideal gas reactors [5,
23-27]. The general approach involves performing a CFD calcula-
tion with a simplified chemical kinetic mechanism, then dividing the
computational domain into subdomains with similar thermochemi-
cal characteristics. Each subdomain is modeled as a OD reactor, and
fluxes between subdomains are derived from CFD results. This reac-
tor network can then be used with a more comprehensive chemical
mechanism to capture nitrogen chemistry and other pollutants [23, 24].

Recently, the development of new machine learning and optimiza-
tion techniques improved the design methodology of the Chemical
Reactor Network (CRN) [28, 29]. The present study aims to further
develop the CRN design methodology, proposing an approach that does
not rely on new CFD simulations for every design modification and
does not rely on a large amount of data from high-fidelity simulations
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or experimental measurements. Instead, it leverages the general flow
behavior of the system, dividing the combustion chamber based on
recirculation zones. The fluxes in this methodology are optimized using
a mono-objective Particle Swarm Optimization (PSO) algorithm, rather
than being directly computed from CFD results. In recent years, heuris-
tic algorithms have seen increasing use in CFD and design optimization
due to their cost efficiency and ability to explore wide parameter ranges
that would be challenging with conventional methods.

This work focuses on non-premixed hydrogen-air combustion de-
vices. Non-premixed combustion of hydrogen can result in high NO,
production due to the locally high temperatures reached in the com-
bustion chamber. However, this combustion mode mitigates the risk of
accidents due to flashback, which is a concern in premixed combustion,
as extensively studied in literature [30-33]. Therefore, non-premixed
combustion reduces safety concerns in system design.

The objectives of this study are the following:

» Demonstrate the effectiveness of steam injection in reducing NO,
emissions in non-premixed hydrogen/air combustion.

» Propose a CRN capable of predicting NO, emissions in a non-
premixed lab burner.

+ Evaluate the CRN’s predictive capability beyond the conditions
for which it was optimized, through comparisons with CFD sim-
ulations.

To the best of the authors’ knowledge, this is the first study to
propose the use of an optimization algorithm for the proper dimen-
sioning of chemical reactor networks, in particular in the context of
non-premixed combustion. The paper is structured as follows: a brief
overview of the experimental setup will be presented in Section 2,
followed by a discussion of the numerical methods in Section 3. Results
from 1D counterflow simulations, CFD, and the CRN will be presented
and analyzed in Section 4, while the key findings will be concisely
summarized in Section 5.

2. Experimental setup

The experimental campaign was conducted at the Combustion and
Optical Diagnostic Laboratory of Politecnico di Milano, utilizing a
laboratory-scale, non-premixed swirl burner operating under ambient
pressure. Detailed descriptions of the experimental setup and results are
available in [34], while a schematic of the burner geometry is presented
in Fig. 1. Here, only the most relevant information are summarized.

The swirl burner consists of two coaxial tubes: the central tube
delivers the fuel, while swirling airflow is introduced through the
surrounding annulus. The inner and outer radii of the annular air
passage are R; = 7.5 mm and R, = 18 mm, respectively. Fuel is injected
axially through a single-hole nozzle with an inner diameter of d =
8 mm, positioned precisely at the burner throat. The swirling motion
of air is generated through a combination of axial and tangential
air inlets, and the swirl intensity is adjusted by varying the relative
contributions of these flows. The flame is confined within a cylindrical
quartz chamber with an internal diameter of 192 mm and a length of
300 mm, which provides optical access. Exhaust gases exit through a
conical hood with a 4:1 area contraction, positioned above the quartz
cylinder. A stainless-steel probe, mounted on a cylindrical extension of
the hood, is used to sample the exhaust gases for nitrogen oxides and
oxygen analysis. Nitrogen oxides (NO and NO,) are measured using
a chemiluminescence-based technique, which relies on the gas-phase
reaction between O; and NO. The sampled gas is first passed through a
NO,-to-NO converter, which reduces NO, to NO, allowing the total NO,
concentration to be determined. Oxygen concentration is measured
using a paramagnetic-based technique. All pollutant measurements are
reported on a dry basis. The gas analyzer was calibrated using certified
reference gases, and the standard deviation of the measured NO, con-
centrations was approximately 4% of the mean value. Measurements



L. Folcarelli et al.

: Hood
I
|
I
i B -

Quartz | ~ 7

Cylinder I : o
! 80
|
| W
' |
! L~
| / . Hydrogen

= Swirled
e 1 Air
Burner | ! L A

Head i N

Fig. 1. Schematic of the burner geometry. Dimensions are in mm.

were performed at a swirl number S = 1.0 and an air Reynolds
number Re,, = 20150. The swirl number was calculated using the
simplified definition provided by [35], which neglects static pressure
and velocity fluctuations. This computation was based on the mean
axial (7,) and tangential (,) velocity profiles measured via Laser
Doppler Velocimetry (LDV) 1 mm downstream of the burner exit under
isothermal conditions:
G fOR” r:Dxﬁgdr @
R, /0 b rotdr

where R, represents the outer radius of the annular air passage and
r is the radial coordinate. The hydrogen mass flow rate was set to
approximately 0.048 g/s (equivalent to 32 N1/min), corresponding to an
input thermal power of 5.8 kW, and the global equivalence ratio was
set at ¢ = 0.17. The fuel jet Reynolds number, calculated at 300 K and
based on the 8 mm nozzle diameter, was approximately Re,, ~ 770.
NO, emissions, reported in terms of NO, dry ppm referenced at 3% of
oxygen, are equal to 70 ppm.

3. Numerical methods
3.1. Counter-flow diffusion flame

In the present study, we begin by analyzing emissions in the canon-
ical configuration of a counter-flow diffusion flame, to demonstrate in
an academic configuration the ability of steam to reduce emissions. In
this configuration, the oxidizer and fuel streams are positioned directly
opposite each other, converging in the central region. The initially
unmixed streams generate a central mixing zone where combustion
occurs under near-stoichiometric conditions. The subsequent evolution
of the flame tends toward a steady-state solution, which is computed
using the Cantera software [36], in which the equations described
by Kee et al. [37] are solved.

Boundary conditions must be established at both inlets, as they
significantly influence the flame’s behavior and structure. The imposed
quantities include mass flow rate, temperature, composition of the two
inflows, and the distance between them, while the pressure remains
constant throughout the one-dimensional domain. Subsequently, the
flow strain is determined, critically affecting the flame structure, tran-
sitioning from equilibrium conditions in the limiting case of no strain
to perfect mixing in the case of infinite strain, while also addressing
flame quenching. In practical applications, varying levels of strain exist
within the burner. Since strain is a fundamental parameter influencing
flame structure, different strain rates have been investigated to capture
these variations.

The approach employed for this series of one-dimensional simula-
tions follows that proposed by Fiala and Sattelmayer [38]. The premise
is that for different strain rate levels, if the distance and inlet velocity
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are appropriately modified, the thermochemical fields can be mapped
from a solution at a different strain rate (i.e. a solution obtained in
a previous simulation). The velocity and distance must satisfy the
following relations:

1/2 -1/2
Apew ) . dnew _ dald (anew > (3)

@old Aold

In this equation, a represents the strain rate, while v, and d denote
inlet velocities and distance, respectively. The subscript ol/d and new
refers to quantities related to the previous or the actual conditions.
This method enables the mapping of solutions obtained from previous
strain rate levels, necessitating only a few iterations to achieve accurate
results. It has been demonstrated that simulating different counter-flow
flames at varying strain rates is significantly faster with this approach
compared to using other initial guesses [38].

vx,new = Ux,old <

3.2. Computational fluid dynamics - CFD

The CFD simulations are performed in Ansys® Fluent with 2D swirl
axisymmetric RANS. This formulation neglects every derivative along
the 0 direction while accounting for a tangential component of velocity
vy variable along x and r directions. The analysis takes into account
variable density using Favre-averaged variables, denoted by a tilde, for
a generic scalar ¢,
5="22

p
where the overbar indicates the typical Reynolds averaging and p
represents the density. The resulting compressible 2D RANS equations
can be written in cylindrical coordinates [39, 40]:

C)

op 10 ,_ . 0 [_. D
a—f+;a(prux)+;(pv,)+p7’:0 (5)
0 /_. 10, . 10,
v (pvx) + r o (rpvxvx) + o (errU,() =
op 10 , ., 10 .
—£ ;a(rrxx)+;5(rrrx) (6)
0 /. 1 0o, . . 10, _ .
E(ﬂU,)-ﬁ-;a(rﬁl&U,)%—;E(errUr)=
)
op 1 9 ,, 10, N 1. _Y
B Pl ol G e wll 9 Rl i 99+P79 Q)
J /. 1 o0, . . 10, .
E(p09)+;E(erxl)g)'f—;E(errl}e):

€))

In these equations U = [v,, v,, vy] Tepresents the velocity vector
with axial, radial, and tangential components. The variable r represents
the radius, p represents the pressure and % represents the total stress
tensor. The total stress tensor is a sum of the viscous and turbulent
stress tensors, and its components are:

L b, 2. =\ 2
P =+ ) (20_): 3V u) 37K 9
A 290 25 s\ _ 2. 10
b= (ukm) (250 -3V 0) = 5w
. b, 2o =\ 2.
TF)H:(H+Mt) <27—§VU>—§pK an
X ob, 0D,
Txr=(ﬂ+ﬂt) <_+_> (12)
r X
00,
£, = =0 13
£ (u+u,)<ax> 13
o5
= ) (52 -2 as



L. Folcarelli et al.

with the divergence of the velocity field that in 2D axisymmetric
condition is expressed as:

b, 00, b,

The turbulent viscosity ;, is calculated using the x-w Shear Stress Trans-
port (SST) turbulence model [41], thus transporting the turbulence
kinetic energy « and the specific dissipation rate w.

As the transport of species in the flow domain is considered, the
energy equation contains, on top of the terms accounting for energy
transfer due to conduction A and viscous dissipation B, a term ac-
counting for the diffusion of the enthalpy of the species C and a term
accounting for the heat generation from chemical reactions Q2. In 2D
axisymmetric RANS, the energy equation is thus written as:

V.-§=

O fion 10 10
E(pE)+;£(ervx)+;;( rHU,) =
%(—A+B—C)+Q (16)
with:
0 (e O, 0 (O
A_Br <rkeff 6r>+6x <rkef/ 6x> a7
R
B = a (r (Txxvx + Ty0, +Tx9”9)) +
d A s A~ A
+ (r (2.0, + 2,0, + £,905)) 18)

) S e 9 L.
C=£<r2thj~x>+5<r2hj.]j~r> 19)
J

Q:—;M

where E is the sum of internal and kinetic energy, fj is the diffusion
flux of species j, k,;, is the effective thermal conductivity and h;.),
M; and R; are the enthalpy of formation, the molecular weight and
the volumetric rate of formation, respectively, of the jth species. The
effective thermal conductivity k,,, is defined as:

CpHy
keff = k + P_rr (21)

R, (20)
J

where ¢, is the specific heat capacity at constant pressure and Pr, is
the turbulent Prandtl number. In this work, Pr, was selected to be 0.85
and the c, is obtained as the mixture-average of the c, of all the species
in the mixture. The molar heat capacity at constant pressure ¢,; is
approximated by NASA7 polynomials [42] for the single species j, i.e.:

A
R
with R being the universal gas constant. Thus, the specific sensible
enthalpy for the single species j in the case of ideal gas approximation

is calculated as:

T
h; = / c,; dT (23)
Trer

with T,,, being 298.15 K. Then, the specific sensible enthalpy of the
mixture is evaluated as:

=ay; +111J-T+¢12,J-T2+a3,jT3 +a4,jT4 (22)

h=Y Yk (24
J

and thus the variable H represents:

o

H=h+ 5 (25)

The diffusion flux of species j is defined as:

-1 w\ (0T 90T
7i= r[(ij‘m+Sc,)( o T Tax )7
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. i <0(r7~’)7+ 0(rT) 2)] 26)

T or 0x

where S¢, is the turbulent Schmidt number, equal to 0.7, Y is the mass
fraction, D, ,, is the molecular mass diffusion coefficient and Dy is the
Soret diffusion coefficient. The unit vectors X and 7 denote the axial and
radial directions, respectively.

A conservation equation is considered for M — 1 species, where M
denotes the total number of species in the mixture. The mass fraction
of the excluded species is calculated as 1 minus the sum of the mass
fractions of all the other species. To minimize the numerical error, N,
is chosen to be the species not directly transported in the flow domain,
as it is expected to have the largest mass fraction. These conservation
equations are then written as:

ot r ox r ar
1170 R d 2

—;[a(ri-x)+E<ri-r>]+Rj 27)
The reaction rates R; are modeled using the Eddy-Dissipation Concept
(EDC) [43]. The EDC model assumes that the reactions only occur in
the fine scales, i.e. in the smallest turbulence scales. It is then necessary
to calculate the volume of the computational cell that is occupied by
these fine scales, i.e. the volume fraction «,:

52

Kps = "y

28)

In Eq. (28) the variable ¢ represents the fine-structure region mass
fraction, which is calculated as:

1

ve \ #
&=C; (k_2> 29
where C; is a constant value equal to 2.1377, v is the kinematic viscos-
ity, k is the turbulent kinetic energy and ¢ is the rate of dissipation of

turbulent kinetic energy. Moreover, the reactions are integrated over
the time scale *, which is defined as:

T*=cf(§)% (30)

where C, is a constant value equal to 0.4082. Finally, the reaction rates
R; can be written as:

s

where Y represents the fine-scale species mass fraction after reacting
over the time scale z* in an adiabatic and isobaric perfectly stirred
reactor, whose initial conditions are the species and temperature at the
end of the previous time-step. Furthermore, the Fluent implementation
of the Eddy Dissipation Concept (EDC) differs from the original formu-
lation proposed by Magnussen et al. [44], as it does not account for the
possibility that reactions may occur only within a fraction of the fine
scales, among other modifications [45].

Moreover, the CFD domain is represented in Fig. 2: the air and
hydrogen pipes are not included in the CFD simulation. Thus, a user-
defined function (UDF) is employed at the air inlet to model the swirl
velocity profile as a function of the radial coordinate r and the outer
radius of the annular air passage R, derived from the definition of the
swirl number:

Yo _ Ry 32)
Uy r

This approach ensures a swirl number of 1 at the air inlet, consistent
with the experimental measurements.

Finally, the simulations are carried out in Fluent using the pressure-
based solver with the coupled algorithm for the pressure-velocity cou-
pling [40]. The pressure values at the faces of the mesh are inter-
polated using the PRESTO! scheme [46], while the other quantities



L. Folcarelli et al.

Wwall

Outlet

\.Symmetry axis

Fig. 2. CFD domain. The walls are adiabatic.

Swirled
air inlet

Table 1

Spatial discretization used for all the CFD simulations.

Quantity Spatial discretization
Pressure PRESTO!

Density Third-Order MUSCL
Momentum Third-Order MUSCL

Third-Order MUSCL
Second Order Upwind
Second Order Upwind
Third-Order MUSCL
Third-Order MUSCL

Swirl Velocity

Turbulent Kinetic Energy
Specific Dissipation Rate
Species

Energy

are discretized with second-order Upwind [47] or third-order MUSCL
schemes [48]. The spatial discretization schemes adopted for each
quantity and all CFD simulations are summarized in Table 1. Moreover,
gradient evaluation is performed using the least squares cell-based
method [40]. Similar settings have been investigated in the literature
for the simulation of swirled flows [49, 50].

3.3. Chemical reactor network - CRN

The reactor network simulations are carried out using the Cantera
library [36]. The single reactors are modeled as ideal gas perfectly
stirred reactors (PSRs), considering adiabatic walls and constant vol-
ume reactors. The rate of change of mass inside the single reactors is
accounted for by the net balance between all the inflow and outflow
mass flow rates:

I 3 = X 33)
in out

where m represents the mass inside the reactor and r the mass flow

rate. The mass fraction Y; of the jth species inside the reactor changes

due to the transport of species j from the inflows and due to the

generation or destruction in volumetric reactions:

dy;
md—; = Z gy, (Yj,in - Y/) + M) gen (B34
in

i) gon = VR;M,; (35)

.gen

where V is the volume, M ; is the molecular weight, and R ;s the net
reaction rate of species j, which in the CRN model is calculated with the
direct use of finite-rate kinetics. Finally, the temperature is calculated
using the following equation:

dT .
mcu; = ; mi, <h'in - z ¢j Yj,in) +

J
— 2 o = DMy gen (36)
m out Jj
where ¢, is the specific heat at constant volume, p is the pressure and
e is the total specific internal energy.
The structure of the CRN proposed in this work is illustrated in Fig.
3. The PSR 1 represents the hydrogen jet emerging from the hydrogen
inlet, while PSR 2 corresponds to the flame front in the mixing zone
between the hydrogen jet and the swirled air. PSR 3 and PSR 5 denote
the outer and inner recirculation zones, respectively, while PSR 4
represents the flame downstream of the hydrogen jet, and PSR 6 marks
the combustor outlet.
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Fig. 3. The left panel displays a static temperature contour within the combustor,
obtained from an axisymmetric 2D CFD simulation. The right panel illustrates the
reactor network model, where each numbered region (1-6) represents a Perfectly Stirred
Reactor (PSR) used to approximate the corresponding physical region.

These zones have been defined on the basis of physical consid-
erations such as the presence of the hydrogen jet, the flame in the
shear layer between hydrogen and air, and the recirculation zones
induced by swirl. Their volumes have been estimated accordingly,
using geometric approximations based on combustor geometry and
flow physics principles. The CFD static temperature contour shown in
Fig. 3 serves a specific purpose: it was used to assess the general flow
structure and to extract the penetration length of the hydrogen jet,
which is necessary to define the volume of PSR 1 and consequently
PSR 2. It is important to note that, as will be discussed in Section 3.4,
the optimization algorithm used to train the reactor network requires
a scalar output to track, i.e. the experimental measurement of NO, at
the outlet of the burner in this work. Consequently, high-fidelity data,
whether from CFD simulations or experiments, are always necessary
before constructing the CRN. This ensures that at least some degree
of information about the flow domain is available to approximate the
reactors. The optimization procedure adjusts the network connections
based on CFD or experimental data, ultimately determining well-suited
residence times for the approximated volumes.

The volume of PSR 1 is defined as the product of the inlet area and
the penetration length of the hydrogen jet. PSR 3 is approximated as
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Fig. 4. CRN topology. Arrows indicate mass flow rates between reactors. The reactor
numbers refer to the volumes highlighted in Fig. 3.

a cylinder minus a cone, whose opening angle is determined by the
ratio of axial to swirl velocity, as described by the swirl number. PSR 2
is modeled as a truncated cone with the volume of PSR 1 subtracted.
Its opening angle matches that of PSR 3, with an additional length
included to account for the delayed onset of the flame. The volume of
PSR 4 is approximated as half that of PSR 1. PSR 6 corresponds to the
combustor volume downstream of the converging nozzle, while PSR 5
is determined as the total combustor volume minus the sum of all other
reactor volumes. The reactor network topology is illustrated in Fig. 4,
where the arrows indicate the mass flow rates that connect the different
reactors.

Although some CRN connections can be derived analytically from
the continuity equation, others are not uniquely defined and must be
tuned to match the experimental result. This tuning is achieved using
optimization algorithms, as detailed in Section 3.4, by varying the
following four parameters:

Woas

P = —L (37)
mAir”

P, = B (38)
mA[rl

P, = Zr (39)
my

Py =2 (40)
my

These four variables represent the degrees of freedom in our model and
are determined based on experimental reference values, maintaining
the same connections even with water injection. The total mass flow
rate of hydrogen, m H,,,» €nters in the PSR 1 while the total air mass
flow rate, riy;, , is divided between two streams: ri4;,, entering PSR 3
and ry;,,, entering PSR 5. Together, these parameters constitute the
optimized set PoP':

P = [Py, Py, P3. Py (41)

The mass flow rates are thus derived in the following way:
P

mAir, = Pl T1 : mAir,,,, (42)
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Mpipry = Mpip, = Mpir, (43)
. mH2,I{ll (44)
"R
tig =Py -ty (45)
mAir,
e = 46
"CETv P, (46)
Hip =ty + e + ity — g 47
mp =P5 -1y (48)
tig = Py - iy (49)
iy =t + G + iy =ty — g, (50)
ml = mAirm, + mHz.mr (51)

Furthermore, the mass flow rate ri; has not yet been defined. This
value is determined through a control mechanism that ensures PSR 2
approaches the stoichiometric equivalence ratio. Specifically, ¢psr, is
set to 1 if the inlet conditions allow, or otherwise, it is assigned the
highest possible equivalence ratio between 0 and 1, aiming to replicate
the stoichiometric flame front characteristic of a non-premixed flame.
Thus, mg is computed as:

=y PSR1 ; ; PSR2
Ky=my Y 2" —(mg+mp)- Y5

— PSR1 ; PSR3 . B PSR2
Ky =ity - YESRY i - YESRS — (g i) - Y2

Hy-0.

. Kl - fxt s K2

ME= TH-0,  PSRS _ y PSS 62
S Yo =Y

where f ft[ 2702 s the stoichiometric fuel-to-air ratio of hydrogen and
oxygen. Whenever the check is performed and consequently the flow
rate rip changes, the flow rates s, and iy are also changed accord-
ingly to ensure the continuity of the mass in the reactors as in Egs. (47)
and (50).

3.4. Optimization

In this study, the fluxes between different 0D reactors were com-
puted using an evolutionary optimization algorithm. In particular, a
Particle Swarm Optimization (PSO) algorithm was selected [51]. The
PSO algorithm is inspired by the social behavior of flocks of birds and
schools of fish searching for food. Unlike Genetic Algorithms (GAs),
the PSO algorithm does not require the tuning of operators. Instead,
it models candidate solutions as particles that fly through the solution
space, guided by their own best-known positions and the best position
discovered by the whole swarm. Each particle’s motion is influenced
by three components: inertia w, cognitive acceleration, and social
acceleration. The cognitive acceleration ¢, attracts a particle toward its
personal best position py ., while the social term c, attracts it toward
the global best position g,,,; found by the swarm. Particle velocities are
updated at each iteration as follows:

Vg =w- U+ ry - (Prpest = Pi) + €20 1y - (8best — Pi) (53)

where r; and r, are random numbers used to introduce stochasticity,
and p, is the position of the kth particle.

The PSO algorithm often converges more rapidly to global op-
tima compared to GAs due to its efficient information-sharing mech-
anism [52]. Additionally, this study incorporated the improvements
proposed by Trelea [53], which may involve variable inertia and
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Table 2

Equivalence ratio needed for each
water mass fraction to keep a con-
stant outlet temperature. The equiv-
alence ratio is based on the Bilger
mixture fraction, including the wa-
ter mass fraction in the oxidizer

composition.
Yh,0 ¢
0% 0.170
5% 0.187
10% 0.206

acceleration coefficients over iterations. These modifications enhance
the algorithm’s performance by balancing exploration during the early
stages and exploitation in later stages when promising solutions are
found. One thousand generations are set with a swarm size of 10
individuals. In this work, the Trelea approach was applied only to the
inertia weight, with initial value w = 0.9 and an end value of w =
0.4, while the cognitive acceleration, and social acceleration were kept
constant to the values of ¢, = 1.5, ¢, = 1.5. These values are consistent
with the ones present in the literature [52]. The fitness function used in
this study quantifies the relative difference of NO, emissions between
the values predicted by the Chemical Reactor Network (CRN) and the
experimental measurements [34]:

NOCRN
r=1-| e
Finally, tﬁe bounds for the solutions, here representing the ratios
of mass fluxes between the reactors, are constrained between 0 and 1.
These limits were determined based on the assumption that some fluxes
must be larger than others, informed by observations of flow behavior.
The five optimization parameters used in this study will be detailed in
Section 4, where the results of the CRN optimization are presented.

(54

3.5. Parameter selections

A series of parametric variations were conducted in the CFD and
CRN simulations. The primary objective was to evaluate steam injection
as a potential technique for reducing NO, emissions. Steam loadings of
5% and 10% by mass were selected for injection into the combustion
chamber alongside the airflow. Steam injection impacts the outlet
temperature, which is a critical design parameter for the combustion
chamber. Additionally, it influences NO, production through thermal
pathways. Since outlet temperature is a relevant design parameter,
a control strategy was implemented to maintain it constant in the
CFD and CRN simulations. This aim was achieved by increasing the
equivalence ratio. The adopted approach is consistent with the method
proposed by Concetti et al. [16]. Specifically, the strategy involves iter-
atively increasing the equivalence ratio until the adiabatic temperature
for the case with steam injection matches the adiabatic temperature
for the reference case without steam addition. The equivalence ratios
needed are summarized in Table 2.

3.6. Chemical mechanisms

In this work, to guarantee that the methodology proposed is in-
dependent from the chemical description considered, three chemical
mechanisms have been used: these are the Naik mechanism, available
in Ansys® Fluent [54], the Reduced Gotama [55] and the Creck [56-
58] mechanism. All of these mechanisms comprehend a detailed chem-
istry of nitrogen oxidation and they are summarized in Table 3.

These three mechanisms have been selected based on their wide-
spread application and their established validation in the literature for
nitrogen chemistry modeling. The Naik mechanism has been applied
in gas turbine combustion studies [59, 60], and similarly, the Gotama
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mechanism has demonstrated successful implementation in this sec-
tor [61, 62]. Both mechanisms offer a balance between computational
efficiency and chemical detail, making them particularly suitable for
complex reacting flow simulations. The Creck mechanism provides the
most comprehensive nitrogen oxidation chemistry among the three,
as evidenced by its use in detailed pollutant formation studies [25,
63]. This selection ensures that the proposed methodology is vali-
dated across different levels of chemical complexity and computational
requirements, demonstrating its robustness and general applicability.

4. Results
4.1. Counterflow flames

The results for counterflow diffusion flames are presented to il-
lustrate flame behavior under steam injection in a configuration that,
while idealized compared to actual burners, is straightforward to sim-
ulate and analyze. Diffusive flames are characterized by localized high
temperatures due to the presence of stoichiometric reactant concen-
trations in the central part of the mixing region. Fig. 5 shows the
maximum temperature of a counterflow diffusive flame as a function of
the strain rate. The results are obtained using the chemical mechanism
proposed by Song et al. [56], Stagni et al. [57,58], which accurately
captures the high-temperature chemistry of hydrogen/air combustion
as well as nitrogen chemistry. At low strain rates, the flame tends to
approach chemical equilibrium conditions and a temperature of around
2300 K. However, as the strain rate increases, mixing is enhanced,
leading to a decrease in the maximum temperature until a stable
flame can no longer be sustained. The presence of water vapor further
reduces the maximum flame temperature and decreases the strain
rate at which flame quenching occurs. Due to the significance of the
thermal pathway in NO, formation, for the considered conditions, a
reduction in these pollutants is expected when steam is added to the
system. The maximum molar fraction of NO for the counterflow flame
configuration is shown in Fig. 6. It can be noticed that NO abatement
is most significant at low strain rates, while at high strain rate the NO
concentration is anyway low. The observed trends in temperature and
NO concentration with increasing water vapor content in the analyzed
configuration suggest that steam injection could be a viable strategy
for reducing NO, emissions, without reducing extremely the maximum
temperature reached by the system. The present results preliminarily
confirm that steam addition can lead to a reduction in NO, emis-
sions also in a non-premixed flame configuration. However, the results
presented here pertain only to the counterflow configuration, which
does not closely represent realistic conditions in industrial burners and
combustion chambers. In fact, even if the computational cost of steady-
state counterflow simulations is generally negligible compared to CFD
simulations, their quantitative validity remains uncertain. For this rea-
son, in the following subsections, alternative strategies for assessing
the potential of water injection in emissions abatement for combustion
devices relevant to industrial applications are explored, starting from
the promising findings of the present simplified study.

4.2. CFD

NO, emissions are reported in terms of NO, dry ppm, referenced
at 3% of oxygen, following [34]. These values are calculated at the
combustor outlet, and the ppm values are calculated as follows:

NOx, ppm,dry, 3% O, =

Xo,, inter = Xo 6
(XN0+XN02)'< el ) 55)

Xo,.intet = Xo, 1 - Xuy0

In Eq. (55) the symbol X denotes the mole fraction.
Thus, NO, emissions are presented in Table 4 for a mesh of 350 000
cells and in Table 5 for a mesh of 1 400 000 cells. A further simulation



L. Folcarelli et al.

Table 3
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Kinetic mechanisms used in both the CFD and CRN simulations.

Mechanism # Species List of species # Reactions
Naik 21 H, H,, H,0, H,0,, HNO, HO,, HONO, 105
[54] HONO,, N, N,, N,0, NH, NH,, NH;,

NNH, NO, NO,, O, 0,, OH
Reduced Gotama 25 Ar, H, H,, H,NO, H,NN, H,0, H,0,, 110
[55] H,0,, HNO, He, N, N,, N,H,,

N,H;, N,H,, N,0, NH, NH,,

NH;, NNH, NO, NO,, O, 0,, OH
Creck 31 Ar, H, H,, H,NN, H,0, H,0,, H,0H, 203
[56] HNO, HNO,, HNOH, HO,, HONO, HONO,,
[57, 58] N, N;, NH,, NoH;, NoH,,

N,0, NH, NH,, NH,OH, NH,, NNH,
NO, NO,, NO;, O, 0,, OH

2500

2000 Y0 = 10%

1500

Tmax

1000

500

10* 10°
amax
Fig. 5. Maximum temperature for different strain and mass fraction of injected steam

for counterflow flames. The fast temperature decrease at a high level of strain rate
represents the flame quenching.

5
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Fig. 6. Maximum NO molar fractions for different strain and water mass fraction for
counterflow flames.

Table 4
NO, production predicted by CFD under different chemical mechanisms and water
loading. Values represent NO, ppm at 3% O,. Grid with 350,000 cells.

CFD Naik Gotama Creck
Yir,0 = 0% 65.80 79.94 62.16
Yir,0 = 5% 21.56 28.21 18.05
YHzo =10% 8.07 11.86 6.31

using 5 600 000 cells is performed with the Naik mechanism for a water
loading of 0%, resulting in an emission of 74.91 dry ppm at 3% O,,
which is for our purposes sufficiently close to the value (i.e. 73.86)
obtained on the medium mesh. These results suggest that the mesh with
1 400 000 is suitable for the simulation of this burner.

Table 5
NO, production predicted by CFD under different chemical mechanisms and water
loading. Values represent NO, ppm at 3% O,. Grid with 1400,000 cells.

CFD Naik Gotama Creck
Yir,0 = 0% 73.86 83.61 68.00
Yi,0 = 5% 22.79 29.10 19.64
Y0 = 10% 8.32 12.05 6.40

The results indicate that, as expected, the Creck mechanism, being
the largest reaction mechanism among those investigated, is the closest
to the experimental result of 70 ppm. The Naik mechanism, although
having the smallest number of species and reactions, is also close to
the Creck mechanism and the experimental result. In contrast, the
Gotama mechanism appears to provide the largest discrepancy with
the experimental result. This discrepancy can be attributed to the fact
that the Gotama mechanism was specifically optimized for accurately
predicting laminar flame speeds of hydrogen-ammonia fuel blends
rather than NO, formation pathways [55]. Nevertheless, despite the
quantitative overprediction, the Gotama mechanism correctly captures
the same qualitative trends observed with the Naik and Creck mech-
anisms, particularly the significant reduction in NO, formation with
increasing water loading (from about 84 ppm at Yy, = 0% to 12 ppm
when Yy, o = 10%), indicating that the underlying physics of the water
addition on NO, formation is represented. To further show grid conver-
gence, the variations in temperature (Fig. 7), axial velocity (Fig. 8) and
radial velocity (Fig. 9) are presented at an axial distance of 2 cm from
the injector for the three different meshes. These results correspond
to simulations performed using the Naik mechanism without water
injection, i.e., Yy, = 0 %. This location is chosen because it intersects
the flame front, making it a particularly sensitive and challenging
region for assessing numerical accuracy. The plots consistently show
that the results obtained with the 1.4 million cell mesh and the 5.6
million cell mesh are nearly indistinguishable for all three variables,
indicating that grid convergence has been achieved. Furthermore, the
temperature (Fig. 10), axial velocity (Fig. 11), and radial velocity (Fig.
12) are shown as a function of radius at an axial location 2 ecm from
the inlet. This location is again selected because it intersects the flame
region, making it suitable for comparing different reaction mechanisms.
Additionally, a simulation with isothermal flow is included to highlight
the effect of chemistry on the velocity field, which is affected by the
presence of the flame. These graphs show that the Creck and Naik
mechanisms are in close agreement, almost overlapping, while the
Gotama mechanism displays small, but noticeable differences.

Furthermore, temperature contour plots for different water loadings
are presented in Fig. 13(a), Fig. 13(b), and Fig. 13(c). These plots
demonstrate that an outlet temperature of approximately 850 K can
be maintained by appropriately increasing the equivalence ratio in
response to higher water loading. They also highlight that water addi-
tion reduces both the peak and overall flame temperatures, despite the
increased equivalence ratio. Specifically, for varying water loadings,
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(a) Temperature contour plot using Naik mechanism in the case of YHZO = 0%.

Static Temperature
(K1

3.00e402

6508402 1000403 1350403 1700403 2.056+03 2400403

(b) Temperature contour plot using Naik mechanism in the case of Yy,0 = 5%.

Static Temperature
(K1

i

3.00e+02 6.50e+02 1.00e+03 135e+03 1.70e+03 2.05+03 2.40e+03

(c) Temperature contour plot using Naik mechanism in the case of Yu,0 = 10%.

Fig. 13. Temperature contour plots using Naik mechanism for different water loadings.
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Fig. 14. Temperature variation across the radius r, normalized with the maximum
radius of the chamber R,,,, at an axial distance of 2 cm from the injector. Results
are presented using Creck mechanism for different values of water mass fraction at the
inlet.

the temperature (Fig. 14), axial velocity (Fig. 15), and radial velocity
(Fig. 16) are depicted as a function of radius at an axial position of 2 cm
from the inlet. These graphs illustrate the temperature reduction due
to water injection and indicate that the velocity fields remain largely
unaffected.

The validation of the CFD framework, whose results have been
presented here, was carried out using emission data from a single
experimental condition without water injection. However, the results
presented on the effects of steam dilution align well with trends re-
ported in the literature [64-67], thus supporting the physical validity
of the CFD approach.

Finally, estimating the computational cost of a single CFD simu-
lation is not straightforward, as each refined grid run was initialized
using a flow field obtained previously. In addition, modifications such
as the introduction of water loading or changes in the chemical mech-
anism were applied during restarts. This strategy significantly reduced
the computational expense associated with more complex chemical
mechanisms and finer meshes. However, to provide a general estimate,
each simulation required approximately 10> CPU hours.
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Fig. 15. Axial velocity variation across the radius r, normalized with the maximum
radius of the chamber R,,,, at an axial distance of 2 cm from the injector. Results
are presented using Creck mechanism for different values of water mass fraction at the
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Fig. 16. Radial velocity variation across the radius r, normalized with the maximum
radius of the chamber R, at an axial distance of 2 cm from the injector. Results
are presented using Creck mechanism for different values of water mass fraction at the
inlet.

4.3. Chemical reactor network

The CRN is optimized for each chemical mechanism to match the
experimentally observed NO, levels without water injection. Specifi-
cally, the optimization is performed for the Naik mechanism, and the
obtained solution is subsequently perturbed to derive solutions for the
other two mechanisms. This approach can be applied to generate an
optimal parameter set for more complex chemical mechanisms by start-
ing with simpler ones. The parameters resulting from this procedure are
presented in the following vectors:

opt _ . . .
P =10.189; 0.125; 0.216; 0.099] (56)

opt . . .
PO =10.172; 0.125; 0.216; 0.099] (57)

t . . .
P =10217; 0.125; 0.216; 0.099] (58)

These parameters define the connections between the reactors in both
scenarios with and without water injection. Each mechanism requires a
different set of connections. This is explained by the need for different
residence times for the mechanisms to achieve the experimental result.
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Table 6
Comparison of NO, production for CRN under different chemical mechanisms and water
loading. Values represent NO, ppm dry at 3% O,.

CRN Naik Gotama Creck
Yi,0 = 0% 70.00 70.00 70.00
Y0 = 5% 28.60 35.02 21.47
Yi,0 = 10% 11.13 18.77 7.21

The NO, levels (in ppm dry at 3% O,) calculated using this procedure
are presented in Table 6.

The results indicate that the optimization procedure successfully
identifies an appropriate set of parameters for each reaction mecha-
nism, allowing for the accurate reproduction of the experimental value
of 70 ppm when no water is injected, showing that the optimization
procedure can be performed successfully regardless of the reaction
mechanism used. In addition, a comparison with the CFD results, as
shown in Table 5, highlights the ability of the reactor network to assess
the impact of gaseous water injection on NO, emissions. In particular,
the reduced Gotama mechanism exhibits the largest deviation from the
CFD results, as expected, given that the CRN is calibrated to reproduce
a NO, level of 70 ppm, while the CFD with Gotama predicts an
emission closer to 84 ppm. In contrast, the Creck mechanism shows
the best agreement with the CFD data, in addition to being the closest
to the experimental result in the CFD scenario. Fig. 17 provides a
comparative visualization of these findings across the three chemical
mechanisms, with blue bars representing the predictions of the reactor
network and dark orange bars showing the corresponding CFD results.
At the validation condition (0% water loading), the Creck, Naik, and
Gotama mechanisms exhibit relative errors of 2.9%, 5.2%, and 16.3%,
respectively, between CFD and CRN, corresponding to absolute errors,
ie. NOSTP — NOSRN, of —2.00, +3.86, and +13.61 ppm, respectively.
Under water injection conditions, absolute errors evolve to —1.83,
—5.81, and —5.92 ppm at 5% water loading, and —0.81, —2.81, and
—6.72 ppm at 10% water loading for the Creck, Naik, and Gotama
mechanisms, respectively. Importantly, the mechanism showing the
best agreement at the validation condition, i.e. Creck, maintains the
most consistent performance across all water injection scenarios, while
the Gotama mechanism, which shows the largest deviation in the
validation case, continues to exhibit less agreement under water injec-
tion conditions. The Naik mechanism shows an intermediate behavior
between these two extremes. Although percentage errors generally
increase with water loading due to the decreasing absolute NO,, levels,
the relative ranking of mechanism performance remains consistent.
This analysis suggests that the choice of chemical mechanism can
be effectively guided by evaluating the CRN-CFD agreement at the
validation condition, as this appears to be a reliable predictor of model
consistency across different operating conditions.

All simulations converge to a stationary solution. An example of
the progress of physical quantities within the CRN is shown in Fig. 18,
where it is evident that the steady state is achieved, with both the static
temperature and the NO, ppm remaining constant over time.

Furthermore, a scheme of the reactor network showing the temper-
ature T, pressure p, equivalence ratio ¢ and molar fractions for the
different species is presented in Fig. 19, which is built using the Creck
mechanism and considering a water loading of 0%. It is possible to see
how, after the optimization, the reactor network follows the assump-
tions made in its realization, i.e. the maximum temperature is inside
PSR 2, while tending to the stoichiometric equivalence ratio, ignition
occurs in PSR 4 and in the last reactor the overall equivalence ratio is
established. It is also important to highlight the computational cost of
using the CRN, which includes both the cost associated with training
the reactor network via the optimization procedure and the cost of
running the simulation in Cantera. The former can be estimated at 0.5
CPU hours, on an average of 5 restarts with a random initial guess.
The latter, however, is significantly faster, with a cost of approximately
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Fig. 18. In black the trend of NO, and in blue the trend of the static temperature inside
PSR6 as time varies. The graph shows a simulation reaching steady state, specifically
for PSR 6 with a water loading of 0% using the Creck mechanism.

3 x 1073 CPU hours per simulation on a 12th Gen Intel(R) Core(TM)
i7-1255U processor.

Finally, the predictive capability of the reactor network for varying
water injection rates is shown in Fig. 20. The figure illustrates NO,
concentrations (expressed in ppm dry at 3% O,) as a function of water
mass fraction (Yy,o) in the inlet stream. The CRN prediction curve
shows excellent agreement with the discrete CFD data points across
the entire range of water loadings examined. As water content increases
from 0% to 15%, NO, emissions decrease exponentially, dropping from
approximately 70 ppm to near-zero levels. This result confirms that
the reactor network serves as a computationally efficient alternative to
resource-intensive CFD simulations, while maintaining high accuracy
in predicting emission trends under various water injection conditions.
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Fig. 19. Reactor network at steady-state condition utilizing the Creck chemical kinetic
mechanism with 0% water loading. The diagram illustrates the six interconnected
reactors with their corresponding thermodynamic properties (temperature T, pressure
p, equivalence ratio ¢) and major species composition (expressed as mole fractions).
Minor species with mole fractions below 0.1% are omitted from the representation for
clarity.

S
(=}

w
[=}

NOx.ppm, dry, 3% O2

10

0
0%

5%

10% 15%

Yu,0

Fig. 20. The solid black line shows the NO, ppm dry computed via the CRN while
the dots show the CFD prediction. The NO, emissions measured experimentally with
Yh,0 = 0% are 70 ppm.

It is worth noting that, in this work, the CRN data for water
injection cases have been validated exclusively against CFD results,
with the network trained using only a single experimental data point
corresponding to the case without water injection. This choice is not
intended to circumvent experimental validation, but rather reflects
the practical limitations that often constrain the availability of high-
fidelity or experimental data. In such contexts, it becomes essential
to maximize the utility of the limited data available. The CRN-based
approach developed here is particularly well-suited for these scenar-
ios: by partitioning the simulated domain into a limited number of
subdomains based on macroscopic flow behavior, it enables accurate
approximations even with sparse validation data, leveraging the avail-
able information through the optimization procedure. Furthermore,
provided that the overall flow structure remains relatively insensitive to
variations such as steam injection, the model can be reliably extended
to explore operating conditions beyond the validation point. In the
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burner configuration studied here, this relative insensitivity of the
velocity field to water injection is demonstrated in Figs. 15 and 16,
which present radial profiles of the velocity components in the burner
section intersecting the flame.

5. Conclusions

This study examined the use of steam injection as a viable op-
tion for NO, emissions abatement. As mentioned in the introduction,
this technique has been explored in the aerospace sector to enhance
performance during critical phases, such as takeoff. The study ini-
tially focused on analyzing a counterflow diffusive flame configuration.
This standard academic configuration was chosen because it hints
the steam’s effectiveness in reducing emissions through computation-
ally inexpensive simulations. However, despite the low computational
cost and the similar phenomenology depicted, the capability of these
simulations to quantitatively predict emissions and the reduction of
NO, levels due to water addition in practical scenarios remains lim-
ited. For this reason, a realistic configuration used in an experimental
setup was considered, and a CFD numerical framework was developed
and validated to accurately capture emissions. Simultaneously, a new
methodology for developing CRNs was proposed, with results vali-
dated through both experiments and CFD simulations. The following
conclusions can be drawn from the present study:

+ Although the counterflow setup can predict the qualitative effects
of steam addition on emission reduction, it is unable to quantita-
tively estimate the pollutant reductions observed in the burner
configuration.

Steam injection has demonstrated its ability to reduce NO, emis-
sions in the burner configuration, even when the exit temperature
is kept constant, which was regulated by adjusting the overall
equivalence ratio. The NO, emissions exhibit a monotonically
decreasing trend, even at very high levels of steam injection.
The RANS methodology employed in this study accurately cap-
tures NO, emissions, as demonstrated by comparisons with ex-
perimental data obtained without steam addition. Moreover, this
predictive capability is consistent across multiple chemical mech-
anisms, with both the Creck and Naik mechanisms yielding results
within the experimental standard deviation. However, the limita-
tions of this numerical framework have not been fully explored;
thus, under design conditions that deviate significantly from the
nominal case (i.e., with high water loading), the results should be
interpreted with caution.

The novelty of the proposed methodology for developing the CRN
lies in the use of an optimization algorithm to adjust the mass flow
rates between the reactors, ensuring the correct level of emissions
is captured.

The CRNs designed using the proposed methodology have demon-
strated the ability to accurately predict emission trends, even
under conditions far from the training conditions. The results
obtained with the CRNs closely match the trends computed by
the CFD, but at a significantly lower computational cost.

The CRN results, computed at high steam addition levels, per-
fectly follow the strongly non-linear trend that can be extrapo-
lated from the CFD simulations.

Using CRNSs significantly reduces computational costs during the design
phase, and the network developed with the current methodology can
be easily integrated into system simulation frameworks, such as the
Numerical Propulsion System Simulation (NPSS) [68], ensuring a faster
and more cost-effective design process. Future research could explore
the application of liquid water injection and expand the use of the CRN
methodology to a wider range of test cases to validate its effective-
ness in different combustion environments. Additionally, although the
reactor network approach already offers a substantial computational
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advantage, achieving speedups of several orders of magnitude com-
pared to CFD, future work could focus on refining the optimization
strategy. This would be particularly beneficial for more complex com-
bustor configurations or significantly different flow topologies, where
the training cost may become more demanding.

Nomenclature
Roman symbols

Symbol Description Units

A Energy transfer due to W m~2
conduction

a Strain rate in counterflow flames 571

ay -

ay NASA7 polynomial coefficients K1

a; for species j K2

as; K3

ay K4

B Energy transfer due to viscous W m—2
dissipation

C Energy transfer due to species W m—2
enthalpy diffusion

C, Time scale constant in EDC -
model

C: Fine-structure region constant in -

) EDC model

o Cognitive acceleration coefficient -
in PSO

¢y Social acceleration coefficient in -
PSO

c, Mixture specific heat capacity at Jkg ! K1
constant pressure

cp, Specific heat capacity of species J kg1 K1
Jj at constant pressure

Cpj Molar heat capacity of species j J mol~1 K1
at constant pressure

c, Mixture specific heat capacity at Jkg 1 K!
constant volume

D, Molecular mass diffusion m? s~
coefficient of species j

Dy, Soret diffusion coefficient of kg m~! s71
species j

d Inlet distance in counterflow m
flames

E Sum of specific internal and J kg1
kinetic energy

e Total specific internal energy J kg1

e Total specific internal energy of Jkg!
species j

Lhest Global best position in PSO -

H Total specific enthalpy Jkg!

h Sensible specific enthalpy J kg1

h; Sensible specific enthalpy of Jkg!
species j

h;.’ Enthalpy of formation of species J mol!
j for unit mole

h;, Specific enthalpy of inlet stream J kg1

J; Diffusion flux of species j kg m™2 57!

k Thermal conductivity Wm! K1

kery Effective thermal conductivity Wm!K!

M Total number of species in -
mixture

m Mass kg

M, Molecular weight of species j kg mol~!

1 Mass flow rate kg s7!

T Total air mass flow rate kg s7!
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mAir, kg S_l

mAir, I kg S_l

ity kg s7!

g kg s7!

e Mass flow rates in CRN model kg s~

Hhp kg s7!

iy kg s7!

thp kg s7!

g kg s7!

iy kg s7!

MH, o Total hydrogen mass flow rate kg s7!

My, Inlet mass flow rate kg s7!

M gon Mass generation rate of species j kg s7!

i, Outlet mass flow rate kg s7!

p Pressure Pa

Pk Position of kth particle in PSO -

Dh.best Personal best position of kth -
particle in PSO

P, -

P, -

P, CRN model parameters B

P, -

port Optimized parameter set -

Pr, Turbulent Prandtl number -

r Radial coordinate m

Fisty Random numbers in PSO -
algorithm

R Universal gas constant J mol~1 K1

R, Outer radius of the annular air m
passage

Rejyy Fuel jet Reynolds number -

R, Volumetric rate of formation of kg m=3 571
species j

S Swirl number -

Sc, Turbulent Schmidt number -

T Static temperature K

Toer Reference temperature K

t Time s

u; Specific internal energy of Jkg!
species j

14 Volume m?

Ug Velocity of kth particle in PSO -

Uys Uy, Ug Velocity components (axial, ms!
radial, tangential)

v Velocity vector ms~!

w Inertia weight in PSO -

x Axial coordinate m

Y; Mass fraction of species j -

Yiin Mass fraction of species j in inlet -
stream

Yr Fine-scale mass fraction of -
species j after reaction

Greek symbols
Symbol Description Units
€ Rate of dissipation of turbulent m? 573
kinetic energy

K Turbulent kinetic energy m? 572

Kpy Volume fraction of fine scales -

u Dynamic viscosity Pas

M, Turbulent viscosity Pas

v Kinematic viscosity m? 57!

I3 Fine-structure region mass -

fraction
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P Density kg m~3

% Total stress tensor Pa

* Fine-scale time scale s

¢ Equivalence ratio -

5} Specific dissipation rate s71

Q Heat generation from chemical W m3
reactions

Mathematical operators and special symbols

Symbol Description

© Reynolds-averaged quantity
(7) Favre-averaged quantity

¥ Unit vector in radial direction
X Unit vector in axial direction
\ Nabla operator

Abbreviations and acronyms

Abbreviation Definition

CFD Computational Fluid Dynamics

CRN Chemical Reactor Network

EDC Eddy-Dissipation Concept

GA Genetic Algorithm

MUSCL Monotonic Upstream-centered Scheme for
Conservation Laws

NASA7 NASA 7-coefficient polynomial

PRESTO! PREssure STaggering Option

PSO Particle Swarm Optimization

PSR Perfectly Stirred Reactor

RANS Reynolds-Averaged Navier—Stokes

SST Shear Stress Transport

UDF User-Defined Function
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