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ABSTRACT
Ultra‐lean operation in micro‐combustion‐based thermophotovoltaic systems offers significant benefits including low pollutant 
emissions and increased longevity due to reduced thermal stresses, but it is hindered by low thermal performance. This paper 
numerically addresses the potential of oxygen enrichment and preheating to counteract performance losses in a hydrogen‐ 
powered micro‐trapped vortex combustor operating under ultra‐lean conditions. A Taguchi design of 16 cases was conducted at 
a fixed equivalence ratio of ϕ = 0.3, varying inlet temperature from 300 to 450 K and O2 levels from 21% to 30%, to evaluate their 
impact on radiative power, energy conversion efficiency, combustion efficiency, and NOx emissions. Results indicate that 
excessive enrichment (30% O2) at high inlet temperature (≥ 400 K) leads to flame flashback, establishing an upper safety limit. 
Within the stable operating region, O2 enrichment substantially improved radiative power by up to 56%, while preheating 
enhanced radiative efficiency by up to 73%, with both factors exhibiting equal influence on combustion efficiency. However, the 
use of oxygen‐enriched air remarkably increased NOx emissions compared to the baseline case at 21% O2. Moreover, the 
optimal configuration with Tin = 450 K and XO2 = 0.27 has achieved 41% higher energy efficiency and 99% lower pollutant 
emissions compared to the lean case at ϕ = 0.8.

1 | Introduction 

Recent advances in micro‐technology and microelectromechanical 
systems (MEMS) have revolutionized various fields, such as elec
tronics, medicine, and aviation, due to their reduced weight and 
long lifetime [1], which has resulted in an increase in demand for 
more robust power generators other than traditional lithium‐ion 
batteries. One viable solution is the Micro‐Thermophotovoltaic 
(MTPV) system, which is based on the direct conversion of ther
mal energy released by the micro‐combustor into electrical energy 
using PV cells [2, 3]. This system offers higher energy density, a 
compact design, and the advantage of having no moving parts. As 
part of the global shift towards renewable energy to mitigate the 

environmental impact of CO2 emissions, the depletion of fossil 
fuel resources, and the ensuing energy crisis, the use of zero‐ 
carbon fuels such as hydrogen is becoming essential to drive the 
next generation of MEMS.

Despite their attractive features, MTPV systems still face major 
challenges that are primarily related to micro‐scale effects such 
as (1) the intensified heat losses due to high area‐to‐volume 
ratio that render the flame more susceptible to quenching, (2) 
the very short residence time that leads to low combustion 
efficiency, (3) flame blow‐off at high flow velocities, and (4) 
their inability to operate under ultra‐lean regime (equivalence 
ratio ϕ < 0.5) [4–6]. This latter constraint is very critical 
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considering the numerous advantages of ultra‐lean combustion 
which comprise: lower NOx emissions, reduced thermal stres
ses leading to improved material lifetimes, minimized risks of 
flame flashback, improved safety compared to full‐load regime 
especially when using highly flammable fuels like hydrogen and 
finally, ultra‐lean operation would achieve better fuel economy 
provided that flame stability and radiative efficiency are main
tained therefore enabling robust and efficient performance.

According to literature, a great number of works have been 
published in recent years to tackle these issues by suggesting 
and investigating the use of various techniques to promote 
flame stability and enhance combustion efficiency through 
reactivity‐enhancing strategies that reduce reaction time, such 
as oxygen‐enrichment [7–11], preheating [12–14] and catalytic 
combustion [15–17] or through flow‐recirculation‐based stabi
lization mechanisms employing backward facing steps, cavities 
and bluff bodies as flame holders [8, 18, 19] or a combination of 
these techniques.

Regarding reactivity‐enhancing strategies, Yang et al. [7] carried 
out numerical simulations to investigate the effect of oxygen‐ 
enrichment on the combustion efficiency of lean H2/air flames 
in a micro‐cavity combustor, their results demonstrated that at 
an O2 level of 30%, the combustion efficiency could reach up to 
98.2% even at high inlet velocity of 32 m/s. Yilmaz et al. [8] 
employed a combined approach involving the integration of 
bluff‐bodies with different shapes and oxygen‐enriched com
bustion, through CFD simulations. They found that the perfo
rated plate design enhanced heat transfer and fuel efficiency but 
increased NOx emissions and slightly decreased temperature 
uniformity. Li et al. [15] numerically demonstrated that oxygen 
enrichment can significantly enhance both heterogeneous and 
homogeneous reactions in a non‐premixed catalytic micro‐ 
combustor leading to dramatic improvement in combustion 
efficiency. Mansouri [20] conducted a numerical investigation 
on the effect of wall temperature on premixed CH4‐air flames in 
a novel wavy micro‐channel. The author established that 
increasing wall temperature causes the flame to move towards 
the inlet of the micro‐combustor, highlighting the sensitivity of 
flame‐location to thermal boundary conditions. Yang et al. [12] 
examined the impact of inlet mixture temperature on com
bustion efficiency of ultra‐lean H2/air flame (equivalence ratio 
0.3 < ϕ < 0.5) in a cavity‐equipped micro‐burner. They showed 
the occurrence of “flame tip opening” phenomenon at ϕ = 0.3 
and ϕ = 0.4 which leads to fuel leakage and decreases com
bustion efficiency, but raising inlet temperature mitigated this 
phenomenon and significantly improved fuel‐efficiency. More
over, Zhang et al. [13] carried out an experimental and 
numerical study on the effects of preheating and equivalence 
ratio on combustion characteristics of premixed CH4/air mix
ture in three planar micro‐channels with different heights. 
Their findings revealed that preheating not only extended 
flammability limits but also reduced quenching diameter from 3 
to 2 mm, thereby enhancing combustion stability at micro‐scale.

As the name implies, flow‐recirculation‐based stabilization 
techniques involve the creation of recirculation zones of hot 
combustion products to form a continuous source of heat and 
active radicals to ignite incoming reactants and sustain the 
flame. This is achieved through the incorporation of bluff 
bodies or cavities that promote localized flow reversal and 
prolong residence time. Xu et al. [21] and Bagheri et al. [22] 

addressed numerically the impact of different bluff body shapes 
on H2‐air flames under various flow conditions. For instance, 
Xu et al. [21] reported that combustion efficiency increases from 
59% to 76% with the increase of bluff body width from 3 to 
3.4 mm. Zhang et al. [23] studied the effect of the number of 
bluff bodies on H2‐air combustion characteristics and con
cluded that the use of multiple bluff bodies is beneficial for the 
operation conditions with high inlet velocities. He et al. [24] 
proposed the use of pin fin array arrangement in H2‐air micro‐ 
combustion system. They revealed that the staggered configu
ration achieved highest external wall heat flux attaining 
160 kW/m2. Gao et al. [25] improved the performance of a 
traditional cavity micro‐burner through the installation of guide 
vanes. It was shown that this extends flammability limit from 11 
to 20 m/s but at the cost of increased pressure losses. Lachraf 
and Si Ameur [26] proposed new micro combustor design 
involving on four trapezoidal ribs equidistant distributed on its 
inner wall. They reported that the ribs generate elongated re
circulation zones, which significantly increases the flow resi
dence time. The ribs contributed to increasing the outer wall 
temperature from 1371.25 to 1417.71 K and promoted a reduced 
non‐uniform temperature zone compared to the backward 
facing step configuration.

The above review indicates that the micro‐combustion based 
MTPV systems field remains under active investigation, par
ticularly with respect to stable operation under lean conditions. 
Most existing studies have focused on lean‐to‐rich equivalence 
ratios (0.7 < ϕ < 1.4), where combustion stability is more easily 
maintained. In contrast, ultra‐lean regimes (ϕ < 0.5) remain 
insufficiently explored due to the increased susceptibility of the 
flame to quenching, leaving key aspects of combustor stability, 
thermal behaviour, and emission characteristics inadequately 
understood.

The present work builds upon the numerical study of Mansouri 
et al. [18], who compared the performance of a conventional 
micro backward‐facing step combustor (MBSC) with a novel 
micro trapped vortex combustor (MTVC). Their results dem
onstrated that the MTVC design significantly extends the 
operability range (0.5 < ϕ < 1), whereas the MBSC was limited 
to equivalence ratios above 0.7. At ϕ = 0.8, the MTVC config
uration achieved 26.51% higher radiative power, 36% greater 
radiative efficiency, and 45% lower NOx emissions. Despite 
these promising results, the performance of the MTVC under 
ultra‐lean conditions remains largely unexplored.

Accordingly, the present study seeks to further optimise the 
MTVC configuration for operation at an ultra‐lean equivalence 
ratio of ϕ = 0.3 through a hybrid strategy combining oxygen 
enrichment with reactant preheating. While oxygen enrichment 
has been investigated in previous studies [7, 8, 15], these works 
present notable limitations. Firstly, they typically considered 
high inlet velocities exceeding 20 m/s, which may lead to sig
nificant pressure losses and consequently increased pumping 
power requirements, potentially reducing the net power output 
of MTPV systems [27]. Secondly, most investigations were 
conducted at equivalence ratios close to unity, conditions that 
may intensify NOx formation and generate substantial thermal 
stresses on combustor walls due to temperature non‐ 
uniformities. Furthermore, to the best of the authors' knowl
edge, no published studies have examined the combined 
influence of oxygen enrichment and reactant preheating in 
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micro‐trapped vortex combustors operating under ultra‐lean 
conditions. The integrated strategy proposed in this work 
therefore aims to enhance the thermal performance and fuel 
economy of the MTVC configuration while maintaining stable 
combustion in a highly diluted regime. In doing so, this study 
provides a comprehensive quantitative assessment of combustor 
performance in an operating region that has received limited 
attention in the existing literature.

2 | Numerical Setup 

2.1 | Geometric Configuration 

The MTVC is visualized in Figure 1. It is a modified version of 
the conventional MBSC; which includes a bluff‐body down
stream of the backward‐facing step (BFS) called the aft‐body 
(AB) to form a cavity. This design was inspired by aeronautical 
trapped vortex combustion systems [18]. The combustor size is 
10 × 1.4 mm, with the fluid domain being 10 × 1 mm. The 2D 
planar model has been adopted as the aspect ratio of the fluid 
domain is 10, which falls within the range of 10 to 40 as advised 
in [28, 29].

2.2 | Mathematical Model 

The hypotheses adopted in the present study are as follows. As 
the calculated maximum Reynolds number of the reacting flow 
under the investigated conditions (Table 1) doesn't exceed 800, 
the flow may reasonably be considered laminar. The hydraulic 
diameter used in the Reynolds number calculation is 0.6 mm, 
corresponding to the channel height above the aft‐body. A 
steady‐state formulation is also adopted. According to the sta
bility diagram of the MTVC reported by Mansouri et al. [18], 
flow oscillations are expected to occur at velocities of approxi
mately 10 m/s and above at ϕ = 0.3, whereas the inlet velocity 
considered in the present study is 7 m/s. Furthermore, the 
temperatures monitored at different locations within the com
bustor (e.g., along the centreline and at the outlet) converge to 
constant values during the simulations, indicating that a steady 
state is achieved and that no combustion fluctuations occur 
within the combustor. All surface reactions are disregarded, 
considering the walls as inert walls. The local thermodynamic 
properties of the gas mixture are evaluated using the ideal gas 
law. Air was assumed to consist of only O2 and N2.

The mathematical model used to describe the combustion 
process within the micro‐burner incorporates fluid dynamics, 

heat transfer, and species transport phenomena, and consists of 
the following set of governing equations: 

• Continuity equation:

u( ) = 0, (1) 

where denotes the mass density of the gas mixture and u is 
the velocity field

• Momentum equation:
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where p is the pressure field, µ is the dynamic viscosity, and 
I is the unit tensor.

• Energy conservation in the fluid domain:
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where e is the specific total energy, keff is the effective 
thermal conductivity of the gas mixture, T is the 

FIGURE 1 | 2D model of the Micro Trapped Vortex Combustor “MTVC” (dimensions in mm). 

TABLE 1 | Boundary conditions.

Inlet Inlet velocity Uin = 7 m/s 
Equivalence ratio ϕ = 0.3 
Inlet temperature [300–450] K 
O2 percentage in air [21–30] %

Outlet Pressure condition 1 atm
Lower + Upper Outer 
walls

Mixed convective and radiative 
heat transfer 
Convective heat transfer 
coefficient h = 10 W.m−2.K−1 

Surface emissivity ε = 0.65 [31] 
Ambient temperature 
T∞ = 350 K

Inner walls No‐slip condition 
Coupled thermal condition 
Zero‐flux condition for all 
species

Wall material Stainless steel
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temperature field, Jj and hj are the diffusion flux and 
specific enthalpy of species j respectively, Sh is the source 
term.

• Energy conservation in the solid domain:

k T( ) = 0,s (4) 

where e is the specific total energy, ks is the thermal con
ductivity of the walls.

• Species transport equation:

uY J R( ) = + ,i i i (5) 

where Yi and Ri are the mass fraction and the net rate of cre
ation/destruction due to chemical reaction of species i
respectively. 

The following metrics will be used to quantify the per
formance of the combustor.

• Radiative power emitted by outer walls:

( )Q A T T= ,
i

i irad
4 4

(6) 

where T T A, , , ,i i are emissivity, Stefan‐Boltzmann con
stant, ambient temperature, temperature and surface area of 
mesh element i respectively.

• Energy conversion efficiency:

Q
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rad
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where mH ,in2 is the mass flow rate of H2 at the inlet, LHV is 
the lower heating value and is equal to 120 MJ/kg.

• Combustion efficiency:
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• Pollutant concentration at the outlet:
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where xNO,out and xH O,out2 are the molar fractions of NO and 
H O2 at the outlet respectively. ppb denotes part per billion per 
volume. In the evaluation of this metric, only NO species is 
considered representative of NOx, whereas NO2 is neglected 
under the ultra‐lean conditions.

Under lean regime ( < 1), the complete combustion of 
hydrogen in air having XO2 mole fraction of oxygen can be 
represented by the following global equation:
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It can be readily shown from this equation that the molar 
fractions of the different species in the hydrogen‐air mixture are 
given by the following expressions:
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These expressions will be used to specify the molar fractions for 
each species at the inlet of the combustor.

The simulation of the micro‐combustion has been carried out 
using commercial CFD software ANSYS Fluent. The geometry 
was discretized using a uniform structured mesh with a cell size 
of 22 μm which was found to be sufficient to capture the thin 
structure of the flame as previously reported [18, 20, 30]. Details 
of the mesh‐solution independence study can be found in our 
work [32]. The coupled pressure‐based solver was adopted to 
handle pressure‐velocity coupling. A second order upwind 
scheme was selected to discretize all of the previously men
tioned conservation equations. The P‑1 radiation model was 
selected to deal with internal radiative energy transfers. Gray 
radiation is used, and the P‑1 approach provides a balance 
between accuracy and computational cost. This choice is sup
ported by our prior comparison with the Discrete Ordinates 
(DO) model at an inlet temperature of 350 K and an oxygen 
enrichment of 30%, which showed differences of less than 1.2% 
in wall temperature and less than 0.9% in maximum flame 
temperature. H2/air combustion mechanism with 21 elemen
tary reactions and 10 species was used in the simulations [33] 
with the stiff chemistry solver to improve stability and conver
gence of chemical kinetics calculations. The species considered 
in the mechanism are H₂, O₂, H₂O, OH, H, O, HO₂, H₂O₂, N₂, 
and Ar. Details of the reaction mechanism and the corre
sponding elementary reactions can be found in the work of Ó 
Conaire et al. [33]. NOx formation was modelled using ANSYS 
Fluent's built‐in mechanism, with the thermal and N2O inter
mediate pathways activated, while the prompt and fuel NOx 
pathways were excluded. The prompt pathway is considered 
negligible in the absence of hydrocarbon radicals, and fuel NOx 
is irrelevant in hydrogen combustion due to the absence of 
chemically bound nitrogen in H₂ molecules. The NOx calcula
tions were performed as a post‐processing step, representing a 
decoupled approach. This approach is justified by the very low 
concentrations of NOx observed in the present study, on the 
order of parts per billion (Equation 9), indicating that the 
chemistry of these minor species has a negligible impact on the 
flow field, temperature distribution, and the concentrations of 
major combustion products. The convergence criteria were set 
to 10−6 for the energy, radiative transfer and NOx pollutant 
equations and 10−5 for the rest. In addition, the maximum 
temperature at the centreline of the combustor, the area‐ 
averaged temperature at the outlet as well as the total heat 
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transfer rate were monitored during iterations. Moreover, a 
temperature patch of 2000 K has been applied to the entire fluid 
domain to initiate the combustion reaction. The boundary 
conditions are summarized in Table 1.

2.3 | Model Validation 

The accuracy of the adopted mathematical model and assump
tions was validated in our previous work [18], as depicted in 
Figure 2. Experimental and numerical temperature profiles at the 
outer walls of a micro‐combustor studied by Peng et al. [31], 
which operates a BFS with an inner step diameter of 1 mm, a 
combustion section diameter of 3 mm, and a hydrogen‐air flame 
at an equivalence ratio of ϕ = 1, were compared with the present 
numerical predictions. Peng et al.'s work involved both experi
mental measurements and numerical simulations. The results 
demonstrate that the present CFD model reproduces the experi
mental wall temperature more accurately than the simulations 
reported by Peng et al. This validation confirms that the employed 
numerical approach, including its treatment of flow, heat transfer, 
and chemical kinetics, is reliable and capable of accurately cap
turing the thermal behaviour of similar micro‐combustion 
systems.

3 | Results and Discussions 

3.1 | Design of Experiments 

In the present work, both the inlet temperature of the fresh gas 
Tin, and the oxygen percentage in the air XO2 were chosen as 
input factors influencing the performance of the system, each 
having four values. For Tin the values are 300, 350, 400, and 
450 K. The values of XO2 are 0.21, 0.24, 0.27 and 0.30. The 
orthogonal Taguchi design [34] table L16(42) is used to organize 
all 16 cases. The investigated cases along with the correspond
ing performance parameters are summarized in Table 2. It can 
be seen that 14 out of 16 cases exhibit stable performance with 
variation in output parameters depending on oxygen enrich
ment level and inlet temperature value. However, the remain
ing two cases when XO2 = 0.3 and Tin ≥ 400 K marked the onset 

of the undesirable phenomenon of flame flashback. Under 
conditions of high inlet temperature and oxygen percentage, the 
local flame speed exceeds the local flow speed in the cavity, 
because both preheating and oxygen enrichment boost the 
reaction rate of combustion, enabling the flame to break free 
from the cavity where it was meant to be anchored and estab
lish itself at the top of the upstream step. This transition is 
illustrated in Figure 3, using the OH radical as a key indicator of 
flame structure.

Flashback is hazardous and can cause severe damage if the 
flame propagates back to the injectors, thus, these two unstable 
cases will be excluded from the study and in the next subsec
tions; a more in‐depth analysis will be focusing on the 14 stable 
cases to investigate the effect of inlet conditions on combustor 
performance.

3.2 | Radiative Power Analysis 

The graphs in Figure 4 indicate that radiative power follows a 
monotonic upward trend as inlet temperature increases from 
300 to 450 K across all considered oxygen concentrations. 
Clearly, oxygen enrichment exerts a stronger effect than pre
heating based on the vertical spacing between the curves. Spe
cifically, increasing the oxygen concentration from 21% to 30% 
at constant temperature improves power output by 53.03% and 
58.93%, at inlet temperatures of 300 and 350 K, respectively. 
When the concentration increases from 21% to 27%, the power 
output rises by 37.16% and 38.7% at inlet temperatures of 400 
and 450 K, respectively. Whereas raising inlet temperature from 
300 to 450 K at constant oxygen percentage leads to a relatively 
modest change of 12.67%, 10.92%, and 15.53% at oxygen levels 
of 21%, 24%, and 27% respectively. This contrast can be ex
plained by the fact that increasing oxygen concentration not 
only speeds up reaction kinetics, leading to higher rates of 
chemical energy release but it also weakens the thermal dilut
ing effect of nitrogen [11]. When using atmospheric air as the 
oxidizer (XO2 = 0.21), nitrogen which does not participate sig
nificantly in the reaction acts as a heat sink, absorbing con
siderable amount of the released heat, thereby lowering flame 
and wall temperatures. By replacing this species with the more 

FIGURE 2 | Comparison of the outer wall temperature distribution between simulation results and experimental data. 
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reactive oxygen, the thermal inertia of the mixture is reduced 
allowing for more concentrated thermal energy release and 
elevated local temperatures. This effect is visualized in the outer 
wall temperature distribution plots in Figure 5 as elevated wall 
temperatures promote enhanced radiative heat transfer, given 
that radiative emission scales with the 4th power of tempera
ture. Although preheating increases the flame temperature, it is 
less effective than oxygen enrichment because the associated 
decrease in the density of the fresh‐gas mixture, which leads to 
a lower hydrogen mass flow rate (at constant inlet velocity), 
which in turn reduces the total chemical energy released.

3.3 | Energy Conversion Efficiency Analysis 

The assessment of energy conversion efficiency is crucial since 
it quantifies how much of the total released energy is effectively 
converted into radiation. Figure 6 shows that radiative 

efficiency increases with O2 concentrations across all inlet 
temperature values. However, in contrast to radiative power, 
radiative efficiency is primarily influenced by preheating. 
Increasing the inlet temperature from 300 to 450 K at constant 
oxygen percentage results in significant enhancement in effi
ciency by 69.05%, 66.44%, and 73.38% at O2 values of 21%, 24%, 
and 27% respectively. At XO2 = 0.30. The maximum inlet tem
perature is limited to 350 K due flashback, which restricts the 
attainable improvement in efficiency to 24.48%.

It is known that during combustion, chemical energy is released 
as heat, a portion of this heat is transferred to the walls of the 
combustor. This absorbed energy is then emitted through the 
outer surface of the system due to the transverse temperature 
gradient between hot reaction products and the cooler ambient 
environment, or recirculated back to heat the fresh reactive 
mixture above ignition point driven by the longitudinal tem
perature gradient between the hot products and cold reactants. 
When preheated hydrogen‐air mixture is introduced, the 

TABLE 2 | Combustor performance for all simulated cases.

Equivalence ratio = 0.3, hydrogen‐air mixture flow velocity at the inlet U = 7 m/sin

T K( )in XO2 Q W( )rad [NO ] (ppb)x (%)rad (%)comb

300 0.21 0.459067 0.01540 9.9308 85.6521
0.24 0.547969 0.19335 10.5363 92.0970
0.27 0.620913 1.11044 10.7777 96.6791
0.30 0.702491 4.74023 11.1426 99.0308

350 0.21 0.471462 0.02338 11.9000 94.3850
0.24 0.549255 0.21481 12.3231 97.4284
0.27 0.641764 1.32391 12.9986 99.3794
0.30 0.749339 4.85852 13.8697 99.9230

400 0.21 0.491503 0.03057 14.1795 97.7584
0.24 0.570693 0.26841 14.6350 99.5561
0.27 0.674124 1.65772 15.6070 99.9321
0.30 FLASHBACK

450 0.21 0.517209 0.04065 16.7876 99.4540
0.24 0.607818 0,31894 17.5373 99.9248
0.27 0.717365 1.76225 18.6864 99.9727
0.30 FLASHBACK

FIGURE 3 | Flame contour showing the occurrence of flashback for the case when Tin = 400 K and XO2 = 0.3. 
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longitudinal gradient is reduced, limiting the extent of thermal 
energy feedback upstream of the flame. This is evidenced in the 
wall heat flux distribution at the top of the step as indicated in 
Figure 7. Since the wall heat flux distribution reflects the local 
thermal energy feedback, its integral over the length of the step 
corresponds to the amount of heat recirculated into the fresh 
mixture. From the curves in Figure 7, it is evident that the area 
under the 450 K profile is smaller compared to the 300 K case, 
signifying reduced heat recirculation. Hotter reactive mixture 
requires less energy input to reach ignition temperature, which 
results in more uniform wall temperature distribution as shown 
in Figure 8. In particular, the 450 K case exhibits the most 

uniform outer wall temperature profile, whereas lower inlet 
temperatures result in larger spatial variations and stronger 
peaks. Consequently, a greater amount of energy is directed 
toward the outer surface rather than being internally consumed 
by the fresh mixture. Additionally, one can notice a gradual 
shift in the position of the wall hot spot (peak temperature) 
towards the inlet with each increment in inlet temperature 
indicating that the flame is approaching the inlet and the 
mixture preheat zone is reduced. Note that achieving better 
temperature uniformity at the wall not only significantly pro
motes energy efficiency, but it is also beneficial to mitigate 
thermal stresses on the structure of the micro‐combustor.

FIGURE 4 | Line plot of radiative power versus inlet temperature at various oxygen enrichment levels. 

FIGURE 5 | Temperature distribution at the lower outer wall of the combustor at various oxygen enrichments for the case Tin = 350 K. 
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3.4 | Combustion Efficiency Analysis 

The main effects plots illustrated in Figure 9 show that both 
studied factors demonstrate a comparable influence on com
bustion efficiency as inlet temperature raises the efficiency by 
6.88% on average while oxygen enrichment by 5.47% on aver
age. This similarity in impact is due to the increase in the rate of 
combustion reaction induced by the two factors with inlet 
temperature providing the necessary kinetic energy for reactant 
molecules to overcome activation energy barrier and combine, 

thereby amplifying the frequency of molecular collisions, in 
parallel, oxygen enrichment increases the availability of the 
oxidizing species (O2) promoting more complete combustion, 
the combined effect of these two factors shortens the chemical 
time scale relative to the residence time of the flow enabling for 
fuel‐efficient combustion.

The effect of oxygen enrichment can be further elucidated by 
investigating the contours of OH mass fraction represented in 
Figure 10; clearly, the growing concentration of these reactive 

FIGURE 6 | Energy conversion efficiency versus oxygen concentration at different inlet temperatures. 

FIGURE 7 | Wall heat flux distribution at the top of the step at various inlet temperatures for XO2 = 0.24. 
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intermediates in the cavity region reflects intensified local 
reaction rates. With higher O2 levels, OH radicals become more 
abundant, since O2 is a key contributor to their formation via 
the following chain‐branching step [35, 36]:

H + O OH + O.2 (12) 

The rise in OH concentration, in turn, accelerates the con
sumption of H2 molecules and therefore enhances combustion 
efficiency leading to the formation of H2O [8] through the 
propagation step:

H + OH H + H O.2 2 (13) 

Interestingly, this step not only yields the final combustion 
product (H2O) but also regenerates H radicals, which feed back 
into the chain‐branching step. This feedback loop sustains OH 

production and reinforces combustion efficiency under oxygen‐ 
enriched conditions.

Complementary evidence about the effect of preheating is 
provided in Figure 11. At Tin = 300 K, a portion of hydrogen 
escapes unburned through the outlet. However, as the inlet 
temperature increases, the rates of the previously mentioned 
chain‐branching and propagation steps increase according to 
the Arrhenius equation, promoting earlier radical (O, H, OH) 
formation, thereby reducing ignition delay. Consequently, the 
region of unburned hydrogen shifts progressively upstream, 
indicating earlier fuel consumption. This recession of the fuel‐ 
rich zone confirms the acceleration of chemical reactions and 
earlier flame stabilization under preheated conditions.

This recession in the region of unburned H2, explains the 
steeper decline in wall temperature distribution (Figure 8) to
ward the outlet as Tin increases, this behaviour arises because 

FIGURE 8 | Temperature distribution at the lower outer wall of the combustor at various inlet temperatures for XO2 = 0.24. 

FIGURE 9 | Main effects plots of (a) oxygen enrichment‐(b) inlet temperature on combustion efficiency. 
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preheating shifts the main heat‐release region upstream, leav
ing less unburned fuel to sustain combustion in the down
stream section leading to reduced wall heating near the outlet.

3.5 | Nox Emissions Analysis 

Despite being a zero‐carbon fuel, the burning of hydrogen can still 
result in the formation of pollutant nitrogen oxides referred to as 
NOx due to the high flame temperature, as Figure 12 indicates. 
Oxygen enrichment causes a serious exacerbation in NOx emis
sions at the outlet of the micro‐combustor, as increasing O2 levels 
in the air at constant inlet temperature amplifies the pollutant 
emissions at the outlet by a factor of 307.81, 207.81, 54.23 and 43.35 
at Tin values of 300, 350, 400, and 450 K respectively, while pre
heating contributes less. As can be inferred from the analysis of 
radiative power, this high sensitivity to oxygen stems from the high 
temperature associated with oxygen‐rich combustion, for instance, 
at Tin = 350 K, increasing XO2 from 0.21 to 0.30 raises the flame 
temperature from 1697.48 to 1945.35 K, amounting to a rise of 
nearly 250 K, which strongly favours the thermal NOx formation 
pathway via the extended Zeldovich mechanism [37].

k e

N + O N + NO

= 1.8 × 10 ,f T

2

1
8 38370 (14) 

Te

N + O O + NO

k = 1. 8 × 10 ,T

2

2f
4 4680 (15) 

e
N + OH H + NO
k = 7.1 × 10 ,T3f 7 450 (16) 

where k f1 , k f2 and k f3 are the rate constants for the forward 
reactions expressed in m3/mol.s.

In addition to being temperature dependent, these reactions 
show dependency on the concentration of O2 and OH radi
cals, as depicted in Figures 10 and 13. NOx concentrations 
grow sharply as more oxygen is introduced to the chamber. 
The contours reveal that at 30% O2, NOx levels peak pre
dominantly inside the cavity (reaching a maximum of about 
51 ppb) where the flame is anchored and to lesser extent 
downstream of the aft‐body. This zone provides the high 
thermal and radical‐rich environment necessary for the 
oxidation of nitrogen to NO, consistent with the Zeldovich 
mechanism and OH contours previously observed in Fig
ure 10. Note that the predicted NO concentrations remain on 
the order of ppb, the formation of NO2 (being dependent on 
NO availability) is expected to be negligible. Therefore, 
neglecting the contribution of NO2 to the total NOx con
centration is justified.

FIGURE 10 | OH contours as flame indicator at different oxygen concentrations for Tin = 350 K. 
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Overall, oxygen enrichment offers clear gains in thermal per
formance but at the cost of markedly higher NOx emissions.

3.6 | Performance Comparison With Literature 

According to Table 2, the optimal case which offers the most 
balanced trade‐off between radiative power, energy conversion 
efficiency and pollutant emissions under ultra‐lean regime, 
corresponds to the case for XO2 = 0.27 and Tin = 450 K. This case 
is compared with the lean case at ϕ=0.8 reported by Mansouri 
et al. [18], as well as with the ultra‐lean baseline case using non‐ 
preheated atmospheric air (i.e., at XO2 = 0.21 and Tin = 300 K). 
The corresponding performance metrics are summarized in 
Table 3. The results demonstrate the benefits of oxygen en
richment and preheating in boosting the thermal performance 
of the micro‐combustor under ultra‐lean regime. Compared 
with the lean case (ϕ = 0.8), it can be noticed that although the 
MTVC can operate at an ultra‐lean regime ϕ = 0.3, it suffers a 
severe degradation in thermal performance, as its power output 
is lower by 47.54%, while the radiation efficiency drops from 
13.25% to 9.93%, while almost no trace of NOx are emitted. 
Whereas the present proposed optimal case (ϕ = 0.3 with higher 
oxygen and inlet temperature) demonstrates better thermal 
performance by limiting the loss in power to only 18%. This 
trade‐off is tolerable given the substantial 62.5% decrease in 
equivalence ratio. Moreover, energy efficiency is remarkably 
improved, even outperforming the lean case at ϕ = 0.8. Notably, 

NOx emissions in the optimal configuration are 99.12% lower 
than those at ϕ = 0.8, despite the use of preheated oxygen‐ 
enriched air.

These results show that preheating and oxygen enrichment are 
highly effective at augmenting the thermal performance of 

FIGURE 11 | H2 contours at different inlet temperatures for XO2 = 0.24. 
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MTPV systems under ultra‐lean regime, thereby enabling fuel‐ 
efficient performance across a broader range of equivalence 
ratios.

4 | Conclusion 

A parametric numerical investigation was conducted to evalu
ate how preheating and oxygen enrichment significantly 
improve the thermal performance, without comprising flame 
stability and NOx emissions, of a novel hydrogen‐powered 
micro‐trapped vortex combustor operating at an ultra‐lean 
equivalence ratio (ϕ = 0.3).

The findings showed that excessive O2 enrichment at 30% com
bined with high inlet temperature Tin = 450 K leads to flame 

flashback pointing out a safety threshold. This study concludes 
the following. Performance analysis within the stable operating 
region showed that both factors affect performance parameters 
with varying degrees of influence. O2 enrichment strongly boosted 
radiative power output through higher wall temperatures and 
reduced thermal dilution at the cost of increased NOx emissions. 
As for preheating, it was shown to be effective in enhancing the 
energy conversion efficiency of the system, by mitigating wall 
temperature gradients. Regarding combustion efficiency, both 
factors (oxygen enrichment and mixture preheating) exhibited 
nearly equal impacts. The optimal case is when both Tin and XO2 

are at 450 K and 0.27 respectively, which offered a strong com
promise between thermal performance and emissions. This has 
led to an improvement of 56.20% in terms of radiative power and 
88.22% in terms of energy efficiency over the unheated air 

FIGURE 13 | NOx concentration contours at Tin = 350 K. 

TABLE 3 | Comparison between the case of Mansouri et al and the present study.

Mansouri et al. [18] Current work

Equivalence ratio ϕ 0.8 0.3 0.3
Flow velocity at the inlet Uin (m/s) 7 7 7
Inlet temperature Tin (K) 300 300 450
O2(%) in air 21 21 27
Radiative power Qrad (W) 0.875 0,459 0.717
Energy efficiency ηrad (%) 13.25 9.93 18.69
NOx emissions at the outlet (ppbv) ~200 0.05 1.77
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baseline (Tin = 300 K and XO2 = 0.21) with NOx still low. When 
compared to the lean case at ϕ = 0.8 from literature, the present 
ultra‐lean optimal case sacrificed about 18% of power output, yet 
delivered 41% higher radiative efficiency and 99% lower pollutant 
emissions.
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