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Abstract

The global shift toward cleaner energy has positioned hydrogen-enriched methane
(CH4/Hy) as a practical bridge fuel. While it burns more efficiently and produces fewer
carbon emissions than traditional hydrocarbons, it introduces operational and safety chal-
lenges. Hydrogen’s high reactivity and rapid burning velocity increase risks such as
flashback and premature ignition. This study employs Computational Fluid Dynamics
to examine the combustion behavior of methane—hydrogen blends in a 2D axisymmetric
chamber based on RANS equations. Using ANSYS Fluent 19.1, the research utilizes a vali-
dated equilibrium mixture-fraction/PDF framework to ensure accuracy against physical
experiments. The simulation framework successfully captures the complexity of non-
premixed turbulent combustion by combining a probability density function approach with
a realizable k-¢ turbulence model. Moreover, this research explores how varying hydrogen
concentrations and air mass flow rates, covering the full spectrum from lean to fuel-rich
conditions, affect fluid dynamics, turbulence, and the development of recirculation zones.
The data show that adding hydrogen fundamentally reshapes velocity fields and thermal
profiles, which in turn dictate combustion efficiency and pollutant formation. It has been
demonstrated that the optimal blend for combustion performance is the case containing
30% hydrogen. Furthermore, evaluations involving higher-fraction blends (approaching
the 70% enrichment range) suggest that configurations exceeding this level necessitate a
redesign of the injector near field to mitigate localized heat release and accelerated NO,
emissions. By identifying the operational limits for CHs/H; blends in industrial settings
such as steam boilers, this study offers a technical roadmap for engineering more stable,
high-performance, and low-carbon energy infrastructure.

Keywords: combustion; computational fluid dynamics; hydrogen; fuel; mixture

1. Introduction

Major research aspects are emerging in the combustion community and engine devel-
opment society. The transition away from fossil fuels is not just a matter of energy security;
it is the fundamental incentive for reclaiming air quality in urban regions. By shifting the
focus from traditional liquid/solid fuels to cleaner alternatives, we move toward an urban
environment with lower CO and CO, emissions [1,2]. Natural gas is regarded as one of the
most promising alternatives and probably one of the cleanest fuels in combustion [3]. The
combustion of natural gas produces fewer emissions than gasoline and/or diesel due to its
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simple chemical structure and no fuel evaporation problem [4,5]. Some unique combustion
characteristics of methane, such as high ignition temperature and low flame propagation
speed, lead to the slow burning velocity [6]. This may lead to incomplete combustion in
non-stoichiometric mixture combustion applications.

Driven by escalating global energy needs and the high level of demand to mitigate
climate change, researchers are prioritizing the discovery of alternative fuels and the
engineering of sophisticated combustion systems [3,7-12]. One suitable alternative fuel
is hydrogen (Hy). Hydrogen stands out as an exceptional fuel due to its high energy
density and clean combustion profile. Unlike traditional fuels, it generates no carbon
monoxide, carbon dioxide, soot, or sulfur compounds, which are the chief reasons behind
global warming and poor urban air quality [1,8,13]. In contrast to conventional fossil
fuels, hydrogen burns to produce mostly water vapor, establishing it as the fundamental
element of a future hydrogen economy [14-16]. Despite its potential, shifting directly
from carbon-heavy fuels to pure hydrogen involves technical barriers. Hydrogen'’s high
reactivity, characterized by a broad flammability range, minimal ignition energy, and rapid
flame speed, poses significant risks. While its traits enhance combustion, they also trigger
dangerous instabilities like hot spot formation, pre-ignition, and flashback [17,18]. The
latter, where the flame travels upstream into the fuel nozzle, poses a severe risk of structural
failure or even destruction of the combustion chamber [19].

To capitalize on hydrogen’s advantages while minimizing its risks, blending it with
traditional fuels like methane (CHy) has become a practical strategy for industrial boilers,
gas turbines, and burners [20,21]. This hydrogen enrichment acts as a vital transition
technology, enabling rapid decarbonization across the energy sector. Hydrogen is an
excellent additive to improve the combustion of natural gas due to its low ignition energy,
high reactivity, high diffusivity, and high burning velocity [17]. The laminar burning
velocity of hydrogen is seven times that of natural gas [3]. By integrating hydrogen into the
existing natural gas infrastructure, industries can boost combustion efficiency and stability
beside reducing their carbon footprint without requiring extensive or costly structural
overhauls [21-25]. The reduction in CO and CO, mole fractions with the addition of
hydrogen is due to the decrease in the CH4 mole fraction in the reactant. It is interesting
to note that H, changes from an intermediate species to a reactant when the hydrogen
fraction in the blends exceeds 20% [3]. Moreover, the mole fraction of O, required for
combustion decreases with hydrogen addition, since H; is more reactive than CHy. Since
the reaction rate coefficient in Arrhenius form has strong temperature dependence, the high
temperature of hydrogen combustion must have a great effect on the chemical reaction
process [3]. In this study, the potential for reduction in emissions during the combustion of
methane enriched by hydrogen under various equivalence ratios is investigated.

Various experimental and numerical studies of methane-hydrogen fuel blends have
been conducted on laminar burning velocity, intermediate species analysis, and thermo-
chemical simulation [24-26]. As the experimental research into high-pressure, high-
temperature reactive flows is both expensive and technically demanding, numerical sim-
ulation has emerged as a robust and cost-effective alternative [24]. Computational Fluid
Dynamics (CFD) allows researchers to dissect the complex relationship between fluid
mechanics, thermal transfer, and thermochemical behavior. This approach provides a level
of granular detail regarding combustion behavior and flame structure that is often hard to
capture using physical sensors or traditional measurement tools [20,27-31].

To simulate non-premixed methane and hydrogen flames, researchers frequently em-
ploy numerical frameworks such as the Probability Density Function (PDF) model [4]. The
non-premixed equilibrium PDF approach has been recently validated against many exper-
imental and numerical works related to CH4/H, combustion blends [20,23,26,29,32,33].
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These methods are highly effective because they account for complex turbulence—chemistry
interactions while remaining computationally efficient, avoiding the extreme processing
power required by Direct Numerical Simulation (DNS) [20,29,34,35]. By leveraging the
computational cost of modern hardware, these computational tools allow for the rapid
optimization of combustion systems. They provide a detailed analysis of critical vari-
ables, including velocity distributions, thermal gradients, and emission characteristics
across a wide range of operational scenarios [36,37]. Although existing studies have
broadly addressed the impact of hydrogen addition, there is still a significant gap in
understanding how hydrogen enrichment and air flow rates interact to influence per-
formance and emissions within non-premixed turbulent chambers [25]. The current lit-
erature presents a conflict: some research warns that higher hydrogen fractions elevate
NOy emissions by increasing adiabatic flame temperatures, while other findings sug-
gest that specific blending and mixing strategies can successfully reduce both NOy and
COx simultaneously [24,32,33,38].

No systematic work has been conducted that examines the effects of various opera-
tional parameters (i.e., the hydrogen addition, temperature, and equivalence ratio) on the
combustion of a CH,/Hj, mixture in a wide range of hydrogen (0 to 99%) and fuel-to-air
equivalence ratios (0.5 to 1.5). Moreover, no research has been conducted to establish the
criterion for the hydrogen level in CH, /Hj; mixtures for combustion chambers originally
designed for methane combustion applications. The present study is an effort to help
address these issues. Two specific objectives are designated: investigating the effect of
hydrogen addition on combustion parameters under various equivalence ratios. Con-
sequently, a rigorous assessment is required to determine how these variables precisely
influence burning efficiency and the generation of pollutants under various fuel—air ratios.
Mapping these interactions is essential for defining the operational boundaries of clean
and high-performance combustion systems. This research conducts a computationally
efficient numerical simulation of non-premixed turbulent combustion within a 2D ax-
isymmetric chamber fueled by a methane—hydrogen—air blend. Utilizing ANSYS Fluent
19.1, the study investigates how varying hydrogen levels from lean to rich mixtures and
fluctuating air mass flow rates impact overall combustion performance. For modeling the
non-premixed combustion of CHs/Hp, the standard k — ¢ realizable turbulence model and
a PDF-based approach have been shown to present the best performances [26]. Therefore,
these models are employed to extract quantitative data on flame morphology, thermal
gradients, velocity distributions, and emission signatures in the studied cases. Additionally,
the study explores the role of hydrogen in shaping fluid dynamics, with a specific focus
on turbulence intensity and recirculation zones, both of which are critical for maintaining
flame stability. Ultimately, this research defines the operating criteria of hydrogen level in
CHy/H; blends for combustion chamber applications in industrial steam boilers, providing
a technical bridge toward a sustainable, low-emission energy future.

2. Problem Definition

The schematic of the considered combustion chamber and its geometrical parame-
ters are shown in Figure 1. A two-dimensional axisymmetric computational domain was
considered for this problem. The combustion chamber geometry is a generalized configu-
ration based on the experimental setup of Pierce and Moin [39,40], adapted to represent
the fundamental characteristics of industrial burners. The length-to-diameter (L /D) ratio
was selected based on the requirement for a high-aspect-ratio domain to capture the full
evolution of the chemical species and temperature fields while maintaining a representative
flow velocity and sufficient residence time for the CHy/H; fuel blends. The geometry
consists of a long combustion chamber with two jets, including a CHy fuel jet at the center
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surrounded by one annular air jet for improved mixing and diffusion. The fuel and air jets
are separated by a thin 1 mm bluff body at the entrance, which applies the non-premixed
characteristic to the problem. The dimensions related to the chamber radius and lengths
are presented in the schematic.

Wall

v

Figure 1. The schematic of the combustion chamber and its geometrical parameters.

Geometrical values related to Figure 1 are presented in Table 1. The radius of the
chamber is selected to be 21 cm. The CHy/H; fuel jet has a fixed mass flow rate of 2.5 g/s
with a temperature of Ty = 300 K. The air jet has variable mass flow rates to provide the same
equivalence ratios for various cases and has a temperature of T, = 300 K. The air is assumed
to be composed of 21% oxygen and 79% nitrogen based on volume. The chamber pressure
is set to be Py = 1 atm. The chamber wall is assumed to be adiabatic. The combustion and
emission characteristics of fuels with various hydrogen concentrations, including 0%, 30%,
70%, and 99%, are investigated. Various equivalence ratios, including ¢ = 0.5,0.7,0.9,1, 1.1,
1.2,1.3, 1.5, are considered to analyze the combustion of the hydrogen-enriched fuel under

"o

various combustion regimes. The horizontal distance from the inlets is defined by “x” and

"

the radial distance from the axis is “r”.

Table 1. Geometrical values of the parameters in Figure 1.

Parameter R; (mm) R, (mm) R3 (mm) R4 (mm) L (mm) L;n, (mm)
Value 20 21 36 210 2000 16 mm

2.1. Boundary Conditions

For the inlets, the inlet mass flow rates at the defined pressure and temperature are
considered. The molar fractions of hydrogen and methane in the fuel jet should be applied
as molar fractions. For the outlets, the pressure outlet is selected to be 1 atm. The walls
are assumed to be stationary, without slip, and adiabatic. The standard wall functions are
applied to model the near-wall zones.

2.2. Meshing

The geometry of the considered combustion chamber was produced by ANSYS De-
sign Modeler (see Figure 2). The dimensions of the domain are sufficient to establish a
stable flame, allowing for a thorough analysis of its combustion behavior. To decrease the
computational costs, the geometry is considered to be 2D axisymmetric [17]. A structured
quadrilateral mesh with a maximum element size of 3.5 mm is chosen for the geometry.
Because of severe changes in the flow properties, the region close to the jets has smaller
and more compacted elements.
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Figure 2. Structured meshing of the chamber for the numerical solution.

2.3. Governing Equations

In non-premixed combustion, the fuel and air enter the reaction zone through separate
jets. The chemical equilibrium model reduces the complex chemistry to a single conserved
scalar, the Mixture Fraction (f), which is defined as follows:

f= M)
Ci,f = Cia

The Mixture Fraction represents the local mass fraction of the fuel stream in the
mixture. In Equation (1), ¢; is the mass fraction of the i component in the mixture, c; f
is the mass fraction of the i component in the fuel, and c; ,; is the mass fraction of the ith
component in the air. Hence, for fuel inlet, f = 1, and for air inlet, f = 0.

In the non-premixed combustion model, it is assumed that the rate of chemical reac-
tions is very high compared to the diffusion rate. The flow is treated as a low-Mach-number,
variable-density flow which follows the ideal gas equation of state. Based on this physi-
cal assumption, the CFD analysis and mathematical framework rely on the fundamental
conservation laws for gas mixture flows. Specifically, the model solves for the conserva-
tion of mass, momentum, energy, and chemical species via the PDF approach and RANS
(Reynolds-Averaged Navier—Stokes) equations as defined in Equations (2)—(5):

%4V (o) =0 @

a(gf) L9 (pi) = —VP+ V7 ®

269 | g (yitn) = v <keﬁw _ ;h]?]) § S @
a(a’f) +9-(pif) = -] ©)

In addition to Equations (2)—(5), NOx concentration is determined by an extra con-
servation equation with thermal and prompt source terms for NO production. The RANS
equations are solved in the 2D axisymmetric configuration. In Equations (2)—(5), p repre-
sents the mixture density, and t is time. The velocity vector is given by 1, while P and Ut
refer to pressure and dynamic viscosity, respectively. Thermal properties are defined by
the effective conductivity k. and total stress tensor 7. For the combustion model, £; is
the enthalpy of the j* component, which is determined from the sum of the enthalpy of
formation and sensible enthalpy:

T
hy =)+ [ cpjaT (6)
To

In the current Mixture Fraction model, it is assumed that the reactions are so fast that
they reach a state of thermodynamic equilibrium at every point. Therefore, there is no need
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to solve the conservation equation for each species. In Equation (5), f indicates the mean
mixture fraction. In Equation (4), S,,, is the radiation source term. To determine the state
and physical properties of the gas mixture, the ideal gas Equation of State (EOS) is applied.
Furthermore, the mass diffusion flux for each species (j"), accounting for turbulent effects,
is derived using Fick’s law:

T == M\ gF - pp YT
J = (PD“sq)Vf Dr-7 )

In this formulation, D;, represents the mass diffusion coefficient of the mixture, while
D denotes the thermal diffusion coefficient; the term y; refers to the turbulent viscosity,
and Sc; is the turbulent Schmidt number, which is assigned a constant value of 0.7. To
account for the turbulent flow effects, a standard two-equation k — ¢ realizable model is
applied, which is presented in detail in Appendix A.

2.4. Definitions

In this study, the ratio of the fuel mass flow rate to the air is defined as the fuel—air
mass ratio as follows:

FAy = — (8)

Mg

where 711 is the fuel jet mass flow rate and 11, is the air mass flow rate. The relation between
fuel—air mass ratio (FA,;) and fuel—air mole ratio (FA,,y) is provided in Equation (9):

©)

where My is the molar weight of the fuel and M, is the molar weight of air. To determine the
regime of the fuel —air mixture for combustion, the parameter equivalence ratio is defined
as follows:

FA, FAnw M,

= e FA ol My

(10)

If ¢ <1, the mixture is theoretically fuel-lean; if ¢ = 1, the mixture is stoichiometric,
and if ¢ > 1, the mixture is fuel-rich. Since the fuel mass flow rate is constant, to provide the
same equivalence ratio between various fuels containing different hydrogen concentrations,
the following equation is used to determine the air mass flow rate for applying its boundary
condition value through simulations:

FA, = ¢-FA (11)

l,st* /
mol,s M,

where FA,,, st is the fuel—air mole ratio under the stoichiometric mixture. To determine the
stoichiometric fuel—air ratio for various studied hydrogen-enriched cases, the following
stoichiometric reactions are used. For the case with yy, = 0:

CHy + 2(0; + 3.76N;) — CO; + 2H,0 + 7.52N, (12)

Fore the case with yy, = 0.3:
0.7CHy + 0.3H; + 1.55(0; + 3.76N,) — 0.7CO; + 1.7H,0O + 5.828N, (13)

Fore the case with yy, = 0.7:

0.3CHy + 0.7H, + 0.95(0; + 3.76N>) — 0.3CO, + 1.3H,0 + 3.572N, (14)
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Fore the case with yy, = 1:

H, + 0.5(0, + 3.76Ny) — HyO + 1.88N, (15)

2.5. Solution Method

To optimize computational efficiency, the simulation utilized single-precision accuracy
alongside a stationary, pressure-based solver. The fundamental conservation equations,
including continuity, momentum, energy, and species transport, were discretized with an
upwind first-order method with finite-volume and implicit approaches according to the
details that are available in Appendix A.

The jet boundary conditions were defined by a 10% turbulence intensity and cor-
responding hydraulic diameters. In the current problem, due to the small width of the
chamber, the effect of gravity and buoyancy is very low. Therefore, the gravity effects were
not considered in the models.

The gas mixture was managed via a Probability Density Function (PDF) approach in
the applied non-premixed combustion. The mean scalar ¢ (like temperature, density, or
mass fraction) is calculated by integrating the equilibrium data over the PDF as follows [41]:

1
5= [ otr.mp(r)ar (16)

where P(f) is the Beta distribution function. In non-adiabatic mode, this integration is
repeated for different enthalpy values, and the results are stored in a look-up table. The
lookup table is discretized using 100 uniform grid intervals along the mixture fraction
coordinate (f), covering thermal boundaries from 300 K up to adiabatic flame temperature
limits exceeding 2600 K depending on the specific Hy enrichment ratio (0%, 30%, 70%,
and 99% Hj). The intermediate species distributions stored within the PDF look-up table
are fundamentally generated based on minimization of Gibbs free energy using standard
high-temperature combustion thermochemistry data, which is based on well-established
elementary reaction mechanisms (such as NASA polynomial coefficients [42,43] and stan-
dard species thermochemical data for hydrocarbon—hydrogen mixtures [44]). Although
the equilibrium PDF approach assumes infinitely fast chemistry to evaluate local com-
positions, justified here by the high peak temperatures (around 2000 K), the underlying
thermochemical property data rigorously account for the thermodynamic characteristics of
all participating species, including CHy, Hy, N;, O,, H,O, CO, CO,, C, H, O, HO,, H,0,,
C,Hg, HCO, HONO, HCOOH, HOCO, and CH;0O. Furthermore, secondary pollutant
tendencies are evaluated based on the resulting thermal fields and concentration profiles.
During the solution, the temperature and species concentration values are extracted from
this table based on the local value of mean mixture fraction, its fluctuations, and enthalpy
(h), instead of solving complex chemical equations. More information on the numerical
procedures and implementation of the equilibrium mixture-fraction/PDF framework is
available in Appendix A.

To predict nitrogen oxide emissions across the varying CH4/H, compositional spec-
trum, three distinct pathways were modeled: Thermal NOy, Prompt NO,, and the N,O-
intermediate route (See Appendix A for more details). Thermal NO, was evaluated using
the Extended Zeldovich mechanism, which is highly sensitive to the peak temperatures
(exceeding 2000 K) induced by hydrogen addition [45]. The forward and reverse reaction
rate constants for the Zeldovich reactions (O + N, = NO + N, N + O, = NO + O, and
N + OH = NO + H) were adopted from standard literature values with well-established
activation energies. Prompt NO, was modeled via the Fenimore mechanism, accounting
for the rapid formation pathways active in flame zones containing hydrocarbon radicals
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(relevant to methane-rich blends). Additionally, the N,O-intermediate mechanism was
included, which gains relative importance under specific lean or high-hydrogen conditions
where intermediate NO species significantly contribute to total NO through reactions
involving O and M. The turbulent—chemistry interaction for NO, was solved by coupling
the transport equations with the PDF look-up table fields, ensuring that local fluctuations
in temperature and radical concentrations (O, H, and OH) are rigorously accounted for.

To model the radiation, the P1 model was implemented according to the details that
are available in Appendix A. Applying radiation changes the outflow parameters by the
following values: a 2.3% decrease in temperature; a 10.8% decrease in CO molar fraction; a
0.09% decrease in CO, molar fraction; and a 3.7% decrease in maximum NO ppm at the
channel outflow, when comparing cases with and without radiation for the combustion
of a case containing 99% hydrogen. Moreover, the SIMPLE algorithm was employed to
solve the governing equations and handle pressure—velocity coupling, in addition to the
PRESTO! (Pressure Staggered Option) discretization for pressure. More details about the
SIMPLE algorithm can be found in Appendix A. The simulation was launched with a
hybrid initialization and progressed through 14,000 iterations to reach convergence and
accurately resolve the combustion phenomena. Convergence was achieved when the
continuity residuals reached a threshold of approximately 10~3.

3. Results and Discussion

In Section 3.1, first, the validation of the numerical method against the experimental
data from the combustion chamber of Pierce and Moin [39,40] is presented. Then, in Sec-
tion 3.2, the grid independence of the solution is presented. Afterwards, in Section 3.3, the
mass flow rates of the fuel jet are fixed, and the air mass flow rate is set at the stoichiometric
condition to investigate the effect of the hydrogen molar fraction at the fuel jet inlet on
combustion parameters through the chamber. Then, in Section 3.4, the mass flow rate
of fuel is fixed, and the air mass flow rate varies across the cases to analyze its effect on
combustion and flow parameters in the outflow for different hydrogen molar fractions in
the fuel jet. Finally, in Section 3.5, the industrial and practical implications of the current
combustion system are discussed.

3.1. Validation Against Experimental Data

To validate the numerical model, a 2D axisymmetric simulation of non-premixed
methane—air combustion was conducted in ANSYS Fluent 19.1, replicating the flow and
geometric parameters established by Pierce and Moin [39,40]. The only differences between
the current problem and their experimental benchmark are in the geometrical and flow
values (see Figure 1). In the work of Pierce and Moin [37,38], the methane jet has an inlet
velocity of Uy = 0.9278 m/s with the temperature of Ty = 300 K. The air jet has an inlet
velocity of U, = U = 20.63 m/s and a temperature of T, = 750 K. The chamber pressure
is fixed to be Py = 3.8 atm. The chamber wall temperature is fixed to be Ty, = 500 K. The
geometrical parameters of their chamber are presented in Table 2.

Table 2. Geometrical values of the parameters related to the Pierce and Moin benchmark
(See Figure 1).

Parameter R; (mm) R, (mm) R3; (mm) R4 (mm) L (mm) L;, (mm)
Value 31.57 31.75 46.85 61.15 1000 18

Figure 3a,b compare the simulated axial velocity profiles against experimental data of
Pierce and Moin [39,40] at various radial positions and downstream distances. The results
indicate that the PDF non-premixed combustion model aligns well with the experimental
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benchmarks, yielding a normalized absolute error of 19.7% for radial velocity. It is obvious
that the flow behavior, such as the maximums of the velocity profile in the core flow and
the zero-flow velocity on the walls, is predicted accurately.

1.4 14
r Simulation B
I L] Pierce and Moin -
1.2} 12
1k 1
08f 08f
g [ & I
= L = I
0.6 0.6
L9 i
04 04
0.2 :_ 0.2 }' Simulation
3 I L] Pierce and Moin
ol i 0 o ol
0 0.2 0.4 0.6 0.8 1 1.2 02 0 02 04 06 08 1 1.2
u/U u/U
(a) x/R=10.38 (b) x/R =1.27

Figure 3. Validation of the numerical model by the axial velocity distribution through the various
radial positions in different sections of the Pierce and Moin combustion chamber (R = 46.85 mm and
U =20.63 m/s are the inlet fuel jet radius and mean velocity, respectively) [39,40].

Figure 4a,b illustrate the validation of thermodynamic parameters such as temperature
through the various radial positions obtained by the simulations and the experimental
data at different distances from the inlets. As can be seen, the thermodynamic parameters
determined by the numerical simulations are in good agreement with the experimental
data, by a maximum normalized absolute error of 23%. Moreover, the behavior of the
diagrams, such as the peaks and turning points, is predicted well.

14 14 : .
B . . Simulation

I Simulation N .

12 @ [ ] Pierce and Moin 12k [ ] Pierce and Moin
r ° [
L e
1 - ° :
0.8f 08k
g [ g I
£ | 2|
“osf 06
0.4 04f
02fF 02f

ol 1 R R ob v o v b

500 1000 1500 2000 500 1000 1500 2000

T (K)
(a) x/R=1.57 (b) x/R=4.52

Figure 4. Validation of the numerical model by the temperature distribution through the various
radial positions in different sections of the Pierce and Moin combustion chamber [39,40].

Figure 5a,b illustrate the validation of emission parameters through the CO mass frac-
tion in various radial positions obtained by simulations and experimental data at different
distances from the inlets. According to the figure, the CO mass fraction distribution is
predicted well, and its maximum normalized absolute error is about 38%. However, the
behavior of the diagrams on the walls and the core flow is predicted well. As CO and CO,
distributions are chemically coupled, the agreement between the distribution of CO by
numerical and experimental approaches supports the validity of the CO; predictions by
the numerical model. The error between the numerical and experimental data is primarily
attributed to the chemical equilibrium assumption, which does not account for the slow
kinetic rates associated with CO oxidation. In the experimental setup, the finite-rate chem-
istry of CO leads to higher intermediate concentrations than the instantaneous equilibrium
state predicted by the model. Furthermore, the use of a non-premixed PDF formulation,
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while necessary to capture enthalpy variations within the reaction zone, increases the sensi-
tivity of intermediate species to local thermal fluctuations. It is important to mention that
measurement errors during the experiments are also unavoidable. Nevertheless, the model
accurately captures the peak locations and global reaction trends, making it a suitable tool
for the comparative study of mixture combustion.

1.4 1.4
[ Simulation [

[ . . [ Simulation
1.2} b Pierce and Moin 12 [ ] Pierce and Moin

s

08|

[ = [
[ > [
6f 06F
af 04f
2f 02f
0‘:|HH|""|HH|HH.HH.HH.H ol v v b v 1l
0 002 004 006 008 0.1 012 0 0.025 0.05 0.075 0.1 0.125
cco cco
(a) x/R = 3.84 (b) x/R = 7.41

Figure 5. Validation of the numerical model by the CO mass fraction distribution through the various
radial positions in different sections of the Pierce and Moin combustion chamber [39,40].

3.2. Grid Independence

Figure 6a,b show the grid independence of the numerical solution. Five grid numbers,
including 1950, 7800, 31,600, 129,000, and 516,000 elements, were selected for evaluation.
The combustion of a stoichiometric mixture of CHy enriched by 30% hydrogen was selected.
As can be seen, the CO, molar fraction is the most important emission parameter, and the
maximum temperature of the flow at the outlet reaches approximately grid independence
for the cases with 129,000 and 516,000 elements. The relative difference between the com-
bustion and emission parameters is below 3% for these two cases. To avoid computational
cost and running times, the case with 129,000 elements was chosen for parametric studies.

0.09 2500
0.085f
r 2400 -
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Figure 6. Grid independence based on (a) outflow CO, molar concentration and (b) outflow tempera-
ture of the channel for the case with the combustion of a stoichiometric mixture of CHy enriched by
30% hydrogen.

3.3. Stoichiometric Combustion Analysis

To evaluate the effect of hydrogen enrichment on combustion parameters, it is ap-
propriate to compare cases with varying hydrogen levels while maintaining a constant
equivalence ratio. While this approach necessitates differences in fuel jet velocity due to the
fixed fuel mass flow rate, the air mass flow rate is adjusted to ensure consistent combustion
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regimes through the same equivalence ratios across all cases. Consequently, while the
chemical and aerodynamic effects remain intrinsically coupled under this parameterization,
the comparison remains valid and meaningful from a combustion performance perspective.
Figure 7a—d show the contours of turbulent intensity and flow streamlines for the stoichio-
metric combustion of fuel with various hydrogen molar fractions. Turbulent intensity is
defined as the root-mean-square (RMS) of velocity fluctuations divided by the mean flow
velocity. Since the general form of the contours is similar for various combustion regimes
(lean, stoichiometric, and rich amounts of fuel in the mixture), in this section, only the
stoichiometric cases are analyzed. According to the figure, the turbulence intensity in the
air jet is higher due to the higher velocity. This jet deviates upward, forming one main
circulation and a second small circulation in the corner of the chamber. Moreover, there is
another small circulation that is formed in the combustion region. These circulations affect
the fluid dynamics of the problem. By increasing the hydrogen molar fraction in the fuel,
the inlet flow velocity and the turbulent intensity increase. This causes the main circulation
to broaden and strengthen. Therefore, the combustion circulation is weaker, and its location
moves downward. However, for the case with yy, = 99%, due to the higher flammability
of hydrogen, combustion happens sooner, and it has a stronger circulation with higher
turbulent intensity. This weakens the main circulation in the flow. The maximum turbulent
intensity is about 95% in the flame region for the case containing 99% hydrogen in the fuel.
While cases contain less hydrogen, the maximum turbulence intensity is in the range of 40—
60%. This increase in turbulence intensity is attributed to the intense volumetric expansion
and the higher velocity gradients produced by the hydrogen-dominated flame front.

The distributions of the velocity magnitude for stoichiometric combustion of the
fuel with different hydrogen molar fractions are shown in Figure 8a—-d. The upper jet is
designated as the air jet. This configuration is chosen because the higher density of air
compared to the fuel, coupled with a lower fuel mass flow rate, causes the air flow to deviate
toward the fuel and promotes better mixing. Quantitatively, hydrogen enrichment induces
a significant shift in the inlet velocity profiles. Therefore, with hydrogen enrichment, the
density of the fuel decreases (in the standard state ppj, = 81 g/m? and pcp, = 648 g/m°)
so that the fuel velocity increases from 2.9 m/s to 22.7 m/s to provide the fixed mass
flow rate. Meanwhile, the air velocity should also be increased from 10 m/s to 27.1 m/s
to guarantee stoichiometric combustion. Consequently, the observed flame behavior is a
coupled result of fluid dynamics and thermochemical properties. Notably, the upstream
position of the combustion flame for the case containing 99% hydrogen in the fuel, despite
significantly higher velocities, proves that the chemical acceleration of hydrogen outweighs
the increased convective momentum of the jet. The physical mechanism driving the flow
field deformation is the formation of the circulating flow in the combustion region. This
causes the reactive jet to deviate more aggressively toward the outer wall. This upward
trajectory has a direct impact on the chamber’s internal hydrodynamics: The collision
with the outer boundary restricts the spatial development of the primary vortices, causing
compression of the recirculation area as observed in Figures 7d and 8d. The drastic volume
expansion and local heat release induced by hydrogen combustion significantly alter the
flow field topology. This phenomenon is due to the strong coupling between heat release
and flow aerodynamics [46,47]. Moreover, for the case containing 99% hydrogen in the fuel,
the flow has a higher level of velocity at the chamber outflow. In this case, the maximum
outflow velocity magnitude is about 4.6 m/s. This exit acceleration is a direct result of
thermal expansion-induced volumetric flow rate increases, where the high reactivity of
hydrogen ensures that the expansion occurs much closer to the inlet, thereby maintaining
higher momentum through the chamber’s longitudinal axis.
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Figure 7. Contours of turbulent intensity (in percent) and their corresponding streamlines for
stoichiometric combustion of enriched methane with various hydrogen molar fractions in the chamber

when my = 2.5 g/s.

The distributions of the flow temperature through the combustion chamber for com-
bustion of the CH4 /H, mixture, including various hydrogen molar fractions, are shown in
Figure 9a—d. As can be seen, adding hydrogen increases the flow maximum temperature
from 2100 K to about 2400 K, as the fuel transitions from pure methane to pure hydrogen.
Convective transport and the local thermochemical equilibrium effects jointly dictate the
spatial distribution of the temperature field. For H, molar fractions up to 70%, the increase
in inlet momentum (due to lower fuel density) dominates the physics, effectively stretching
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the flame and delaying the onset of the main reaction further downstream. However, at the
99% Hj limit, a mechanistic shift occurs: the exponential enhancement in thermodynamic
reactivity and the high mass diffusivity overcome the convective velocity. This results in a
25% upstream shift of the flame position compared to the case with 70% hydrogen. In this
case, due to the circulatory flow in the combustion zone, the main jet flow deviates upward
around the inlets. Therefore, regions close to the adiabatic walls have higher temperatures.
The increase in flame temperature due to hydrogen enrichment is attributed to hydrogen’s
higher adiabatic flame temperature compared to methane, primarily because hydrogen
requires less air for its combustion. Furthermore, the addition of hydrogen to the fuel alters
the flame shape due to enhanced mixture diffusivity, flow momentum, and a reduction in
its density.
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Figure 8. Contours of velocity magnitude for stoichiometric combustion of enriched methane with
various hydrogen molar fractions in the chamber when my = 2.5 g/s.

The distributions of methane mole fraction through the domain for various hydrogen
molar fractions in the fuel are shown in Figure 10a—d. For the case without hydrogen
enrichment, the mole fraction of methane is 99% at the inlet. The methane jet travels
approximately 45% of the chamber’s length before being completely consumed. The
thickness and distance of methane travel decrease as the hydrogen molar fraction in the
flow increases. The decrease in travel distance is driven by two primary mechanisms.
Firstly, the addition of hydrogen enhances the thermodynamic reactivity and adiabatic
flame temperature, resulting in a more rapid thermochemical response and oxidation of
CHyj4 near the jet nozzle. Secondly, the presence of Hy improves the overall molecular
diffusivity of the fuel blend. As the hydrogen molar fraction reaches over 70%, the axial
distance required for complete methane consumption is reduced compared to the pure
methane case, despite the increase in inlet fuel velocity.
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Figure 9. Contours of temperature for stoichiometric combustion of enriched methane with various
hydrogen molar fractions in the chamber when 711y = 2.5 g/s.

The hydrogen travel distances of consumption are shown through the molar fraction
contours in Figure 11a-d. According to Figures 10 and 11, hydrogen has a longer and
thicker consumption traveling distance relative to methane. By increasing the hydrogen
molar fraction in the chamber up to 70%, the length of the traveling distance of hydrogen
increases to more than 50% of the chamber length. This is due to the higher velocity and
diffusion for cases with higher hydrogen content (hydrogen diffusivity is approximately
3 times higher than methane).

A non-monotonic trend is observed in the hydrogen penetration length. As H; enrich-
ment increases from 0% to 70%, the fuel “core” elongates, eventually exceeding 50% of the
chamber length. This expansion is a consequence of the increased convective momentum;
the lower density of H, necessitates higher inlet velocities, which initially outpace the
chemical reaction rate.

However, at 99% H,, the penetration length undergoes a sharp contraction to approxi-
mately 40% of the chamber length. In this case, the sharply increased flame propagation
potential and the enhanced mass diffusivity overcome the convective flow velocity. There-
fore, significantly higher reactivity promotes a more rapid consumption of H; near the inlet.
This confirms that a fundamental change in the combustion regime occurs between 70%
and 99% hydrogen content, where the governing regime transitions from a flow-dominated
state to a thermodynamically driven state.

The contours of CO, mole fractions in the chamber for different hydrogen contents in
the fuel are shown in Figure 12a-d. As can be seen, in the jet inlets, due to the low reaction
rate, there are no CO, concentrations. However, the CO, production is not concentrated in
one specific zone; it continues to be produced toward the chamber outlet and outer corner
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of the chamber close to the jet inflows. After the completion of combustion, CO, molar
fractions reach about 9% for pure methane combustion in the air. By enriching the fuel
with hydrogen, the degree of CO, emission is decreased, such that for the case containing
99% hydrogen in the fuel, there is no CO, production in the chamber. This is due to the
replacement of carbon molecules by hydrogen in the fuel.
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Figure 10. Contours of methane mole fraction for stoichiometric combustion of enriched methane
with different hydrogen molar fractions in the chamber when m; = 2.5 g/s.

Figure 13a-d present the contours of CO mole fractions produced during the com-
bustion process. For pure methane, the peak CO molar fraction is approximately 9% and
is localized within the primary reaction zone. This concentration represents the incom-
plete oxidation stage before the final conversion to CO,. Mechanistically, the observed
broadening and dilution of the CO field during hydrogen enrichment are driven by two
competing factors. Firstly, the decrease in carbon-to-fuel ratio in the fuel causes lower CO
production. Secondly, despite the enhanced reactivity, the higher inlet velocities associated
with Hj enrichment (to maintain a fixed fuel mass flow) stretch the CO production zone
downstream. Quantitatively, hydrogen enrichment reduces the peak CO molar fraction.
While the 0% H; case shows a concentrated CO core, the enriched cases exhibit a more
dispersed distribution, indicating that the secondary oxidation of CO occurs over a larger
spatial volume due to modified flow dynamics. As expected, CO production is eliminated
in the 99% H, case due to the total removal of carbon from the fuel stream.

In Section 3.1, it has been shown that the current model has enough accuracy in
predicting the flow, thermodynamic, and emission parameters, such as CO and CO,
emissions. However, the NO predictions by the current model should be viewed mainly
as qualitative trends rather than robust absolute values. Figure 14a—d illustrates the NO

https://doi.org/10.3390 /hydrogen7030132


https://doi.org/10.3390/hydrogen7030132

Hydrogen 2026, 7, 132

16 of 31

molar fraction contours, where the thermal (Zeldovich) mechanism serves as the primary
driver for emissions. Quantitatively, the peak NO molar fraction doubles from 3000 ppm
(pure CHjy) to 6000 ppm (pure Hy). This 100% increase is a non-linear response to the
300 K rise in maximum flame temperature. Mechanistically, the spatial broadening of NO
in hydrogen-rich cases is attributed to two reasons. Firstly, enhanced thermal diffusivity
expands the high-temperature residence zones toward the outer walls and outlet. Secondly,
increased reactivity shifts the flame position closer to the inlets, initiating NO formation
earlier in the flow path. The results indicate that while H, enrichment eliminates carbon
production, the intensified heat release significantly expands the NO formation volume.
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Figure 11. Contours of hydrogen mole fraction for stoichiometric combustion of enriched methane
with different hydrogen molar fractions in the chamber when m; = 2.5 g/s.

3.4. Hydrogen Enrichment in Various Combustion Regimes

In this section, the cases with equivalence ratios of ¢ = 0.5 to ¢ = 1.5 for different molar
fractions of hydrogen, including 0, 0.3, 0.6, and 1, were simulated. Figure 15 shows the
diagrams of the chamber exit average temperature with equivalence ratio ¢ for different
levels of hydrogen enrichment in the fuel. As can be seen, for the lean fuel mixtures with
¢ = 0.5, the outlet temperature is the minimum and approximately the same for all cases
containing methane in the fuel (T,,; ~ 1450 K). This means that enriching the fuel for
fuel-lean mixtures does not change the exit temperature very much. By increasing the
equivalence ratio up to ¢ = 1 — 1.1, the exit average temperature increases to reach a
maximum. Under this condition, by enriching the fuel with hydrogen, the exit temperature
increases from 2180 K to 2350 K (5.5% enhancement), which is considerable. By increasing
the mixture equivalence ratio relative to stoichiometric mixtures, the exit temperature
decreases. However, for the rich mixtures, unlike the cases with a low equivalence ratio, the
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exit temperature of the chamber changes significantly from 1800 K for the case with pure
methane to 2300 K for the case containing 99% hydrogen in the fuel. For fuel-rich mixtures,
several changes in behavior were observed for mixtures containing high hydrogen. For the
cases with 99% hydrogen and 1 < ¢ < 1.3, the slope of reduction in the exit temperature
with the mixture equivalence ratio is low. For the cases with 99% hydrogen and ¢ > 1.3,
increasing the equivalence ratio of the combustion mixture not only does not reduce the
outlet temperature, but even slightly increases it. A notable behavioral shift is observed
around the 70% hydrogen enrichment region. In this compositional range, the mixture
properties are largely dominated by the characteristics of Hj, although the remaining CHy
still influences the global thermochemical behavior. This phenomenon is also governed by
the shift in thermochemical equilibrium properties relative to the residence time, driven
fundamentally by the competition between increased convective momentum and enhanced
chemical reactivity. While the lower density of H; necessitates a higher inlet jet velocity
to maintain a constant fuel mass flow rate under stoichiometric conditions, the non-linear
increase in flame speed at high enrichment levels eventually dominates the flow physics.
Consequently, the flame remains significantly closer to the injector. This upstream shift
leads to a contraction of the recirculation zones (as seen in Figure 7d) due to intense localized
thermal expansion and modified pressure gradients in the near field. Furthermore, the
intensified heat release near the inlet facilitates different downstream cooling characteristics,
explaining the variations in exit temperature compared to lower enrichment cases.
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Figure 12. Contours of CO, mole fraction for stoichiometric combustion of enriched methane with
different hydrogen molar fractions in the chamber when my = 2.5 g/s.
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Figure 13. Contours of CO mole fraction for stoichiometric combustion of enriched methane with
different hydrogen molar fractions in the chamber when 111y = 2.5 g/s.

Figure 16 illustrates the average exit CO, mole fraction across the range of equivalence
ratios (¢) and hydrogen enrichment levels. A non-symmetrical distribution is observed,
where the maximum CO; production is slightly shifted toward the lean regime ¢ < 1)
rather than the exact stoichiometric point. Two main factors are responsible for this shift in
both spatial and chemical distributions. The first one is oxidation completion. In the lean
regime, excess oxygen ensures the complete conversion of CO to CO;. Conversely, as the
mixture moves toward the rich limit (¢ = 1.5), CO; levels drop to their minimum because
the lack of available oxygen favors the formation of CO and unburned intermediates
over CO;. The second factor is carbon dilution. Hydrogen enrichment acts as a carbon-
displacing agent. Quantitatively, the peak CO, emission is reduced by increasing the Hj
molar fraction. Mechanistically, the CO, reduction is not merely a result of less carbon in
the fuel, but also a modification of the reaction pathway. The presence of H, accelerates
radical-branching reactions, which typically would speed up CO oxidation; however, the
simultaneous decrease in total carbon atoms dominates the global species balance, resulting
in the observed linear decline in emissions across all equivalence ratios.

Figure 17 illustrates the CO mole fraction at the chamber outlet as a function of the
equivalence ratio (¢). As expected, CO emissions scale with ¢, peaking at approximately
8.5% for the fuel-rich case (¢ = 1.5) due to oxygen-deficient conditions. Notably, CO is still
present even at stoichiometric conditions (¢ = 1), which is mechanistically attributed to
the non-premixed nature of the injection and local thermodynamic/mixing constraints.
In such systems, the local mixing time is often comparable to the characteristic residence
time, potentially influencing the extent of conversion before the flow exits the domain. A
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significant shift in CO sensitivity is observed at the 70% Hj enrichment threshold. This
means that below 70% enrichment, CO molar fractions decrease linearly as hydrogen
displaces carbon in the fuel stream. However, between ¢ = 0.9 and 1.2, the 70% H
case exhibits an unexpected stability in CO levels. This phenomenon is attributable to a
transition in the flow dynamics of the CH4/H; mixture; the enhanced thermodynamic
reactivity of Hy shifts the flame upstream, thereby modifying the residence time within the
primary recirculation zone.
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Figure 14. Contours of NO ppm for stoichiometric combustion of enriched methane with different
hydrogen molar fractions in the chamber when ¢ = 2.5 g/s.
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Figure 15. Change in temperature at the chamber outlet with the mixture equivalence ratio for
different levels of hydrogen enrichment when iy = 2.5 g/s.
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Figure 16. Change in CO, molar fraction at the chamber outlet with the mixture equivalence ratio for
different levels of hydrogen enrichment when mf = 2.5 g/s.
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Figure 17. Change in CO molar fraction at the chamber outlet with the mixture equivalence ratio for
different levels of hydrogen enrichment when my = 2.5 g/s.

Quantitatively, increasing Hy from 0% to 70% reduces the exit CO by 25% at ¢ = 1.5.
This reduction is a synergistic result of lower initial carbon content and the enhanced OH
radical, which facilitates more efficient conversion of CO to CO; despite the shortened
residence times caused by higher inlet velocities.

Figure 18 illustrates the exit NO concentration as a function of the equivalence ratio
across various hydrogen enrichment levels. For all fuel blends, NO production peaks near
the slightly lean condition (¢ = 0.9), where the combination of high flame temperatures and
available oxygen optimizes the thermal Zeldovich mechanism. Two significant deviations
from standard NOy scaling are observed. Firstly, in the range of 1.0 < ¢ < 1.2, increasing
hydrogen content from 30% to 70% results in a marginal decrease in NO emissions. This
abnormal trend is directly coupled to the thermodynamic behavior observed in Figure 15,
where the 70% H; cases exhibit lower exit temperatures compared to 30% enrichment. This
suggests that at this specific threshold, the convective cooling effect from the higher-velocity
hydrogen jet outweighs the increased chemical heat release, effectively suppressing ther-
mal NO formation. Secondly, contrary to conventional expectations, where NO typically
decreases in fuel-rich conditions due to lower temperatures, the NO concentration increases
from 3000 to 4750 ppm as ¢ moves from 1.1 to 1.5. This is explained by the thermal and re-
circulation behavior unique to this chamber geometry. As ¢ increases, the peak temperature
zone shifts upstream, and for high-hydrogen cases, the temperature remains high enough
to sustain NO production even as the global mixture becomes rich. Quantitatively, the
transition to pure hydrogen results in a 100% increase in NO at ¢ = 0.9 compared to pure

https://doi.org/10.3390 /hydrogen7030132


https://doi.org/10.3390/hydrogen7030132

Hydrogen 2026, 7, 132

21 of 31

methane. This underscores that while hydrogen avoids carbon emissions, its impact on the
thermal NO pathway is highly sensitive to local flow-field and temperature interactions
between 70% and 99% enrichment.
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Figure 18. Change in NO concentration (ppm) at the chamber outlet with the mixture equivalence
ratio for different levels of hydrogen enrichment when 11y = 2.5 g/s.

3.5. Industrial and Practical Implications

The results in the current study show a fundamental behavioral shift as hydrogen
enrichment reaches higher fractions (such as the 70% level investigated). While existing
methane-dominant configurations can likely handle lower hydrogen fractions (e.g., up to
30%), higher-fraction blends approaching or exceeding 70% indicate that nozzle or cooling
system adaptations may be required due to the upstream shift in flame position. Therefore,
it is suggested that active flow control or variable geometry injectors might be needed for
very high-hydrogen blends.

Hydrogen enrichment moves the flame closer to the inlet and increases peak tem-
peratures, creating thermal hot spots near the injector face. It is recommended to use
high-temperature alloys or thermal barrier coatings specifically for the injector head and
chamber walls, as these areas face higher heat fluxes under high-hydrogen operations
compared to pure methane.

It is found that NO, emissions increase significantly while CO, decreases with high
hydrogen enrichment. Therefore, operators cannot simply switch to pure H, without
considering environmental compliance. It is suggested that industrial plants utilizing high
concentrations should implement Exhaust Gas Recirculation (EGR) or Selective Catalytic
Reduction (SCR) to mitigate the elevated thermal NOy levels highlighted in this study.
Furthermore, stable operation observed around the 30% hydrogen enrichment range within
¢ =0.9 to 1.2 provides an appropriate operational window. This specific equivalence range
is recommended for industrial furnaces requiring high heat throughput with a stable flame
position, balancing performance and emissions.

4. Future Work and Recommendations

While this study provides a comprehensive numerical framework for understanding
the fluid dynamics, thermal behavior, and operational thresholds of methane—hydrogen
(CH4/Hj) non-premixed combustion, several directions remain open for future investi-
gation. Building upon the macroscopic insights gained from the equilibrium-based PDF
model, future studies should incorporate detailed finite-rate chemistry kinetics or unsteady
flamelet models to enable precise quantitative prediction of kinetically controlled pollu-
tants like NOy. Furthermore, given that hydrogen enrichment exceeding 70% necessitates
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burner structural modifications, subsequent research should focus on optimizing injector
and chamber geometry configurations. Expanding physical testing into high-hydrogen
regimes (>70%) and rich conditions (¢ > 1.2), alongside transient 3D simulations to capture
dynamic phenomena such as flame flashback, will also be crucial for further validating
these industrial-scale applications.

5. Conclusions

This study investigated the thermochemical and fluid-dynamic transitions in methane—
hydrogen non-premixed combustion through numerical simulation using a PDF non-
premixed model. The CFD analysis revealed that hydrogen enrichment induces funda-
mental shifts in combustion performance that extend beyond simple fuel substitution
effects. The findings demonstrate that hydrogen enrichment significantly intensifies the
turbulent intensity by up to 95% and transforms the primary recirculation zone from an
elongated elliptical structure into a compact circular form. This morphological transition
directly dictates species residence time and flame stability. Crucially, the observed upstream
shift of hydrogen-enriched combustion, despite higher inlet momentum, indicates that
the enhanced thermodynamic reactivity provided by hydrogen blending outweighs the
increased convective transport. Based on compositional sweeps, a transitional behavioral
shift is observed around the 70% enrichment region. Below this level, behavior is largely
governed by methane characteristics and convective transport, whereas above it, the high
reactivity and diffusivity of hydrogen significantly alter thermal profiles and species distri-
bution. Regarding environmental performance, hydrogen enrichment effectively reduces
CO, emissions. However, it triggers a non-monotonic trend in NO production. Notably,
near the 70% hydrogen enrichment level, specific flow dynamic changes correspond to
lower NOy emissions compared to lower enrichment levels. The system exhibits peak
thermal sensitivity near ¢ ~ 0.95, where NO emissions show a substantial increase when
transitioning from pure methane to pure hydrogen fuel. Contrary to conventional ex-
pectations, where NO typically decreases in fuel-rich conditions, the NO concentration
increases as ¢ moves from 1.1 to 1.5 because of the thermal and change in recirculation
behavior in the chamber. While lean regimes allow for carbon footprint reduction without
substantial NOy penalties, rich regimes maintain elevated exit temperatures (2300 K) where
methane-dominant cases typically undergo thermal quenching. Based on these results,
the mixtures close to 30% hydrogen blend are recommended for industrial applications
within the efficient equivalence range (0.9 < ¢ < 1.2). These blends provide an optimal
balance, yielding higher outflow temperatures and lower CO and NOy emissions compared
to high-hydrogen configurations. Ultimately, the study highlights that a graded operational
strategy is required for retrofitting industrial burners: an enrichment up to the 30% blend
level allows for minimal operational adjustments, whereas high-hydrogen configurations
approaching and exceeding the 70% level necessitate a redesign of the injector near field to
mitigate localized heat release and accelerated NOy.

Author Contributions: Investigation, M.S.; resources, M.S. and A.T.; software, M.S.; writing—original
draft, M.S.; methodology, M.S.; conceptualization, A.T., M.I,, G.P. and D.E,; validation, M.S.; data
curation, M.S.; writing—review and editing, A.T., G.P, M.I. and D.E; formal analysis, A.T., G.P,
M.L and D.E,; supervision, A.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This study is financed by the European Union—NextGenerationEU—through the National
Recovery and Resilience Plan of the Republic of Bulgaria, Project No. BG-RRP-2.004-0005.

Data Availability Statement: Details and clarifications could be obtained from the corresponding
authors upon request.

https://doi.org/10.3390 /hydrogen7030132


https://doi.org/10.3390/hydrogen7030132

Hydrogen 2026, 7, 132

23 of 31

Acknowledgments: M. Sahami would like to express his deep gratitude to the Technical University
of Sofia for the opportunity to carry out a Mid-Career Research Fellowship. M. Sahami also wants to
acknowledge University of Florence for supporting him in a postdoctoral research visit during part
of this study.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
A; cell-face area vector component
ap central matrix coefficient
anp neighboring matrix coefficient
;, j standard-state specific heat, J /kg-K
¢ mass fraction of j component
D,y mass diffusion coefficient, m2 /s
Dy thermal diffusion coefficient, m?/s
e specific total internal energy, J/kg
E; activation energy, k] /mole
FA fuel air ratio
f mixture fraction
g linear-anisotropic scattering phase function asymmetry factor
G Gibbs free energy of the mixture, ]
Gine incident radiation, W/m?
h specific enthalpy of flow, J/kg
7 diffusion flux, 1/s2
k specific kinetic energy, ] /kg
kefr effective thermal conductivity, W/ (m-K)
kﬁ ; forward reaction rate of i" reaction, mole/m3-s
k, ; forward reaction rate of i’ reaction, mole/m?-s
L length, m
m mass flow rate, kg/s
M; molar mass of j# component, kg/mole
Ma Mach number
1; mole number of j# component
[NO] molar concentration of NO, Mol/m?>
P static pressure field, Pa
P updated pressure field, Pa
P’ standard state pressure, Pa
P’ correction for pressure field, Pa
P(f) Beta distribution function
qr radiative heat flux vector, W/m?
R channel radius, Universal gas constant, mm, ]/ (kg-K)
Ren chemical consumption rate, kg/(m3-s)
r radial distance from channel axis, um
S; remaining source terms
Sc; Schmidt number
Sij mean rate of strain tensor, 1/s
Siad heat source from radiations, J/(m3-s)
T flow temperature, K
Tref reference temperature, K
t time, s
u flow velocity vector, m/s
; correction for velocity field, m/s
¥
1

intermediate velocity fields, m/s
kinematic viscosity, m?/s
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u mean velocity of the air inlet, m/s

x axial distance from the jet inlet, m

y molar fraction

Greek letters

€ dissipation rate, m?2/s3

¢ equivalence ratio

ol transported variable upstream cell-center
¢p transported variable in upstream node value
oNB transported variable in downstream node value
P mean scalar

I, radiation diffusion coefficient, m? /s

U dynamic viscosity, Pa.s

Ut turbulent viscosity, Pa.s

;u; standard chemical potential of j** component
o density, kg/m?3

o Stefan—Boltzmann coefficient, W/m?2-K*
(N)ij mean rate of rotation tensor, 1/s

T total stress, Pa

Subscripts

a air

f fuel

j component index

in inlet

m mass-based

M molar based

st stoichiometric

t total

w wall

Abbreviations

CFD Computational Fluid Dynamics

EOS equation of state

ppm particle per million

PDF probability density function

RANS Reynolds-Averaged Navier—Stokes

Appendix A. Supplementary Methodology and Specifications
Appendix A.1. Thermochemical Look-Up Table and Equilibrium PDF Framework

For any given mixture fraction f and enthalpy level, the chemical composition of the
multi-component mixture (including major species, minor intermediates, and radical pools
such as O, H, OH, CO, and H,O) is determined by assuming chemical equilibrium through
the minimization of total Gibbs free energy (G) [48]:

G_%n(ywzmn(i”f)) (A1)
j:l J ] P an

where 7; is the number of moles of species j, ‘u; is the standard chemical potential, R is the

universal gas constant, T is the temperature, P’ is the standard state pressure, and P is the
operating pressure.
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Appendix A.2. NASA Polynomial Coefficients Database

Thermodynamic properties, specifically standard-state specific heat (C;’j), for all
individual species are evaluated as a function of temperature using standard 7-coefficient
NASA polynomial fits [48]:

C .

% =y +ay T+ asT? + ay T2 + asT* + ag T® (A2)
where R is the universal gas constant. The coefficients a; to ag for CHy, Hy, Oy, Ny,
CO,, H,O, and associated dissociated radicals in the CH4/H, combustion mechanism are
detailed in Table A1 were imported directly from the standard NASA thermodynamic
database [43] are detailed in Table A1.

Table A1. NASA polynomial coefficients for species in Equations (A2) and (A4).

Species Range (K) a; (x10°)  ap (x10-%) a3 (x10-7) ay as ag
CH, 200-1000 5.1497 —136.70 491.80 —485x107%  1.67 x 10711 —4.64 x 10°
1000-3500 1.6333 140.84 —48.931 773 x 10710 469 x 107  —1.03 x 10*
H, 200-1000 2.3443 79.880 —194.79 2016 x 1078 —737x 10712 —9.18 x 10?
1000-3500 2.9329 8.2661 —1.4640 154 x 10711 —6.88 x 10716  —9.85 x 10?
0, 200-1000 3.7825 —29.967 98.473 —9.68 x 1077 324 x 10712  —1.064 x 103
1000-3500 3.6976 6.1352 —1.2588 1.77 x 10711 114 x 10°® —1.234 x 10°
N, 200-1000 3.5310 —1.2366 —5.0299 2435 %1077 —141x10712  —1.047 x 103
1000-3500 2.9526 13.969 —4.9263 7.86 x 10711 —4.60 x 10715 —9.24 x 10?
O, 2001000 2.3568 89.841 —71.221 2456 x 1077 —1.44 x 10718 —4.84 x 10*
1000-3500  4.6366 27.415 —9.9589  1.604 x 10710  —953 x 1071  —4.90 x 10*
H,0 2001000 4.1986 —20.364 65.204 —549 x 107°  1.77 x 10712 —3.03 x 10*
1000-3500 2.6770 29.732 —7.7371 944 x 10711 —427 x 107  —2.99 x 10*

Within the equilibrium mixture-fraction/PDF framework, the absolute enthalpy of the
reacting mixture is tracked as a conserved scalar to account for thermal energy transport
and combustion heat release. The total enthalpy h for any multi-component mixture state
is computed by summing the mass-fraction-weighted enthalpies of all individual species,
combining their sensible heat and chemical formation energy [48]:

N

o T
h=1Y ¢ (hf,j+ /T ) cp,de> (A3)

=1
where ¢; represents the mass fraction of species j, h;’ jis the standard enthalpy of formation
at the reference temperature (Tyf = 298.15 K), and Cp, is the temperature-dependent
specific heat at a constant pressure. To evaluate these values efficiently during look-up table
generation, specific enthalpy for each species is explicitly integrated using the standard
7-coefficient NASA polynomial fits [48]:

- _RT
ZAVE

Lpy B2y ”4T3+”—5T4+”iT5) (A4)

(”1+? 3 4 5 6

where M; is the species molecular weight. Coefficients a; to a¢ are presented in Table Al.
Multiplying this dimensionless expansion by the universal gas constant R and local tem-
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perature T yields the absolute molar enthalpy, which is subsequently mapped against
the mixture fraction coordinate to solve the energy conservation equation throughout the
CFD domain.

Appendix A.3. NOy Formation Sub-Models

To predict nitric oxide (NO) emissions accurately across the varying hydrogen-
enrichment ratios (0% to 99% Hy), three primary chemical pathways are coupled with
the equilibrium flow field: the Thermal (Extended Zeldovich), Prompt (Fenimore), and
N,O-intermediate mechanisms. The transport equation for the mass fraction of NO (cno) is
solved alongside the main flow equations, incorporating source terms derived from these
finite-rate kinetic pathways.

Appendix A.3.1. Thermal Mechanism

Operating predominantly at high flame temperatures (T > 1800 K), this mechanism is gov-
erned by three primary reversible reactions known as Extended Zeldovich mechanisms [45]:

O+N, =NO+N (A5)
N+O,=NO+0O (A6)
N+OH=NO+H (A7)

The forward (kf,i) and reverse (k; ;) reaction rates are expressed using Arrhenius forms,
k; = A;TPiexp(—E,/RT). The standard kinetic parameters implemented in the solver for
these reactions are as follows [45]:

Reaction (A5): A7 = 1.8 x 10'! m3/kmols, B; = 0.0, E; ; = 318.0 k] /mol

Reaction (A6): Ay = 1.8 x 10* m3/kmol's, B, = 1.0, E, » = 20.8 k] /mol

Reaction (A7): A3 =7.1 x 107 m3/kmol-s, B3 = 0.0, E, 3 = 33.5 k] /mol

Appendix A.3.2. Prompt Mechanism

The prompt mechanism is significant in fuel-rich regions where hydrocarbon radicals
(CH, CHpy) react rapidly with molecular nitrogen to form cyanogen species (e.g., HCN)
before subsequently oxidizing into NO. The global formation rate of prompt NO is modeled
using an empirical expression [49,50]:

d[NO]

T = kprompt[CH][N2][O2]” (A8)

where [NOJ is the molar concentration of [NO]. The pre-exponential factor (kprompt) is set
to fc-1.2 x 10M exp(—32,500/T), with fc being an aromaticity correction factor adjusted
for methane—hydrogen blending effects.

Appendix A.3.3. N,O-Intermediate Mechanism

The N;O-intermediate mechanism is particularly relevant in lean, high-pressure, or
high-hydrogen combustion environments where low flame temperatures suppress thermal
NO. Nitrogen is oxidized via third-body interactions involving nitrous oxide [51]:

O+N, +M=N,O+M (A9)
H + N,O = NO + NH (A10)
O +N,O = NO + NO (A11)
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The forward reaction rate parameters implemented in the solver for these reactions
are as follows [45]:

Reaction (A9): A1 = 3.5 x 10%* m®/kmol?s, B = —1.25, E, 1 = 28.6 k] /mol

Reaction (A10): Ay =7.6 x 107 m3/kmols, B, =0, E; » = 62.8 k] /mol

Reaction (A11): A3 = 2.9 x 107 m?®/kmol's-s, B3 = 0.0, E, 3 = 116.0 k] /mol

Appendix A.4. Turbulence Modeling

To model turbulent transport and closure for the 2D axisymmetric jet flame, the
realizable k- turbulence model was employed. This formulation satisfies mathematical
constraints on the Reynolds stresses consistent with the physics of turbulent flows, making
it robust for boundary layers and round jets. The transport equations for turbulent kinetic
energy (k) and its dissipation rate () are defined as follows [52]:

d ] o 0 Ut B
aixi(P”zk) = Tx] [(V + Uk> FYe + Gy + Gp — pe — Y1 + Sk (A12)
d d C3C,Gye
35, (otie) = 5 (V +£ t) 3y | ToCi1Se—pCor—rms \F +Cre— - +Se (A1)
! X

where Gy, Gy, Y, Sk, and S, are the source terms, 0y is the kinetic Prandtl number, o is the
dissipative Prandtl number, and v is the kinematic viscosity. The turbulent viscosity p; is
computed using a variable C,, parameter to ensure realizability [52]:

k2
pe=pCu— (A14)

1
Ag+ AL

where U* = 4/5;;5;; + ﬁijﬁi-, with §;; being the mean rate of strain tensor and ﬁij being

the mean rate of rotation tensor viewed in a rotating reference frame. The standard model

Cy = (A15)

constants implemented in the k-¢ realizable turbulence model include C; = max {O 43, 5 +5}

where 7 = S% and § =, /25;;5;, alongside C; = 1.9, 0% = 1.0, and 0¢ = 1.2.

Appendix A.5. SIMPLE Pressure— Velocity Coupling

To resolve the inherent linkage between the velocity and pressure fields within the gov-
erning Navier—Stokes equations, the Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm was implemented. Because an explicit equation for pressure does not
exist in standard conservation laws, the continuity equation is systematically transformed
into a pressure-correction equation to enforce mass conservation iteratively. The numerical
solution procedure begins with a predictor step where intermediate velocity fields (u})
are calculated by solving the discretized momentum equations based on a guessed or
previously updated pressure field (p") [53]:

apuf =Y apyiiy, + () Ai) pp* + S (A16)
nb

where ap and a,,;, represent the central and neighboring matrix coefficients, respectively,
A; denotes the cell-face area vector component, and S; encapsulates the remaining source
terms. Because the intermediate velocities do not generally satisfy the continuity equation,
corrections for pressure (p') and velocity (u;') are introduced such that the true fields are
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expressedasp=p +p’and u; = u’ + u;’. Subtracting the intermediate velocity equation
from the exact momentum equation yields the velocity correction relation [53]:

0 :d,( ap) (A17)

- axi

where d; is a function of the central matrix coefficient ap. Substituting these corrected
velocity expressions into the discretized continuity equation results in the governing
pressure-correction Poisson equation [53]:

d ap’y 0,
E)xi(deBxi> = *aTCi(P”i) (A18)

Solving this elliptic equation yields the pressure correction field p’, which is subse-
quently used to update the pressure field and correct the mass fluxes across cell faces.
Under-relaxation factors are applied to both pressure and velocity updates to maintain
numerical stability during high-temperature reactions involving CHy/H, fuel blends. This
iterative correction loop continues sequentially until the normalized residuals for continuity,
momentum, energy, and turbulence scalars fall below the predefined values in the solver
(such as 1073).

Appendix A.6. Spatial Discretization Schemes

Spatial discretization of the governing partial differential equations was performed
using a finite-volume framework featuring a consistent first-order upwind scheme across all
convective transport terms. In this formulation, the face value of any transported variable
¢r is approximated by its upstream cell-center value based on the local mass flow direction
as follows [53]:

) ¢p ifﬁlf >0
o=l =

where m f represents the mass flow rate through the control volume face, ¢p denotes the
upstream node value, and ¢np denotes the neighboring downstream node value. This
approach guarantees robust numerical boundedness and prevents non-physical scalar
oscillations across the steep temperature and concentration gradients of the reactive zone.
Diffusive fluxes and viscous terms were integrated using corresponding numerical approx-
imations to maintain a uniform order of spatial accuracy throughout the computational
domain, ensuring stable convergence for the coupled turbulent combustion and flow
field equations.

Appendix A.7. P1 Radiation Modeling

To account for radiative heat transfer within the high-temperature reactive zone of the
CH4/H; jet flame, the P-1 radiation model was implemented as the baseline differential
approximation method. This approach is computationally efficient and well suited for
absorbing and emitting combustion gases where the optical thickness is moderate to large.
Rather than solving the full radiative transfer equation across all angular directions, the P1
model solves a transport equation for the incident radiation Gj;,, defined as the integral
of radiation intensity over all directions. The transport equation governing the incident
radiation G is expressed as [54]:

V- ([pVG) + ag,Giye = 400 T (A20)
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where a,, is the absorption coefficient of the gas mixture, ¢ is the Stefan—Boltzmann
constant, T is the local absolute temperature, and I', represents the radiation diffusion

coefficient defined by [54]:
1

3<aab +0s) — 058

Iy = (A21)
where o denotes the scattering coefficient, and g is the linear-anisotropic scattering
phase function asymmetry factor. The radiative heat flux vector g, is subsequently
evaluated from the gradient of incident radiation via q, = —I}, VG, and its diver-
gence serves as the volumetric sink or source term in the governing energy equation
through —V-q, = a,4Gjpe — 4a,,0T?, accurately coupling radiation heat losses with the
thermochemical field.
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