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Abstract: This study reviews existing simulation models and describes a selected model for analysing
combustion dynamics in hydrogen and natural gas mixtures, specifically within non-ferrous melting
furnaces. The primary objectives are to compare the combustion characteristics of these two energy
carriers and assess the impact of hydrogen integration on furnace operation and efficiency. Using
computational fluid dynamics (CFD) simulations, incorporating actual furnace geometries and a
detailed combustion and NOx emission prediction model, this research aims to accurately quantify
the effects of hydrogen blending. Experimental tests on furnaces using only natural gas confirmed
the validity of these simulations. By providing precise predictions for temperature distribution and
NOx emissions, this approach reduces the need for extensive laboratory testing, facilitates broader
exploration of design modifications, accelerates the design process, and ultimately lowers product
development costs.
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1. Motivation

Germany is committed to reducing greenhouse gas emissions by at least 65% from 1990
levels by 2030, with an ambitious target of an 88% reduction by 2040 [1]. Approximately
67% of the final energy consumption in Germany is dedicated to producing process heat,
with high-temperature industrial processes (over 100 ◦C) accounting for 91.2% of this
demand [2] (pp. 16–20), [3] (pp. 11–14). These processes, prevalent in the metals industry,
melting and casting, glass production, paper production, and food processing, heavily
depend on fossil fuel combustion, significantly contributing to greenhouse gas emissions.

To mitigate these emissions, hydrogen can be blended into current technologies as
an interim solution. Hydrogen is classified as “green”, emission-free, and climate-neutral
only if it is produced using electricity from 100% renewable sources, such as solar or wind
power. Another emission-free option is “orange” hydrogen, which is derived from organic
materials such as agricultural, forestry, household, and industrial waste [4,5] (pp. 71–75).
Hydrogen can be utilised in a wide range of high-temperature industrial applications, with
molten carbonate fuel cells (MCFC) and solid oxide fuel cells (SOFC) using hydrogen to
achieve temperatures between 450 ◦C and 1000 ◦C [6]. Furthermore, hydrogen combustion
can be adapted to existing natural gas burner technology, making it a versatile option for
emission reduction.

Despite its potential, hydrogen’s current availability and high-cost pose challenges.
Thus, blending hydrogen with natural gas in existing technologies offers a practical ap-
proach to reducing emissions while maintaining operational efficiency. This strategy not
only leverages existing infrastructure but also provides a scalable pathway to integrate
higher proportions of green hydrogen as its availability increases and costs decrease.

This article explores the dynamics of hydrogen and natural gas mixtures in high-
temperature processes, specifically in the melting of non-ferrous materials. It begins with
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an overview of the current operating modes and technologies used in melting furnaces.
Following this, the combustion characteristics and the changes resulting from hydrogen
integration are presented. To analyse the impact of hydrogen blending on existing burner
technologies used in gas-fired furnaces within the die-casting of non-ferrous metals, a
detailed simulation model is introduced. This simulation approach is applied to a specific
furnace geometry (the crucible furnace) representative of industrial settings, investigating
the changes in temperature distribution and emissions at varying percentages of hydrogen
blended into natural gas.

2. Operating Modes of Furnaces for the Die-Casting of Non-Ferrous Metals

Non-ferrous metal casting primarily involves aluminium and magnesium alloys
within the light metal category and copper and zinc alloys within the heavy metal category.
This process begins by preheating and melting these metals in a furnace. The molten metal
is injected under high pressure into a mould cavity to achieve the desired shape. Various
types of furnaces are utilized in non-ferrous metal casting, including crucible furnaces, shaft
melting furnaces, hearth- and bath-type furnaces, and twin-chamber melting furnaces. The
crucible furnace offers significant flexibility as the crucible can be replaced to accommodate
different alloys. This furnace type benefits from low burnup since the melt only contacts
air through indirect heating [7]. The melting process in these furnaces is energy-intensive,
with different systems providing the necessary melting power:

• Electric crucible furnaces have the advantage of higher durability of the crucible and
lower emissions. However, they come with high investment and operational costs due
to the use of electrical energy [8].

• Gas-fired furnaces utilize the combustion of natural gas or fossil fuels to melt metals.
The emissions from fossil fuel combustion can be significantly higher than the electrical-
driven melting process. The furnaces utilize burners to supply, mix, and burn air and
fuel. The design of the burner influences the burning rate, flame front, and flame
length. Industrial burners are classified into four categories [9]:

# Cold Air Burners: Draw air directly from the ambient environment.
# Hot Air Burners: Use external heat exchangers to preheat the air.
# Self-Recuperative Burners: Recover waste heat from exhaust gases to preheat

the incoming combustion air, improving energy efficiency.
# Regenerative Burners: Capture waste heat from combustion and store it in a

regenerator heat exchanger.

Cold air jet burners with a mixing head are most commonly used in non-ferrous heat
treatment furnaces and non-ferrous melting furnaces [9,10]

• Hybrid furnaces can switch between energy sources, allowing peak loads to be covered
with the other energy source. Integration with the energy exchange market provides
cost savings, and bonuses for regulating energy demand could also be profitable. This
approach is currently being tested in a prototype [11,12].

3. Hydrogen Combustion
3.1. Challenges of Hydrogen Combustion Compared to Natural Gas

Natural gas (methane) is typically used as the energy source for gas-fired furnaces
in the die-casting of non-ferrous metals. The different physical properties of hydrogen
and natural gas present challenges for the integration of hydrogen during combustion.
Hydrogen has a lower density and energy density per volume than natural gas, neces-
sitating a higher volume of hydrogen to supply the same amount of energy as methane.
The flammability range is 4–75 vol%, allowing for a broader range of air/fuel ratios. This
can be advantageous, enabling hydrogen to run on lean mixtures and, thus, improve fuel
efficiency. Further, hydrogen can burn in lean blends because it requires lower ignition
energy (0.02 mJ). However, this low ignition energy can also pose problems, as hot spots can
become ignition sources. Hydrogen has a lower heating value of 120 MJ/kg (net calorific
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value), which is higher than methane, resulting in more heat release during combustion.
Table 1 shows the properties of hydrogen compared to methane.

Table 1. Properties of hydrogen compared to methane [13–15].

Property Hydrogen H2 Methane CH4 Units

Molecular weight 2.02 16.04 [g/mol]
Density (gaseous) 0.084 0.668

[
kg/m3]

Density (liquefied) 71 430–470
[
kg/m3]

Energy density (gaseous) 3 12.6
[
MJ/dm3]

Flammability range in Air 4–75 5–15 [vol%]
Stoichiometric air/fuel ratio 34.2 17.1

[
kgair/kgfuel

]
Flammability limits ( λ) 0.14–10 0.6–2 [-]

Minimum ignition energy 0.02 0.29 [mJ]
Auto ignition temp. in air 858 810 [◦K]

Laminar flame velocity 230–320 38–42 [cm/s]
Lower heating value 120 50 [MJ/kg]

Adiabatic flame temperature (air) 2483 2236 [◦K]

3.2. Hydrogen Chemical Kinetics

Hydrogen combustion typically involves the reaction of hydrogen (H2) with air
(O2, N2) to produce water (H2O) and nitrogen (N2). This process can be summarized
by a single global reaction in chemical kinetics (Equation (1)) [16].

2H2 + (O 2 + 3.7N2) → 2H2O + 3.7N2 (1)

However, particularly when hydrogen reacts with air, numerous intermediate reac-
tions occur before the final products, water and nitrogen, are formed. These intermediate
steps are detailed in [17], providing an overview of the 126 possible intermediate reactions
during hydrogen combustion. A critical aspect to consider during hydrogen combustion
is the emissions produced, which must be controlled to meet environmental regulations.
Nitrous oxide (N2O) and nitrogen dioxide (NO2) are key NOx contributors, with multi-
ple intermediate reactions governing their formation and decomposition. Further, the
formation of NO involves various reactions, significantly influenced by high temperatures.

To represent these complex mechanisms, various reaction mechanisms have been
validated to accurately depict the chemical kinetics of hydrogen combustion. Advance-
ments in technology and experimental methods have led to an accurate representation of
combustion, enabling the prediction of the chemical kinetics and combustion characteristics
of hydrogen. Table 2 provides an overview of the different mechanisms used to model
combustion, detailing the involved species or chemical entities and the reactions within the
proposed mechanisms.

Table 2. Models for reaction mechanisms for hydrogen combustion [16].

Mechanism Fuels Species Reactions References

GRI Mech 3.0 Hydrogen and Natural Gas 53 325 [18]
San Diego Hydrogen and Methane 57 268 [19]

Crek Modeling Group Hydrogen 21 62 [20–22]
Explosion dynamics laboratory Hydrogen 14 42 [23]

3.3. Hydrogen Blends

The infrastructure for hydrogen blends in gas networks has been adapted, and a
blend of up to 20 Vol-% H2 has already been achieved. A higher volume of 30 Vol-% is
expected within the next years [24]. Blending hydrogen into natural gas pipelines presents a
promising method to enhance hydrogen transport using existing infrastructure, eliminating
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the need for entirely new pipeline systems [25]. Hydrogen’s lower volumetric energy
density compared with natural gas can be challenging because higher operating pressures
are required to maintain the same transmission capacity [26]. In addition, the different
material properties can affect the combustion characteristics [27].

Lee et al. [13] conducted an experimental investigation on hydrogen blends in a
constant-volume chamber. The results indicate that higher hydrogen fractions in the
fuel significantly enhance heat release rates, combustion pressure, and burning velocity.
Increasing the hydrogen fraction in the fuel blend reduces hydrocarbons (HC) and carbon
dioxide (CO2) emissions, benefiting emission regulations, but increasing nitrogen oxide
(NOx) emissions. Further studies by Ozturk et al. [28] showed that a 0.3 hydrogen blending
ratio improved energy efficiency by 4.4% and reduced CO2 emissions by 20.87%, though
NOx emissions fluctuated with different hydrogen blends.

This paper aims to investigate the blending of hydrogen into the furnaces used in die-
casting. The following sections present the background of computational fluid dynamics
(CFD) simulations and the CFD model to study the effect of blending hydrogen into the
burner of a melting furnace.

4. Computational Fluid Dynamics (CFD) for Hydrogen and Hydrogen Blends Flames

CFD simulates fluid flow and heat transfer processes through the numerical solution
of equations. These simulations are based on fluid mechanics, which relies on differential
equations. The mathematical foundation for describing flow processes is provided by the
three-dimensional conservation laws of mass, momentum, and energy [29].

Turbulent flow simulations commonly employ Reynolds-Averaged Navier–Stokes
(RANS) models due to their balance between computational efficiency and accuracy. The
RANS equations are derived from the Navier–Stokes equations by decomposing the flow
variables into mean and fluctuating components. These turbulence models describe the
turbulent viscosity using the turbulent kinetic energy (k) and dissipation rate (ε). CFD
programs offer various turbulence models based on the k-ε model and other parameters,
which help stabilize the solution [26]. In turbulent flows, large velocity gradients exist near
the wall, where no-slip conditions reduce the flow velocity to zero. Wall models resolve
these conditions in the viscous sublayer near the wall. The logarithmic wall law is typically
employed for the wall-near region, representing the transition between low and high flow
velocities and Reynolds numbers [30].

The finite volume method is the most widely used numerical approach in CFD. The
computational domain is discretized into finite volumes in this method, using a numerical
grid. Meshes composed of polyhedra can easily represent complex geometries with local
refinements. After discretizing, the differential equations are solved iteratively by applying
known boundary conditions. The numerical solution must be checked for consistency and
convergence. A method is considered consistent if the discretization error approaches zero
as the grid is refined indefinitely. A solution is said to converge if it tends towards the exact
solution, which can be verified using residuals [31,32].

4.1. State of the Art for Numerical Investigation of Hydrogen and Hydrogen Blends Flames

A comprehensive literature review was conducted to identify publications focused on
the numerical modelling of methane, hydrogen, or blend flames in jet and swirl burners.
The selected publications, summarized in Table 3, effectively employ numerical methods
to characterize the combustion properties of various hydrogen blends. These studies
also validate their simulation results against experimental data, enabling an accurate
assessment of the selected combustion and turbulence models. An overview of these
findings is provided in Table 3.
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Table 3. Literature review on numerical investigations for jet and swirl burners.

Publication Burner Combustion Modell Turbulence Model H2–Blending

Bouziane et al. [33] Swirl Eddy Dissipation RNG k-ε model 40 and 80%
Capurso et al. [34] Swirl Flamelet model Realizable k-ε 30%
Cellek et al. [35] Swirl Eddy Dissipation Realizable k-ε 25, 50, and 75%

Ilbas et al. [36,37] Jet Arrhenius kinetic rate and
the eddy break-up model Standard k-ε model 10 and 70%

Pashchenko [38] Swirl Finite-Rate RNG k-ε turbulence 40 and 80%
Stefanizzi et al. [39] Swirl Flamelet model Reynolds Stress Model 30%

Ziani et al. [40] Jet Flamelet model Modified k-ε model 0 to 50%

As shown in Table 3, Reynolds-Averaged Navier–Stokes (RANS) models are com-
monly used with various turbulence and combustion models for these simulations. Ilbas
et al. [36] investigated several turbulence models and found that the standard k-ε model
delivered the most accurate results. Similarly, Ziani et al. [40] explored various turbulence
models and concluded that the modified k-ε model provided the closest agreement with
experimental data.

Simulating a chemically reacting system involves formulating and solving additional
transport equations for species concentrations or mixture fractions. Various approaches
are employed for combustion simulations. Ilbas et al. [36] utilize the Arrhenius kinetic rate
and the eddy break-up model to calculate reaction rates in turbulent flow. Cellek et al. [35]
and Bouziane et al. [33] apply the Eddy Dissipation combustion model. Ziani et al. [40],
Stefanizzi et al. [39], and Capurso et al. [34] employ the flamelet model for non-premixed
turbulent combustion.

Bouziane et al. [33] show that flame mixture structures and shapes can be predicted
using combustion models, comparing them against experimental data, with temperature
profiles exhibiting different trends among fuel mixtures. Cellek et al. [35] investigate hy-
drogen blend combustion in an industrial low-swirl burner-boiler system, quantifying
increased NOx emissions, reduced CO emissions, and lower fuel consumption with higher
hydrogen blends. Ilbas et al. focus on combustion characteristics and pollutant formation,
revealing that air staging reduces NOx emissions by approximately 20% in an axisymmetric
small burner [36] and a model combustor with turbulent non-premixed hydrogen diffu-
sion flames [37]. Pashchenko [38] models synthetic fuel combustion in a swirling flame,
varying the molar fraction of hydrogen and comparing numerical and experimental data
regarding flame contours, temperature, and NOx emissions. Stefanizzi et al. [39] analyse
hydrogen-enriched fuel behaviour in combustion processes using a laboratory-scale swirl
premix burner, validating the model against experimental data through cold flow partially
premixed combustion numerical simulation. Ziani et al. [40] conducted numerical investi-
gations on hydrogen–methane mixtures, observing an increase in combustion temperature
and a decrease in CO and CO2 mass fractions.

4.2. Combustion Model

The flamelet model was chosen for simulating non-premixed turbulent hydrogen
mixture combustion due to its accuracy in predicting combustion chemistry and its com-
patibility with advanced turbulence models. Flamelet models simulate diffusion flames
and assume fast chemical reactions to simplify the combustion into a mixing problem. In
industrial furnaces, fuel and air are typically fed separately into the combustion cham-
ber, where mixing occurs before combustion. This fuel-air mixing is driven by turbulent
diffusion processes, resulting in diffusion flames. The theoretical description of diffusion
flames often assumes fast chemical reactions, where chemical reactions are much faster
than diffusion. Therefore, diffusion and mixing determine the combustion time rate. Under
this assumption, important global properties of diffusion flames can be described, allowing
for the simplification of chemical kinetics [41] (pp. 156–170).
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Flamelet models use the mixture fraction, ranging from 0 (unburned) to 1 (burned),
to represent combustion. The mixture fraction f is defined as the mass fraction of fuel
in the mixture, where index 1 defines the fuel gas mass flow

.
m1, and index 2 defines the

oxidizer mass flow
.

m2. Based on the resulting mass fraction profiles of
.

m1 and
.

m2, the
flamelet model represents temperature and concentration as a function of mixing fraction
f (Equation (2)). An additional variable, the diffusion rate parameter χ, is considered in
this model, defined with the thermal diffusivity D and the mixture fraction f (Equation (3)).
The diffusion rate can be understood as the reciprocal of the characteristic time of diffusion
or dwell time [41] (pp. 156–170).

Mixture Fracture:

f =

.
m1

.
m1 +

.
m2

(2)

Scalar Dissipation:

χ = 2D|∇ f |2
[

1
s

]
(3)

The interaction of turbulence and chemistry is considered with an assumed probability
density function (PDF). It describes the relationships between the mixture fraction and
species fractions, density, and temperature. The probability density function p( f ) is the
time fraction the fluid spends in the state f [30]. Figure 1 describes the PDF function: On
the right side, the time history of the mixture fraction at a point in the flow is shown, which
fluctuates around the mean value. Further, the probability density function as a function of
f is displayed on the left side.
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The function p( f ) is unknown. CFD programs model the PDF p( f ) as a mathematical
function approximating the experimentally observed PDF shapes. The assumed shape of
the PDF is described by two parameters [30]:

• The mean mixture fraction f
• The mean mixture variance

(
f ′2

)
4.3. Model for NOx Formation

NOx emissions, primarily comprising nitric oxide (NO), nitrogen dioxide (NO2),
and nitrous oxide (N2O), need special consideration in combustion modelling. The non-
premixed flamelet model (Section 4.2) assumes rapid chemical reactions to simulate flames
and combustion processes. However, pollutants like NOx form through slower chemical
reactions, which the non-premixed combustion model does not simulate effectively. CFD
programs incorporate a NOx post-processing model that utilizes combustion results as
input and equations during a post-simulation to enhance emission accuracy. To predict
NOx emissions, further mass transport equations for NO species are solved, considering
convection, diffusion, production, and consumption of NO. The CFD NOx process can
model thermal, prompt, and intermediate NOx formation [30]:

• Thermal NOx formation occurs through the oxidation of atmospheric nitrogen within
the combustion air. This process is governed by a series of temperature-dependent
chemical reactions collectively called the extended Zeldovich mechanism.
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• Prompt NOx is generated at the flame front through rapid reactions and typically
occurs in combustion environments with short residence times, and the conditions are
either low-temperature or rich in fuel.

• The formation of NOx from intermediate N2O represents a significant pathway, con-
tributing up to 90% of NOx produced during combustion. Under conditions of high
pressure and high oxygen concentration, NOx formation is promoted. When fuel
and oxygen are substantially diluted with inert gases like nitrogen, the combustion
reactions and the associated heat release occur predominantly in the diffuse zone [42]
(pp. 591–610).

For non-premixed combustion using the flamelet model, the PDF function and turbu-
lence model derived from combustion data can be employed to simulate fluctuations in
temperature and species concentrations. These fluctuations significantly affect the flame’s
characteristics and NOx formation. This approach facilitates the incorporation of the effects
of turbulence and mixture fraction variance into the calculation of NOx emissions.

5. CFD Simulation Model Setup

The numerical simulation of the crucible furnace used in the die-casting was modelled
with Ansys® Fluent [43], a CFD simulation tool that allows users to mesh and parameterize
the solver using a single program. To set the simulation, the Ansys Theory Guide [30] and
Users Guide [44] were used to meet the requirements of the CFD program.

5.1. Model Setup and Meshing

For the simulation, a model of a crucible furnace in the magnesium die-casting in-
dustry was used. The geometry model comprises a cold air jet burner, air and fuel gas
inlet channels, a combustion chamber, and the crucible wall furnace. Figure 2 shows the
geometry model and measures. The model has been simplified with Ansys SpaceClaim [45]
for simulation purposes. The crucible furnace has a diameter of 520 mm and a length of
590 mm. Additionally, the inlet, which includes the burner and the combustion chamber,
has a length of approximately 510 mm. The length of the burner is around 300 mm. The axis
of the burner is not positioned at the centre of the crucible; rather, it is located tangentially
to the crucible’s edge, as shown in Figure 2 (right). The choice of burner position reflects
the specific requirements, with the geometry carefully considered in consultation with the
furnace manufacturer.
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The first step is to generate an unstructured mesh that accurately represents the
geometry. This mesh serves as the discretized domain for the simulation and is the basis
for solving the fluid flow equations. Ansys Fluent Meshing [43] was used for the meshing
process. The meshing tool automatically divides the entire model into polyhedral meshes
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of approximately 4 mm and employs a block-structured approach for the boundary layers.
The mesh comprises 7.6 million cells and 25 million nodes. Element quality metrics include
an average skewness of 0.56 and a minimum orthogonal quality of 0.15. Local refinement
was applied uniformly to the combustion and inlet areas, with a cell size of 3 mm, where
significant flow changes are expected. Ansys Fluent also provides a mesh improvement
feature that automatically remeshes cells with poor quality. To ensure the proper resolution
of the near-wall flow, 25 layers have been selected that continuously increase in size normal
to the wall. Figure 3 illustrates the grid model used for the calculation in the furnaces.
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5.2. Solver Settings

The solver setting is pressure-based and steady-state. The results of a steady-state
calculation assume that the system is in equilibrium and does not change with time. The
energy equation is enabled to include the effect of heat losses on the species mass frac-
tions. The discrete ordinate model was selected for the radiation and the k-ε model for
the turbulence. The Enhanced Wall Treatment (EWT) model was chosen, which com-
bines the two-layer model with enhanced wall functions and provides a y+ insensitive
near-wall treatment.

Non-premixed combustion with a steady diffusion flamelet and non-adiabatic energy
treatment was selected for the species modelling. The Thermo file from the Ansys Model
Fuel Library [40] was used as the thermodynamic database to create the flamelet. In
addition, the GRI-Mech 3.0 [18] in Ansys Fluent was used to simulate the kinetics of
the chemical reactions. This mechanism contains 325 reactions and 53 chemical species.
This includes all reactants, products, and intermediate chemical species involved in the
325 reactions. As detailed in Section 3.2, this complex reaction mechanism model has been
validated and accurately describes the reactions occurring during the combustion of the
methane and hydrogen blends.

Regarding solver settings, SIMPLE (Semi-Implicit Method for Pressure-Linked Equa-
tions) was used for the numerical method. This algorithm is a widely used and robust
numerical technique for solving equations. The PRESTO! (Pressure-Staggered Option)
scheme, which is designed to provide accurate pressure values, is used. The numerical
discretization methods are set to Second Order Upwind. This provides a precise approxi-
mation within the computational grid. In addition, the under-relaxation factors were used
to stabilize the simulation.

Approximately 1500 iterations were performed until the convergence criteria were
met. Monitoring the residuals over the iterations helps assess the simulation’s convergence
and accuracy. The convergence criteria for velocity, turbulence, and combustion were set to
10−3, for radiation to 10−6, and energy to 10−7. The changes during the iterations must be
close to zero, and the mass and energy balance must be close to zero.
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5.3. Boundary Conditions

The boundary conditions at the inlet, outlet, and walls provide the necessary infor-
mation to solve the equations. The model represents the internal volume of the furnace,
where combustion and heat transfer occur. The inner walls of the furnace act as the crucible
in contact with the molten material. Temperatures between 620 and 680 ◦C are required
for melting magnesium in chamber die-casting. These varying temperatures influence the
power consumption of the melting furnace [46] (pp. 561–562). For the model, a melting tem-
perature of 680 ◦C and a heating power of 150 kW were chosen, reflecting real conditions
during the melting process, as confirmed by the furnace manufacturers. The boundary
conditions for the crucible walls were set to 953 K (680 ◦C), representing the temperature
of the molten metal. The wall at the bottom of the furnace was set to 353 K (80 ◦C), based
on data provided by furnace manufacturers. The external walls are exposed to ambient
temperature. Therefore, the temperature of the outer walls, including the inlet and outlet,
was assumed to be 303 K (30 ◦C). For each wall section, a specific heat transfer coefficient
was calculated using the Nusselt correlation based on [47]. Table 4 provides an overview of
the selected thermal conditions for each wall and the corresponding boundary conditions
with their values.

Table 4. Walls boundary conditions for the simulations.

Wall Section Thermal Conditions Boundary Condition Boundary Value

Crucible Temperature Temperature [K] 953
Furnace bottom wall Temperature Temperature [K] 353

Furnace external walls Convection
Free Stream Temperature [K] 303

Heat Transfer Coefficient [W/m2 K] 7.4

Furnace top external walls Convection
Free Stream Temperature [K] 303

Heat Transfer Coefficient [W/m2 K] 5

Inlet and Outlet Wall Convection
Free Stream Temperature [K] 303

Heat Transfer Coefficient [W/m2 K] 7.4

The composition of the air and fuel mixture is predefined when the species model
is selected for non-premixed combustion. Here, the different percentages of hydrogen
in the fuel can be defined using the mole fraction as an input. With this information,
the volumetric percentage (Vol-%) of hydrogen can be specified for the fuel mixture. To
represent variations in hydrogen blending, four variants were defined with different Vol-%
of hydrogen: 0%, 30%, 50%, and 70%. The model employs a single stream for air and fuel,
with the fuel composition changing according to the mixture. This information is used to
calculate each simulation’s flamelets and the probability density function (PDF).

For all cases, the combustion power remained unchanged. Additionally, the geometry
and cross-section of the inlet jets for air and fuel were kept constant. To calculate the
boundary conditions for each variant, a constant air-fuel ratio of λ = 1.1 was assumed. A λ

value of 1.1 implies a lean burn, which operates efficiently and results in lower emissions of
CO and unburned hydrocarbons. With this information, along with the density of the gases
and fixed parameters, the required velocity for air and fuel was calculated for different
Vol-% of hydrogen. The inlet temperature and outlet pressure were maintained constant
across all four variants. The selection of inlet velocity and outlet pressure as boundary
conditions were made to enhance the numerical stability of the simulation. Table 5 shows
the variation of the boundary conditions for the different hydrogen blends.
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Table 5. Inlet and outlet boundary conditions for the simulations.

Boundary Condition 100 Vol.-% CH4
70 Vol.-% CH4
30 Vol.-% H2

50 Vol.-% CH4
50 Vol.-% H2

30 Vol.-% CH4
70 Vol.-% H2

Inlet–Air
Velocity [m/s] 5819 5708 5595 5421

Temperature [K] 303

Inlet–Fuel
Velocity [m/s] 4869 6161 7484 9531

Temperature [K] 323
Outlet Pressure [Pa] 0

5.4. NOx Post Processing

The pathways for thermal, prompt, and nitrous oxide (N2O) simulations were selected
to model NOx. The composition of fuel and air was chosen from the list of species, primarily
including hydrogen (H2), methane (CH4), oxygen (O2), and nitrogen (N2). The thermal
NOx was predicted using the instantaneous model, which offers well-defined species
concentrations derived from combustion results. The fuel carbon number and equivalence
ratio were entered to simulate the prompt parameters for each variant. The simulation
of NO formation through an N2O intermediate employed quasi-steady methods. The
turbulence interaction mode was selected to incorporate turbulence effects, and the mixture
fraction from the PDF was used to enhance the prediction of turbulence influences.

6. Simulation Results

In comparison to natural gas, hydrogen’s combustion temperature exhibits higher
temperatures. This increased temperature can potentially improve thermal efficiency but
also presents challenges. The crucible material requires durability to withstand the in-
creased thermal stresses induced by the elevated combustion temperatures. In addition, the
higher temperatures of hydrogen combustion may lead to increased nitrogen oxide (NOx)
formation. The results of these simulations enable an evaluation of the combustion charac-
teristics of hydrogen when blended with natural gas, including aspects such as thermal
dynamics, combustion behaviour, and emissions output. This understanding contributes
to the sustainable integration of hydrogen into existing natural gas infrastructures.

Figure 4 (left) illustrates the temperature distribution across four blending scenarios,
each with varying hydrogen shares in the simulation models. The discretization of the
model into finite volumes via a numerical grid enables the presentation of temperature
values for each cell as a frequency distribution. The difference in temperature distribution
between 30 Vol.-% hydrogen blending scenarios and 100% natural gas is minimal, indicating
a similar distribution pattern across the cells. This minimal variance is quantified in
Figure 4 (right), which shows a total temperature difference of 32 K between these two
scenarios. Conversely, the temperature distribution difference between the 30% hydrogen
blending scenarios and 50% hydrogen blending is the most pronounced, shifting towards
higher temperatures and a total temperature difference of 75 K. As the proportion of
hydrogen in the gas mixture increases, the changes become lower; the transition from 50%
to 70% hydrogen blending results in a lower temperature difference of 30 K. These results
demonstrate that the progression of temperature with varying hydrogen shares is not linear,
with a marked change observable at a 30% hydrogen share. This finding is consistent with
the literature cited in Section 3.3, indicating that up to 30% of hydrogen blends can be
integrated without modifications into existing burners or technologies.

Hydrogen exhibits a superior specific heat capacity relative to methane or natural gas,
leading to their mixture’s higher overall specific heat capacity with increasing hydrogen
shares. Adding hydrogen to methane also influences flame propagation; it also increases
flame speed and modifies stability dynamics. Hydrogen’s laminar flame speed exceeds
methane’s. Thereby, the blend’s flame speed will increase with hydrogen’s percentages.
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As shown in Figure 5, the comparative analysis of flame propagation under simulation
scenarios of 70% hydrogen blending and a baseline of 100% methane reveals that the
methane scenario has higher flame stability. The elevated flame velocity in the 70% hydro-
gen mixture scenario increases instability. This results in suboptimal mixing within the
combustion chamber, which is noticeable due to the air steel that reaches the centre of the
combustion chamber. Compared to methane combustion, 70% of hydrogen combustion has
a different temperature distribution within the chamber and along the crucible walls and
a different flame propagation and flammability. These changes can manifest in localised
hotspots within the combustion chamber, highlighted within the simulation results by a
red circle (Figure 5). These hotspots are critical areas of concern, as their presence can
elevate NOx formation and concentrations. An analysis of these findings emphasises the
need to improve flame stability. With a burner redesign, a homogeneous heat distribution
throughout the crucible can be achieved, facilitating the uniform melting of non-ferrous
materials, which is required to maintain consistent product quality or process heat supply.
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Higher combustion temperatures, due to an increased hydrogen content in the fuel
mixture, raise the thermal gradients at the furnace crucible wall while keeping the burner’s
power constant across all variants. This increased thermal gradient enhances both con-
vective and radiative heat transfer from the furnace wall to the material inside, thus
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accelerating the melting process. Figure 5 shows the increase of the heat transfer rate in kW
for different hydrogen shares. The increased heat transfer efficiency is attributable to the
superior thermal properties of hydrogen, including its higher thermal conductivity and
heat capacity, which facilitate more effective energy transfer and distribution.

Another critical aspect is the development of emissions, estimated using post-processing
techniques for combustions. All the variants maintain the same air-fuel ratio for lean com-
bustion, ensuring that the combustion species from the air, namely oxygen and nitrogen,
remain unchanged. The concentration of hydrogen and its temperature development
primarily influence the intermediate formation of emissions. These emissions are simulated
based on the assumptions described for modelling NOx formation in Section 4.3. Figure 6
illustrates the evolution of emissions for varying proportions of hydrogen mixed with natu-
ral gas. As expected, NOx emissions increased with higher percentages of hydrogen due
to elevated combustion temperatures. Using natural gas as a baseline, the NOx emissions
rise by 8% with a 30% hydrogen mixture, 26% with a 50% hydrogen mixture, and 41%
with a 70% hydrogen mixture. Conversely, CO2 emissions may decrease with a higher
hydrogen content. Between 1 and 20% of CO2 emissions can be reduced by using hydrogen
blends compared to natural gas. Primarily, temperature increases influence the formation
of NOx. Therefore, mitigating the creation of different hot spots can significantly improve
this process.
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Model Verification

To verify the simulation, the values obtained from the simulation are compared with
the literature presented in Section 4.1. Specifically, the maximal and mean temperatures
for the hydrogen blends and methane flames were analyzed. The results show that similar
values are obtained within the range of the selected publications.

An observed temperature increase of about 11% was noted when the hydrogen share
increased to 70% compared to the methane variant. This finding aligns with the study
by Ilbas et al. [36], who conducted similar investigations. They compare the temperature
levels during the combustion of a methane flame with a hydrogen share of 70 Vol-% and
find that the temperature increases from approximately 2000 K for methane to 2210 K for
the 70% hydrogen blend, also indicating an 11% increase.

Further comparisons with Bouziane et al. [33] indicate an even higher increase in the
temperature of 56% for an 80% hydrogen blend compared to methane. Stefanizzi et al. [39]
report a 5% increase for a 30% hydrogen blend compared to methane. The deviations from
the presented results in this paper can be attributed to differences in numerical setups,
boundary conditions, and the geometry of the burner or combustion chamber used.
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7. Discussion and Conclusions

This paper investigates the combustion characteristics of hydrogen and methane/
natural gas, with a focus on integrating hydrogen blends into natural gas for use in fired
furnaces involved in melting processes. Using computational fluid dynamics (CFD) simula-
tions, the study explores how changing the mixture of the fuel affects temperature profiles,
heat transfer rates, and emissions within the furnace. The comparison was conducted for
an identical firing power and the simulation focuses on a crucible furnace at a steady-state
melting temperature of 680 ◦C. The simulation results provide a predictive framework for
understanding how these changes might be applied to real furnaces.

A significant increase was noted in the combustion temperature when hydrogen
constitutes more than 30 Vol.% of the fuel blend. This non-linear temperature rise, with a
marked change observable at 30% hydrogen share, underscores the complexity of hydrogen
integration. The results indicate a total mean temperature difference of 75 K between the
30 Vol.-% and 50 Vol.-% hydrogen scenarios. In contrast, the difference between 100%
natural gas and a 30 Vol.% hydrogen blend is 32 K, and between 50 Vol.% and 70 Vol.%
hydrogen blends, the difference is 30 K. This information highlights that the combustion
behaviour changes at different hydrogen concentrations needed for optimizing hydrogen–
natural gas blends.

Improvements in the heat transfer rate were also observed within the furnace crucible
as hydrogen shares increased. This enhancement can be attributed to the superior thermal
properties of hydrogen, such as higher thermal conductivity and heat capacity, which
promote a more efficient energy transfer. Consequently, these properties could lead to
better performance in industrial applications, such as die-casting melting furnaces, by
facilitating faster and more uniform heating. The potential for CO2 emissions reduction by
integrating hydrogen into natural gas systems, which is needed to achieve lower carbon
footprints for industrial processes, is observed in the results. The result of this work
correlates with other findings in the literature. However, it extends the knowledge for a
detailed application in die-casting furnaces at varying hydrogen shares, showing potential
improvements in heat transfer efficiency and emissions reduction.

Future research on this topic can focus on hydrogen shares between 30 Vol.% and
50 Vol.% to further understand combustion changes since the most pronounced changes
in combustion characteristics were observed there. Additionally, investigating air-fuel
ratios for different hydrogen shares could improve the emissions, since adjusting the air-
to-fuel mixture ratio, from stoichiometric to leaner mixtures, has the potential to decrease
combustion temperatures and NOx emissions.
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35. Cellek, M.S.; Pınarbaşı, A. Investigations on performance and emission characteristics of an industrial low swirl burner while
burning natural gas, methane, hydrogen-enriched natural gas and hydrogen as fuels. Int. J. Hydrogen Energy 2018, 43, 1194–1207.
[CrossRef]
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