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Numerical modelling of hon-premixed hydrogen
blended combustion in a 3D-combustor with jet
optimisation
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The use of modular combustion systems with multiple jets has gained attention as an efficient and
reliable solution for combined heat and power (CHP) applications to enhance the transition to clean and
renewable energy for power generation, thereby meeting the United Nations' Sustainable Development
Goal (SDG) 7 in addressing climate change challenges. In this study, the performance of a 3D combustor
with multiple jets has been modelled numerically and analysed using the computational fluid dynamics
(CFD) technique. The efficiency of the combustor is evaluated under varying operational and geometrical
conditions such as fuel flow rate, jet number, and hydrogen concentration in the fuel mixture. The
investigation results showed that the combustor jet has an optimum operational value for increased
efficiency at 16 jets, further indicating the impact of jet number on fuel resident time and mixture in the
combustion chamber. In contrast, lower jet numbers resulted in inefficient combustion. The results also
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revealed that the operation of the combustor should be limited to lower fuel velocities to maintain
efficient combustion. The findings of this study provide useful insights for the improvement of modular
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1. Introduction

Fossil fuels have been the main source of the world's energy
demand and consumption ever since the industrial
revolution. In 2019, coal, oil, and natural gas accounted for
most of the world's total energy supply and were responsible
for 33622 Mt of CO, emissions.! There are concerns about
the sustainability of these fuels with their potential negative
impacts on the environment and human health. Specifically,
issues such as ozone layer depletion, greenhouse gas
emissions, global temperature rise, and environmental
pollution have been identified as key areas of concern.”
Hydrogen is becoming increasingly recognised as a promising
renewable energy source due to its high energy value,
versatility, and environmental benefits. Studies have shown
that hydrogen has a higher energy value than other fossil
fuels like diesel, gasoline, and natural gas.’ It is reported that
it can produce three times more energy per unit of mass than
gasoline ignition, making it a highly efficient fuel option.*
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combustion systems for clean energy production.

Another significant advantage of hydrogen as a fuel source is
that it is entirely renewable and sustainable. It is derived from
water, which is an abundant natural resource. When
combusted, hydrogen condenses back to heated water (H,0),
making it an attractive option for the renewable energy
transition and a sustainable alternative to fossil fuels.
Numerical techniques have been employed by many
scholars regarding hydrogen combustion analysis in relation
to sustainability and clean energy. The study by Shabanian
et al® used the computational fluid dynamics (CFD)
technique to investigate hydrogen-air premixed in a micro-
scale combustion chamber. The study showed that the
efficiency of combustors is dependent on the feed mass flow
rate of reactants, with a lower rate increasing the risk of flame
quenching and a higher rate causing flame blowout and
inefficient combustion. In a study by Jiaqiang et al,® the
impact of inlet velocity on combustion characteristics in non-
premixed hydrogen/air micro combustors was examined, both
with and without catalyst segments. Their study revealed that
increasing the inlet velocity increased the maximum
temperature and expansion of the high-temperature region in
both catalytic and non-catalytic combustors. However, the
study was limited in scope, as it only considered the fuel
mixture within hydrogen/air and did not investigate the
influence of other parameters, such as the fuel/air ratio, on
the combustion characteristics of the micro combustor.
Eckart et al’” compared the experimental results with
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numerical calculations using three different reaction
mechanisms. Their numerical results showed good agreement
with the experimental data.

A study by Pashchenko® used the Reynold Average Navier-
Stokes (RANS) model to compare the results of 2D and 3D
computational domains of a micro cylindrical combustor
powered by hydrogen and air. The study showed that the 2D
approach was only suitable for preliminary investigations as
the result deviates significantly from real data. Furthermore,
the flame temperature varied significantly at the combustor
outlet, while the temperature of combustion products varied
by 25% in the 2D and 3D domains. Ziani et al.® investigated
the effect of hydrogen addition on the combustion of
methane at a fixed hydrogen mole fraction, ranging between
0 and 50%, with a 10% step. While their simulation provides
valuable insights into the impact of hydrogen addition on
the combustion of methane, the number of asymmetric jets
in the model was limited to two inlets, further decreasing the
efficiency of the mixture before combustion.

Kurdyumov and Matalon'® investigated the self-
propagation of flames in long and narrow channels using
multi-asymptotic analysis and numerical techniques. The
study revealed that the self-acceleration of flames is a
function of reactant expansion and the geometry of
combustion configurations. In terms of flame transport
through channels, the study by Mohan and Matalon'!
provided insight into the influence of channel size. The
authors found that wide channels allow diffusion flames to
pass through the length of the channels without
extinguishing, while narrow channels slow the diffusion
flame's reaction, resulting in incomplete combustion of the
mixture and decreased volumetric and combustion efficiency.
Hua, Wu, and Kumar'> employed a numerical method to
investigate thermal output and water production as a product
using different sizes of inlet diameter to the combustion
zone. Their study showed that the largest inlet diameter of
0.4 mm produced the highest temperature, with the flame
temperature gradually decreasing as the size decreased.

Fu et al.™® investigated the effects of adding hydrogen to a
traditional counter-flow combustor fuelled by methane to
improve the applicability to gas turbines. The results show that
a scheme with primary air of 50%, secondary air of 20%, and
dilution air of 30% leads to an ideal temperature distribution
at the exit. The addition of hydrogen decreases the outlet
temperature and controls the emission of NOx within an ultra-
low range, with the emission decreasing as the hydrogen
content increases up to 20%. Additionally, the study found that
when the hydrogen content exceeded 20%, it had a significant
impact on the field synergy in the combustor, which is
beneficial for achieving a uniform temperature distribution at
the exit and relatively low flow resistance.

Mardani and Tabejamaat'* conducted a study on the
effect of hydrogen under non-premixed flame conditions.
The authors found that the presence of hydrogen in the fuel
mixture improved the reaction magnitude and high
temperature released from the burning mixture under varying
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conditions ranging from 5% to 20% mass of hydrogen and
3% to 9% for oxygen. A lower proportion of hydrogen in the
mixture reduced turbulent kinetic energy and flame
entrainment, indicating the mixture's sensitivity to the
addition of hydrogen. Karyeyen™ used a numerical study to
investigate the combustion of non-premixed methane under
distributed conditions using the non-premixed model and
standard k-¢ turbulence model with probability density
function (PDF). The study investigated the concentration of
oxygen in five cases ranging from 15% to 21% in volume at
temperatures ranging from 300 K to 600 K. The model
predicted uniform thermal output at 300 K under 18% and
15% of oxygen volume, with 15% producing zero NOx and
CO emissions. However, the study by Boussetla, Mameri and
Hadef'® on the analysis of NO emission from MILD
combustion of biogas-syngas mixtures reveals that the
production of NO is dominated by different mechanisms
depending on the operating conditions. The NNH route,
which is one of the three mechanisms for the formation of
NOx under mild combustion, dominated the NO production
for low methane volumes in the fuel mixture, whereas the
prompt route mechanism is preferred for high methane
content. The prompt route can also be enhanced by both low
and high hydrogen volumes, but at high hydrogen volumes,
it dominates NO production. At high oxygen contents, the
thermal mechanism governs NO production,
irrespective of the volume of methane or hydrogen. As a
result, the thermal route mechanism (Zeldovich mechanism)
has been used in this study to analyse the impact of
hydrogen and methane ratio on NOx pollutant formation.
The route was selected as it predicts NOx irrespective of
volume fractions of the fuel. The study by Eckart et al’
revealed that NOx formation increases with residence time
with a logarithmic increase for the considered range of cases.

Notably, most of the existing scientific literature
predominantly concentrated on the analysis of two-
dimensional (2D) combustion systems, with limited research
on the investigation of three-dimensional (3D) combustors
involving  non-pre-mixed  combustion. =~ While  the
investigations on the 2D phenomenon have provided
valuable insights into fundamental combustion processes
and the development of combustion models, their
applicability to real world scenarios involving 3D
complexities, such as multiple micro combustors operating
in a non-premixed combustion environment, remains largely
unexplored. The study conducted by Pashchenko® represents
one of the few research endeavours that have attempted the
analysis of 3D combustors. Even with this study, there
remains a significant research gap regarding the
comprehensive investigation of multiple micro combustors
within a 3D model, particularly in non-premixed combustion.
Therefore, this current study presents a unique opportunity
to expand the understanding of complex combustion
dynamics in 3D environments with non-premixed
combustion. Such investigations can advance scientific
knowledge of combustion processes and their practical
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applications, ranging from industrial combustion systems to
energy conversion technologies.

This current study employed the CFD technique using the
RNG k-¢ turbulence model and a streamlined chemical
mechanism. Specifically, the study investigated and analysed
the combustion of a mixture of hydrogen, methane, and air,
focusing on how various boundary and geometric conditions
impact the flame temperature. In addition, the study
examined the effects of the number of jets, the proportion of
hydrogen in the fuel mixture, and the fuel velocity on
combustion efficiency under various conditions using a non-
premixed model. Furthermore, the velocity, species
distribution, and static temperature within the combustion
tube are investigated.

2. Computation domain and flow
conditions
2.1 Geometry

A three-dimensional (3D) numerical model is used to
model the flow, mixing, and heat transfer in three
different combustion tubes, each with 24, 16, and 8
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symmetrical jets of 2.5 mm diameter. The geometrical
CAD model used to study the 3D combustor with multiple
jets designed for application in tubular combined heat
and power (CHP) models using hydrogen and methane
fuels is shown in Fig. 1.

2.2 Boundary conditions

The internal flow within the combustor is modelled as fully
enclosed using the commercial CFD software ANSYS Fluent
version 2023 R2. The boundary conditions used for the initial
and final simulations were defined based on similar studies
by Pashchenko® and Yilmaz et al.'” whose geometries were
limited to micro cylindrical combustors in three dimensions
and two dimensions, respectively, to provide a means of
validation for the model. The reactant characteristics used
for the optimisation study are shown in Table 1.

At the methane inlet channel, a speed of 5 m s was
assigned to facilitate combustion from the mixing chamber,
while the flow at the oxygen and hydrogen inlets was
assigned a speed of 15 m s™* with a temperature of 300 K.
The outlet boundary condition at the bottom of the tube was

Methane Inlet

Hydrogen and Air
Mix chamber

Combustion
Chamber

Methane Inlet
Air Inlet

Outlet

(d)

Fig. 1 Geometric and computational domain of the 3D combustor. (a) 2D view; (b) Y-Z axial view; (c) X-Y axial view; (d) X-Y-Z axial view.
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Test cases  Fuel Equivalence ratio  Oxidizer Fuel inlet velocity ~ Oxidizer inlet velocity  Inlet temperature
24 Jets 70% CH, + 30% H, 1.0 23.3% 0, +76.7% N, 5ms" 15ms" 300 K
16 Jets 70% CH, + 30% H, 1.0 23.3% O, + 76.7% N, 5ms ' 15ms* 300 K
8 Jets 70% CH, + 30% H, 1.0 23.3% 0, +76.7% N, 5ms ' 15ms 300 K
defined as atmospheric pressure similar to previous change of momentum to the forces acting on the fluid in the

simulations in the literature.

The non-premixed combustion model has been used in
this study to capture the mixture of hydrogen and oxygen
prior to complete combustion with methane in the
combustion chamber because this modelling approach solves
more than one conserved scalar quantities with different
mixture fractions. It conforms well with the model as fuel
inputs have been designed to mix in the mixing chamber
before entry into the combustion tube. Under the non-
premixed combustion model, the mass fractions of each
species were set at 0.7 and 0.3 for methane and hydrogen,
respectively. These boundary conditions have been utilised to
perform an optimisation of 24, 16, and 8 jets respectively.

To evaluate the characteristics of thermal output and
velocity, the proportion of fuel mixture with varying
hydrogen concentration at 300 K inlet temperature shown
in Table 2 is explored.

2.3 Numerical model

All the CFD simulations in this study assume isothermal,
viscous and incompressible fluid."®* The incompressible
Reynolds Averaged Navier-Stokes (RANS) equations for the
conservation of mass, momentum and energy governed the
flow in this study. The governing equations for fluid flow,
turbulence, and species have been solved using the defined
model and conditions at a steady state.

The Navier-Stokes equations for a steady incompressible
fluid flow for conservation of mass and momentum are
usually represented by eqn (1) and (2).

Vau=0 (1)

M wv Lop £ w2 (2)
- u-vua = —— vv'ua
ot p P

where p is the density, V is the del operator, p is the pressure,
v is the fluid kinematic viscosity and the velocity vector is
represented by u. The momentum (eqn (2)) relates the rate of

Table 2 Fuel mixture characteristics

absence of external such as
gravitational forces.

The energy equation is extensively utilised in the study of
practical applications such as heat transfer, combustion, and
energy systems. It plays a crucial role in understanding the
thermal behaviour of fluids and obtaining solutions for
temperature distribution and heat transfer rates. The general
form of the energy equation, considering combustion effects,
is expressed by eqn (3).

3lpH) + V(puH) = % + V-(AVT) + {u[VU + (VU)]" }U + Qg = 0

at
(3)

In eqn (3), p represents the density, H is the total enthalpy, ¢
denotes time, u represents the fluid velocity, 4 is the thermal
conductivity of the fluid, and T is the temperature. The terms
dp/ot and V-(AVT) represent the rate of change of density and
the heat conduction term, respectively.

Additionally, eqn (3) incorporates combustion effects
through the term Qg, which represents the rate of heat
release resulting from chemical reactions.

The total enthalpy H here is defined by eqn (4).

forces, centrifugal and

H:h—l—%UZ (4)

The total enthalpy (H) in energy eqn (3) combines the static
enthalpy (7) and the kinetic energy of the fluid, thereby
accounting for both the internal thermal energy and the
energy associated with the fluid's motion. The static
enthalpy, & in eqn (4), is determined by considering the
specific heat properties of the fluid. It quantifies the thermal
energy stored within the fluid due to its temperature. The
numerical technique for solving the energy equation allows
for the analysis of temperature distribution and heat transfer
rates within the fluid system.

2.4 Chemical reaction of species

The chemical composition of the different combustion
reactions can be calculated using the stoichiometric ratio of

S/N Fuel mixture Equivalence ratio Oxidizer Fuel inlet velocity Oxidizer inlet velocity
1 90% CH, + 10% H, 1.0 23.3% O, + 76.7% N, 5ms* 15ms*
2 80% CH, + 20% H, 1.0 23.3% O, + 76.7% N, 5ms " 15ms "
3 70% CH, + 30% H, 1.0 23.3% O, + 76.7% N, 5ms?t 15ms*
4 60% CH, + 40% H, 1.0 23.3% O, + 76.7% N, 5ms* 15ms '
5 50% CH, + 50% H, 1.0 23.3% O, + 76.7% N, 5ms* 15ms*
6 40% CH, + 60% H, 1.0 23.3% O, + 76.7% N, 5ms* 15ms

This journal is © The Royal Society of Chemistry 2025
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air/fuel. In the case of methane combustion, methane reacts
with oxygen and nitrogen present in air according to eqn (5).

CH, + 2(0, + 3.76N,) — CO, + 2H,0 + 7.52N, (5)

Eqn (5) represents the complete combustion of CH, with O, and
N, to produce CO, CO,, H,0, and N,. Combustion of methane
and hydrogen is given by eqn (6a) depicting incomplete
combustion & eqn (6b) showing complete combustion in air.

CH, + H, + 1.5(0, + 3.76N,) — CO + 3H,0 + 5.64N,  (6a)

CH, + H, + 2.5(0, + 3.76N,) — CO, + 3H,0 + 9.4N,  (6b)
CH, reacts with H,, O, and N, to produce CO,, H,0, and N,.
The reaction in eqn (6) produced more moles of H,O and N,
when compared to eqn (5) due to the increase in mole
fraction of the oxidizer. Combustion of methane and
hydrogen with oxygen is given by eqn (7).

CH4 + Hz + 2.502 g C02 + 3H20 (7)

Eqn (7) gives the same combustion products as those in eqn
(6) without the addition of nitrogen.

2.5 Turbulence modelling

In this study, the RNG k-¢ turbulence model represented by
eqn (8) and a simplified chemical mechanism in ANSYS
Fluent has been employed to model the flow physics and
combustion process in the combustor. The RNG k-¢
turbulence model was used in this study due to its versatility
and it has been largely found to be accurate when predicting
velocity and temperature in the combustor.'® Additionally,
the RNG model accurately accounts for the effects of swirl
and motion of smaller scales, which contribute to the
turbulent diffusion.”® This will effectively enhance the
accuracy of the recirculation exhibited by the mixture of gas
in the mixing chamber during pre-ignition as well as its exit
into the combustion tube for final combustion, thus
improving combustion stability and the correctness of
turbulence flow parameters. The Reynolds Average Navier-
Stokes (RANS) equation has been used to obtain the precise
transport equations for the turbulence kinetic energy, «, and
its rate of dissipation, ¢, to further express the molecular
mixing properties in relation to the characteristics of the
combustion process.

d d d ok

= (pk) + — (pku;) = — 4G+ Gp—pe-Yu + S

at(p )+axi(ﬂ<ux) axi[akﬂkffaxi:|+ \« + Gb—pe—Yym + Sk
(8a)

0 3

ot 7 oy 8b

ot (pe) + o, (pews) (sb)
o o¢ & 82

~ o a;;/leffa_xi +clg% (G + C3.Gp) = c%p% “R, +8,
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Gy represents the turbulence kinetic energy due to the mean
velocity gradients and Gy, is the generated turbulence kinetic
energy due to buoyancy. Yy represents the contributing
effects of fluctuating dilatation on the overall dissipation
rate. The quantities o and ¢, are inverse Prandtl numbers
for k and ¢, respectively, while S; and S, are known as user
defined source terms. R, in eqn (8b) is used to determine the
effect of compressibility on the dissipation rate and is
represented by eqn (9).

Cupr? (1 - %) &2
Ri=—" 9)
1+ pn K

where
n = Sile, no = 4.38, f = 0.012, C,, = 0.0845

The model constants: C;, = 1.42 and C,, = 1.68. The value of
the constant Cs, is observed to be in the range of zero to
around 1 depending on the flow conditions.

The solution method for the pressure-velocity coupling is
coupled scheme with the second-order upwind discretization
scheme for modelling the momentum, turbulent kinetic
energy, turbulent dissipation rate, energy, mean mixture
fraction, and mixture fraction variance. Furthermore, the
convergence of the solution was monitored through the
residuals for the relevant equations. When the value of each
residual is between three to four orders of magnitude below
its initial value, the solution is said to achieve convergence to
an acceptable level. In this study, the solution is taken as
converged when the momentum and other equations’
residuals reduce to 107 of their initial value.

2.6 Grid independence test

The computational domain of the 3D model in Fig. 1 was
discretized using tetrahedral cell grids as illustrated in
Fig. 2(a). The computational domain was subjected to a grid
independence test (GIT) to determine the optimal number of
elements required for precise model prediction. In this study,
five different mesh types shown in Table 3 were explored.
The element size of the mesh type ranges from 3.2 million
cells to 7.4 million cells. All the five mesh types were
subjected to identical flow conditions during the simulation
and the GIT was performed using a parametric analysis.
Temperature profiles across axial distances at 50 mm were
used as monitoring parameters to establish the grid
independence of the predictions. As shown in Table 3, the
percentage difference of the predicted temperature between
mesh types 1, 2, 3, 4, and 5 is quite close with a maximum
variation of 2.7%. Since no significant change was observed
in the results, mesh type 2 was selected in this study as it
provides sufficient grid-independent predictions, given the
available computational resources. Additionally, mesh type 2
has a peak temperature close to the theoretical adiabatic
temperature estimated by Shabanian et al’> Fig. 2(a) shows

This journal is © The Royal Society of Chemistry 2025
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Table 3 Grid independent test
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(b)
(a) Tetrahedral computational mesh structure; (b) axial distances across sections of the combustion tube.

Mesh type size Number of elements

Predicted adiabatic temperature % Difference

Mesh type 1: 2.0 mm 3208575
Mesh type 2: 1.8 mm 3694222
Mesh type 3: 1.6 mm 4434982
Mesh type 4: 1.4 mm 5521927
Mesh type 5: 1.2 mm 7406317

the unstructured tetrahedral mesh of the intermediate mesh
density (type 2) used for this study.

Fig. 3 shows the validation of the numerical results of
thermal output and combustion products against the
experimental results reported by Reyes et al.>" The numerical
and experimental results are reasonably in good agreement,
demonstrating the validity of the model and grid size used in
this study as the major numerical parameters fall within the
acceptable limits. These results allow for full investigation
into the effects of various boundary conditions within the 3D
combustor.

3. Results and discussion

The results of the CFD simulations presented in this section
provide a comprehensive understanding of the combustion
properties within the combustion tube which could be used
to optimise the combustor for improved performance. These
results have been processed and analysed to obtain
important metrics such as velocity, species distribution, and
static temperature of the system. These
analysed using various tools available in ANSYS Fluent
software version 2023 R2. The combustor's efficiency was
evaluated under varying operational and geometrical
conditions, such as fuel flow rate, jet number, and
hydrogen concentration in the fuel mixture for each test
case shown in Table 2.

results were

This journal is © The Royal Society of Chemistry 2025

2281 K

2343 K 2.7%
2348 K 0.2%
2297 K 2.2%
2343 K 2%

3.1 Combustor jet optimisation: thermal output and
efficiency

A comprehensive analysis of temperature across axial planes
of the model is shown in Fig. 4. The data for the analysis and
profiles of Fig. 4 is obtained from the axial positions
illustrated in Fig. 2(b). Overall, the 24 jets and 16 jets
configurations exhibited the most elevated temperature
outputs across all axial positions examined. Notably, in
Fig. 4(a), the 24 jets configuration exhibited an enhanced
thermal output of 2263 K at 30 mm axial position. This is
closely followed by the 16 jets model which exhibited a wide
range of thermal output at the centre of the combustion tube
before it gradually falls below the 24 jets configuration at the
end of the wall.

In contrast, the thermal output at 50 mm axial position,
shown in Fig. 4(b), and at 70 mm, shown in Fig. 4(c), shows
high thermal performance, yielding higher combustion
temperatures in the 16 jets model, indicating complete
combustion of reactants in the combustion tube. The 8 jets
configuration consistently recorded the lowest temperatures
across all axial positions of the combustion chamber making
it the least efficient model to be considered for optimisation.

These results show that the combustor jet operates
optimally at 24 and 16 jets. However, the 16 jets model
maintained a significantly higher thermal output leading to
an increase in efficiency. It is noted that the higher number
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Fig. 3 Comparison of numerical and experimental results: (a) CO mass fraction, (b) CO, mass fraction, (c) temperature and (d) NOx mass fraction.

of jets could decrease the residence time for hydrogen,
oxygen and methane mixing within the combustion chamber
under a non-premixed model, consequently leading to
incomplete combustion with temperature reduction expected
to occur. This observation suggests that operating with the
baseline of 16 jets would offer a more stable temperature and
significantly high temperature gradient compared to the 24
jets model.

The velocity profiles for the different jet configurations are
shown in Fig. 5, which illustrates the velocity magnitude
generated in the combustor head for the 8, 16, and 24 jets.
The velocity profiles in Fig. 5 show peak-to-peak symmetrical
output on the boundaries of the combustor with axial
positions indicating the distance of the flow into the tube
with a decreasing effect in increasing order. This feature may
be due to the design of the combustor as shown in Fig. 1(c).

The velocity output across all axial sections for the 24 jets
model is shown to be the lowest followed closely by the 16
jets and the 8 jets producing the highest magnitude.

The velocity magnitudes observed from the 24 jets model
resulted from the influence of the accompanying jets which
increased the total outlet area of the gas mixture from the

1120 | React. Chem. Eng., 2025, 10, 1114-1130

mixing chamber creating a widely distributed exit through
the jets. This caused the overall velocity magnitude to be
lower in the combustion tube. The 16 jets, however, showed
a different feature from the 24 jets, with higher velocity peaks
on either side of the combustor indicating the impact of
reduction in the number of outlets on all the axial sections
with increasing intensity down the combustion tube. The 8
jets model, however, produced the highest velocity
magnitude, further buttressing the effects of outlet jet
numbers on all the axial positions. The low velocity observed
for all the axial positions in the range of 0.47-0.54 m of the
combustor in Fig. 5 can be attributed to the lateral entry of
the flow as well as the low inlet velocity of the methane gas
at the centre hindering further agitation of the mixture.

The results of Fig. 5 show that a larger jet number with
multiple outlets reduces the velocity at the exit of the jets,
while fewer outlets increase the exit velocity from the jets.

The axial temperature contours of the three combustor
types are presented in Fig. 6. In all cases, the hottest
zone in the combustors is located on the right side of the
combustion tube. This phenomenon suggests that a larger
volume of gas mixture exits the mixing chamber through

This journal is © The Royal Society of Chemistry 2025
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the aligned jets on the right side of the combustion head.
Fig. 6 also indicates that flame quenching occurs more
prominently in the combustor with the lowest number of
jets as observed in Fig. 6(c), while the quenching effect is
minimised in the combustor with the highest number of
jets as observed in Fig. 6(a). Consequently, extremely low
and high numbers of jets could render the combustion
model inefficient and lead to unstable combustion output.
The results indicate that the mixture residence time is
influenced by the number of jets, with the maximum
temperature aligning to the right wall of the combustion
chamber due to an increased exit velocity of the mixture
in that specific zone. Additionally, Fig. 6 further indicates
that the 24 and 16 jets models exhibited more stable and
well-defined flame formation within the combustion
chamber, which align with the lower velocity magnitude
observed in Fig. 5. These findings align with the study
conducted by Li et al,”* which also highlighted the

impact of combustor size and geometry on flame
temperature in micro combustors. Specifically, micro
combustors with 1 mm diameter wunder increased
velocities were found to produce higher flame

temperatures compared to larger ones. Additionally, the
work of Hua, Wu, and Kumar'® is in close agreement
with the current findings, although their study was based
on a hydrogen and air mixture.

This journal is © The Royal Society of Chemistry 2025

Fig. 7(a) and (b) show the thermal output and NOx
emission for the different jet configurations. The flame
temperature recorded in Fig. 7(a) shows the 16 jets model
consistently producing the highest thermal output at all H,
concentrations and attaining a maximum of 2270 K at 60%
H,. This is closely followed by the 24 jets model, with the
highest thermal output of 2250 K at 30% H,. The lowest
temperature is recorded by the 8 jets model at all H,
concentrations. The results shown in Fig. 7(b) indicate that
NOx emission produced at all H, concentrations for the 16
jets model was higher than those obtained for the 24 jets
model. The 8 jets model exhibited almost zero thermal
output at all H, concentrations. It is observed that the
thermal output is dependent on the number of jets, with a
high number of jets enhancing the combustion rates due to
quicker evacuation of the hydrogen and air mixture into the
combustion chamber. However, having too many
combustors could impact the stability and formation of the

flame causing high swirl intensity leading to lower
combustion efficiency.”?
3.2 Combustion efficiency
The combustion efficiency is defined by eqn (10).
"0 5
uYy,dA m
.= JAp H, —1-— H, (10)
1M, (in) My, (in)
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where 1y, is the mass flow rate of residual hydrogen, A is the
cross-sectional area, Yy, represents the mass fraction of
hydrogen in the fuel mix with « and p representing the
velocity and the fluid density in the combustor, respectively.
Results in Table 4 show that the wall temperature is relatively
consistent for case 1 across different hydrogen
concentrations (1152 K to 1190 K), with combustion
efficiency increasing with hydrogen concentration except for
30% H, concentration, indicating effective combustion with
heat loss despite moderately high wall temperatures. The wall
temperatures are higher (1214 K to 1394 K) for case 2
compared to case 1. The results overall show that the
efficiency of combustion at 10% H, is relatively high with
88.2-91.8% in all cases, but dips of 10-20% in efficiency in
case 3 despite the wall temperature, contributing to the
stability of the flame. However, at 30% of H, in case 2,
efficiency reaches 98.5% with a wall temperature of 1214 K,
indicating effective combustion with heat loss in the

1122 | React. Chem. Eng., 2025, 10, 1114-1130

combustion tube. Case 3 indicates that the wall temperatures
are significantly lower (640 K to 702 K), leading to lower
efficiency across all hydrogen concentrations, indicating that
excessively lower wall temperatures may not provide
sufficient heat feedback to stabilize the flame and ensure
complete combustion. The conditions for cases 1 and 2 tend
to balance heat loss and flame stability, resulting in higher
combustion efficiencies. However, case 2 has proven to be
the most efficient, indicating that optimal combustion
efficiency is achieved by maintaining a balance where wall
temperatures are high enough to stabilize the flame and
ensure complete combustion, but not so high as to cause
excessive heat loss.

3.3 Effect of methane fuel velocity on thermal distribution

The objective of the combustor system is to convert fuel's
chemical energy into thermal energy through combustion.

This journal is © The Royal Society of Chemistry 2025
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Having concluded that the use of the 24 jets model could
reduce the residence time for the fuel mixture under a non-
premixed model, the impact of varying methane velocity on
combustion characteristics of the 16 jets model is analysed
and discussed in this section. Fig. 8 presents the variation
of the temperature profile within the combustion tube,
which is influenced by the methane inlet velocity into the
tube. In all cases, the hydrogen and air velocities are kept
constant at 15 m s ', and the ambient temperature before
combustion is set to 300 K. The methane inlet velocity is
independently controlled and three different values of 5 m
s, 10 m s, and 15 m s ' were explored. The temperature
profiles were taken along the axial distance as illustrated in
Fig. 2(b).

This journal is © The Royal Society of Chemistry 2025
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Fig. 8(a) shows the temperature profile at an axial distance
of 30 mm. The result shows that methane velocities of 5 m
s and 15 m s™' attained a temperature of 2157 K and 2168
K, respectively. Meanwhile, fuel velocity at 10 m s™* achieved
a peak temperature of 2198 K representing the highest
temperature at this axial position. At the axial distance of 50
mm in Fig. 8(b), a fuel velocity of 5 m s peaked at a
temperature of 2141 K, while 15 m s' maintained a
temperature of 2189 K in the combustion tube. Similarly in
Fig. 8(b), 10 m s~ " velocity achieved the lowest temperature of
2136 K at this axial position. The thermal output in Fig. 8(c)
for an axial distance of 70 mm showed that 15 m s fuel flow
speed produced 2184 K in the combustion tube, 10 m s
recorded a drop in temperature to 2168 K, and 5 m s~ rising
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to 2169 K. Overall, the thermal output across these axial
positions favours the lowest and highest fuel velocities (5 m
s and 15 m s ') as maximum temperatures were recorded
on these locations.

Conversely, the flame entrainment in the combustion tube
and the non-uniform distribution of hot zones in the
combustion tube potentially created the differences obtained
on the axial positions. However, the study conducted by
Huang et al.>* revealed that subjecting the model to higher
velocities can result in a notable pressure loss and a
significant drop in thermal efficiency. Consequently, lowering
the velocity ensures a complete thermal reaction without
significant losses. Based on these observations, it is evident
that the operation of the combustor should be limited to
lower fuel velocities to ensure flame sustainability and
increase the thermal output of the combustion setup.?
However, if the fuel flow rate is too low, the flame may be
extinguished due to a low heat generation rate and high heat
loss to the surroundings. Therefore, by carefully selecting
and controlling the methane inlet velocity, the combustion
process can be optimised towards achieving higher efficiency
and stable thermal distributions from start-up to full-power
conditions.

Fig. 9 displays the temperature distribution contours
within the combustor at different methane inlet velocities of
5ms ", 10 m s}, and 15 m s~* for the 16 jets model. The
contour plots provide valuable insights into the behaviour of
the flame temperature within the combustion tube under
varying conditions.

Based on the analysis shown in Fig. 9, it is evident that
the flame temperature in the combustion tube increases as
the methane inlet velocity increases from 5 m s to 10 m s .
While the maximum temperature value at a methane inlet
velocity of 5 m s™" is 2330 K, the temperature consequently
reaches its maximum value of 2334 K at a methane velocity
of 10 ms™.

However, at a higher velocity of 15 m s™', there is a drop
in temperature to 2290 K. The increase in temperature at
lower methane velocities may be due to the non-uniform
distribution of the flame as observed from the temperature
contour plots at these velocities. This non-uniformity is
particularly evident in zones of the combustion tube where
quenching occurs, indicating incomplete combustion.
Conversely, at the highest methane velocity of 15 m s, a
more uniform combustion is achieved throughout the
combustion tube, which might be responsible for the drop in
the maximum temperature in the combustor tube.

3.4 Effect of hydrogen composition on the temperature
profile and NOx pollutant

The impact of hydrogen composition in the fuel was explored
for the 16 jets model when the investigation was carried out
under the same boundary conditions as shown in Table 2.
The methane velocity was set at 5 m s, and the feed flow
rate of hydrogen and air was maintained at 15 m s™". To

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Temperature profile with methane inlet velocity at (a) axial distance of 30 mm, (b) axial distance of 50 mm, and (c) axial distance of 70 mm

for the 16-jets model.

evaluate the effect of hydrogen on thermal output, a range of
hydrogen mass fractions was considered, varying from 10%
to 60%, as indicated in Table 2. Consequently, six distinct
simulated. The contour plots from these
simulations are presented in Fig. 10. These contours are
represented on the Y-Z axial planes which provides insights
into the combustion process. A well-shaped and distributed
flame pattern, with flames extending towards the chamber
wall, results in a more uniform combustion in the chamber
for 10% H, as observed in Fig. 10(a). This is depicted by the
temperature contour attaining a maximum temperature of
2279 K. However, for hydrogen mixtures of 30% and 60%,
the temperature contour in Fig. 10(c) and (f), respectively,
show reduced flame circulation, with the hot zones appearing
skewed negatively towards the chamber wall. These
compositions achieve maximum temperatures of 2300 K and
2394 K, respectively. This observation, however, agrees with
the findings of Gheshlaghi and Tahsini,”> who reported that
an increase in hydrogen composition reduces the
recirculation potential of the reaction zone due to its impact
on the flow structure of fuel molecules. Overall, the
temperature contours indicate a gradual increase in thermal
output with increasing hydrogen addition.

Further evaluation on the impact of hydrogen
concentrations is shown in Fig. 11, which shows the velocity

cases were

This journal is © The Royal Society of Chemistry 2025

vectors of the flow and mixing patterns in the mixing
chamber and combustion tube. The velocity vectors have
been presented to provide an overview of the effect of varying
hydrogen composition in the fuel mix at a constant velocity.
The exit of the jets presents the points of high-velocity
magnitude with a vertical spray pattern in the combustion
tube effectively mixing with the fuel input from the center of
the combustor. Across the models, it is observed that the fuel
recirculation was well demonstrated in the mixing chamber
and combustor. This recirculation is shown in the form of
rotational vortex patterns dominant at the center of the
combustor. The internal recirculation zones (IRZ) formed are
projected from the center of the combustor due to the entry
of methane on the central axis while a smaller IRZ is formed
from the swirl generated by the flow at the wall. The swirl
number of the flow is characterised by eqn (11) with U and W
representing the tangential and axial velocity, respectively.

R
Uwridr
Szijo = (11)
R[, U*dr
According to Hoda et al,”® the swirl number has been

evaluated with the geometric swirl number with eqn (12)
where W, and Ug define the axial and tangential velocity.
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_US

S, =

(12)

The actual swirl number denoted by S = 0.9S, is directly
proportional to geometric swirl S, which can be varied by
changing the bulk tangential and axial velocities. The

126 | React Chem. Eng., 2025, 10, 1114-1130

incremental addition of hydrogen shows a gradual
differential in the flow pattern enhancing flame stability with
swirl numbers ranging from 2.73 to 2.88 showing swirling
motion resulting from the tangential and axial velocity of the
flow further establishing the relationship between the swirl
and thermal field. It is noted that the areas of increased

This journal is © The Royal Society of Chemistry 2025
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vortex produced a corresponding hot zone in the combustion
tube with flames skewed to the walls of the combustor.

Fig. 12 shows the temperature variation and NOx
production across the sectional axis of the combustion tube.
At the axial distance of 30 mm in Fig. 12(a), the highest
thermal output from the combustion is revealed at 60% H,
mass fraction, closely followed by 50%, 40%, and 30% H,
concentration with the lowest temperature shown at 20%
concentration of H,. Fig. 12(b) shows the NOx production
resulting from increased hydrogen concentration at 30 mm

This journal is © The Royal Society of Chemistry 2025

axial distance. The lowest NOx produced is observed at 20%
and 10% hydrogen concentration respectively, while the
higher NOx emissions were observed with the incremental
addition of hydrogen to the fuel mixture except 60% H,
which indicated a drop in emissions.

It was observed in Fig. 12(c), at 50 mm axial distance, that
the highest thermal output also resulted from 60% hydrogen
concentration, followed closely by 50%, 30%, 20%, and 10%
hydrogen concentration. However, the corresponding NOx
produced in Fig. 12(d) shows that hydrogen concentrations of

React. Chem. Eng., 2025, 10, 1M4-1130 | 1127


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4re00537f

Open Access Article. Published on 18 February 2025. Downloaded on 7/17/2025 8:23:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
2500 2500
——10% H2 Sgmm
——20% H2
2000 ——30%H2 - 2000
_ —— 40%H2 -
53 ——50%H2 <
[ —— 60%H2 ! [
2 2
© 1500 1500 ©
o [
o o
£ £
() ()
= =
1000 - 1000
500 r r T T — 500
0.48 0.50 0.52 0.54 0.56
Distance (m)
(a)
2500 2500
——10% H2 50 mm
——20% H2
—— 30%H2
20004  [——40%H2 2000
- —— 50%H2 -
< ——60%H2 <
L =
E] 2
® 1500 1500 ©
[ [}
o o
£ £
() [0
= =
1000 + 1000
500 et T T T T T — 500
0.44 0.46 0.48 0.50 0.52 0.54 0.56
Distance (m)
(c)
2500 2500
——10% H2 70 mm
——20% H2
——30%H2
2000 |—— 40%H2 - 2000
o —— 50%H2 e o
< ——60%H2 =
g | e
2 | 2
© 1500 I I 1500 ©
Q ) Q
o o
£ £
() Q
= [
1000 1000
e
500 500

T T T T T T T
044 046 048 050 052 054 056
Distance (m)

(e)

View Article Online

Reaction Chemistry & Engineering

0.00010 0.00010

30 mm

—=—10% H2
——20% H2
——30%H2
—— 40%H2
—+— 50%H2
—— 60%H2

0.00008

T
=
o
1Sy
1S3
S

8

0.00006 - 0.00006

0.00004

T
(=4
o
1<
153
S
b

0.00002 4 - 0.00002

Mass fraction of NOx Pollutant
Mass fraction of NOx Pollutant

S I

T T T T T
0.46 0.48 0.50 0.52 0.54 0.56
Distance (m)

0.00000

0.00000

(b)

0.00010 0.00010

e 10% H2 SOimny

——20% H2
—— 30%H2
—— 40%H2
—+—50%H2
—<—60%H2

0.00008 -

T
o
o
S
S
S
®

0.00006 - - 0.00006

0.00004

Mass fraction NOx Pollutant
T
o
o
8
(]

0.00002 - - 0.00002

Mass fraction of NOx Pollutant

T T T 0.00000
0.44 0.46 0.48 0.50 0.52 0.54 0.56

Distance (m)

(d)

0.00010 0.00010

70 mm

—=—10% H2
——20% H2
—— 30%H2
——40%H2
—+—50%H2
—— 60%H2

0.00008

T
=
o
S
1<y
S
®

0.00006 4 - 0.00006

0.00004 - - 0.00004

Mass fraction of NOx Pollutant
Mass fraction of NOx Pollutant

0.00002 4

T
o
o
=3
S
=3

2

0.44 0.46 0.48 0.50 0.52 0.54 0.56
Distance (m)

(f)

Fig. 12 Temperature and NOx profile across the sectional axis of the combustion chamber with varying hydrogen concentration: (a) and (b) axial
distance of 30 mm, (c) and (d) axial distance of 50 mm, (e) and (f) axial distance of 70 mm.

20% and 10% produced the lowest NOx emission in
agreement with the study by Fu et al'® However, 30%
hydrogen also produced a low NOx emission, this is mostly
due to consistent distribution of temperature across the
combustor which could have increased with uneven
temperature distribution under the thermal NOx mechanism
where uneven temperature output increases the NOx
emission for fuel mixtures.

The increased NOx emissions in 40% and 50% hydrogen
concentrations can be attributed to the maximum flame

1128 | React. Chem. Eng., 2025, 10, 1114-1130

temperatures and increased turbulence introduced by
hydrogen in the fuel mix leading to less effective mixing
between the fuel and oxidant. These conditions favour the
rapid formation of NOx through temperature-dependent
reactions, making NOx control a critical consideration in
hydrogen-enriched combustion systems.

At 30 mm axial position (Fig. 12b), it was noticed that
60% hydrogen mass fraction produced a close NOx emission
as with other axial distances and hydrogen concentration
resulting from the fuel mixture gradient which produced a

This journal is © The Royal Society of Chemistry 2025
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skewed flame. In Fig. 12(e), the temperature profile of 70 mm
axial distance produced similar results when compared with
the 50 mm section with a H, concentration of 30% attaining
a consistently high thermal output at the centre of the
combustion tube indicating an effective fuel mixture ratio at
the point.

Overall, the effect of hydrogen composition showed
distinct differences between low and high concentrations of
H,, suggesting concentrations within the range of 10% to
30% are significant in reducing NOx emissions, and
controlling the thermal output within the combustion
chamber. This highlights the potential efficacy of H, in
controlling NOx emission through variation of the fuel
mixture, with particular emphasis on the 10% to 30% H,
concentration range. This observation aligns with the
findings by Liu et al,” who investigated jets in MILD
combustors suggesting that controlling emissions should
involve limiting the amount of hydrogen in the mixture.
Similar studies by Wang et al.*® and Ziani et al.® have also
observed this phenomenon in their analytical simulations of
methane/hydrogen gas mixtures.

4. Conclusion

This study discussed and analysed the performance of a 3D
combustor with multiple jets using numerical methods. The
paper focused on evaluating the efficiency of the combustor
under varying operational and geometrical conditions such
as fuel flow rate, jet number, and hydrogen concentration in
the fuel mixture. From the findings of this study, the
following conclusions were drawn.

Fuel mixture resident time is dependent on the number of
jets, with the maximum temperature aligning to the right
wall of the combustion tube due to the increased exit velocity
of the mixture in the tube.

16 jets have been identified as the optimal operational
value for increased efficiency, while further study would be
required to investigate a range of 18-22 jets as the maximum
number of jets to anticipate a decline. However, higher jet
numbers could reduce the residence time for the hydrogen
and methane mixture in the combustion chamber, which
could result in a reduction in temperature. Very low and high
numbers of jets will result in inefficient combustion leading
to flame quenching.

As observed in this study with a limited velocity range,
increasing methane velocity will create a corresponding rise
in flame temperature due to the resulting mass flow rate of
reactants entering the combustion tube.

Additionally, the operation of the combustor should be
limited to lower fuel velocities to maintain even distribution
in the combustion tube and increase combustion efficiency.
However, further study is required to investigate parameters
beyond the scope of this current paper, including the use of
different fuel mixtures, an extended number of jets, a wider
range of flow parameters, and an investigation of the impact
of NOx mechanisms on the model. Furthermore, a wider

This journal is © The Royal Society of Chemistry 2025
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range of velocities will be investigated in the future to study
the behaviour of the reactions and products of the
combustion.
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