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ARTICLE INFO ABSTRACT

Keywords: This study advances numerical methodologies for designing microcombustor-based thermophotovoltaic systems
Hydrogen by incorporating comprehensive analyses of radiation models and absorption coefficients. It examines the impact
Ammonia o of non-premixed hydrogen-ammonia-air fuel blends on the micro combustion process using three-dimensional
Absorption coefficient . . . . i

Radiation CFD simulations on a Y-shaped microcombustor under atmospheric conditions.

Key to this research is modeling radiative heat transfer from multiple species, including ammonia (NH3), nitric
oxide (NO), and water vapor, ensuring accurate predictions and optimization of thermal behavior and efficiency.
Three modeling approaches were compared: a multispecies Planck-mean approximation radiation model
(PMAC), a narrowband model for water vapor, and a scenario excluding radiation effects.

The PMAC model, incorporating the absorption coefficients of ammonia and its products, consistently pro-
duced lower errors in flame length compared to the NB method across all equivalence ratios, with errors ranging
from 0 % to 7 % for PMAC and 10 % to 30 % for NB, with the lowest error observed at ® = 1.0. Additionally, the
prediction of laminar burning velocity (LBV) differed by approximately 4 % between the two models.

Considering different fuel blends, two scenarios were compared: constant input thermal power and constant
fuel flow rate. Efficiency in the constant input thermal power scenario maintained higher radiation efficiency, in
the range of 32-38%. Additionally, radiation efficiency initially increased with increasing H2 content but sub-
sequently decreased for high H2 values due to effects on flame area, flame position, and temperature.

Green fuels

cool the flame too swiftly, potentially leading to flame extinction.
Additionally, the brief residence time available in these systems may
prevent chemical reactions from completing, resulting in unstable

1. Introduction

Recent advancements in combustion-based microdevices have been
propelled by the advantageous properties of hydrocarbons, such as their
high energy density, reduced weight, and compact dimensions [1-7].
Microcombustors are crucial in modern energy solutions, delivering
efficient power in compact packages. Ideal for portable power genera-
tors and miniature propulsion systems, they convert fuel into energy
within a small footprint. This efficiency enhances portability, reduces
material use, and simplifies system architecture. Their compactness and
high energy output make microcombustors indispensable for advancing
sustainable and efficient energy technologies, essential for sectors
relying on reliable and lightweight autonomous power sources.

Maintaining a stable flame in microcombustors presents significant
challenges due to their high area-to-volume ratios and short mixture
residence times [8,9]. These factors complicate achieving controlled,
efficient combustion, as the compact size of the combustion chamber
often leads to rapid heat losses and quenching effects. Such conditions

combustion and variable thermal outputs. A well-conceived micro-
combustor design hinges on a deep understanding of chemical reaction
dynamics and heat transfer processes. Detailed analysis is essential to
determine the optimal geometrical configuration and materials that can
withstand high temperatures and corrosive environments while
enhancing combustion efficiency [10,11]. Li et al. [12] developed a
symmetrical catalytic micro-combustor with methane/air mixture
aimed at achieving stable combustion. Their findings indicated that the
inlet velocity could exceed 9 m/s, with maximum combustion and sur-
face radiation efficiencies reaching 98.5 % and 25.9 %, respectively.
They also discovered that enhancing the wall thermal conductivity
could increase both wall temperature and radiant energy output,
thereby boosting energy conversion efficiency. Optimizing micro-
combustor configuration is also crucial for minimizing emissions of
carbon products and nitrogen oxides (NOy) [13-16]. In particular for
ammonia application, Tang et al. [14] introduced a baffle structure and
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Nomenclature

A i External wall cell Area of mesh face i

d Wall thickness (m)

GCI Grid Convergence Index

hg Heat transfer coefficient (W/Km?)

H, Hydrogen

HITRAN High-Resolution Transmission Molecular Absorption
Database

LBV Laminar Burning Velocity (m/s)

L¢ Flame length (m)

LHV Lower Heating Value (MJ/kg)

MTPV  Microthermophotovoltaic System
Mpel Fuel mass flow rate (kg/s)

NB Narrow Band

NHj3 Ammonia

NOexit Outlet mean mole fraction

NOy Nitrogen oxides

Omax Max NO molar fraction

P Pressure, 1 atm

Pr Emitted radiant power

Py Fuel input power (W)

PMAC  Planck Mean Absorption Coefficient
To Ambient temperature, 300 K

Texit Outlet mean temperature (K)

Temax Max Flame temperature (K)

Twi Internal wall temperature (K)

Twe External wall temperature (K)

Vair Velocity of air (m/s)

Viuel Velocity of fuel (m/s)

WSSGM  Weighted-sum-of-gray-gases model
XH2 Fuel hydrogen molar fraction

Greek Letters

o Absorption coefficient (1/m)

€ Quartz glass absorption coefficient, 0.93
s Hydrogen power fuel fraction

Radiation Efficiency (%)

Combustion efficiency

Boltzmann constant

Density (kg/m®)

Equivalence ratio

Thermal conductivity (W/mK)

> 5 ° CIGJJ

a secondary fuel injection strategy enhancing flame stability and wall
temperature while reducing NO emissions by improving the reaction
between NO and ammonia and increasing the average wall temperature
by 5.2 % compared to conventional designs. Although increasing the
secondary fuel injection ratio significantly reduces NO emissions, it also
increases ammonia leakage.

The past few decades have seen a significant pivot towards cleaner
combustion technologies, emphasizing the development and utilization
of carbon-free fuels such as hydrogen (H) and ammonia (NHs) to ach-
ieve cleaner combustion and mitigate emissions [17,18]. Hydrogen,
known for its high energy yield per unit mass and zero carbon emissions
upon combustion, has emerged as a leading option. Ammonia, while not
yielding energy as high as conventional hydrocarbons, presents a viable
carbon-free alternative due to its substantial hydrogen content and ease
of liquid storage. Ammonia intrinsic properties, such as its lower flame
propagation speed and chemical reactivity compared to hydrocarbons,
necessitate rigorous combustion conditions, especially within the con-
fines of microcombustors [19]. Its high minimum ignition energy,
relatively low calorific value, and narrow flammability range make
ammonia a challenging fuel to burn efficiently on its own. Consequently,
it is frequently blended with other fuels that can enhance its combustion,
such as hydrogen, which can significantly improve the flame speed and
extend the flammability limits [20-22]. Blending ammonia with
methane (CHy4) has already demonstrated its capability to reduce carbon
emissions, offering a viable path to decrease the carbon footprint of
energy systems [23-25]. Zheng et al. [20] conducted a numerical study
on blended CH4/NH3 premixed flames at different equivalence ratios.
Their results indicated that the improvement in flame speed due to ra-
diation exhibited a nonlinear trend as the equivalence ratio increased.
For equivalence ratios between 0.6 and 1.2, preheat-induced chemical
effects were dominant, while for ratios between 1.2 and 1.5, direct ra-
diation effects took precedence. Additionally, the effect of radiation
reabsorption on NO formation initially decreased and then increased
with higher equivalence ratios, controlled by the reactions
NH+NO=N,0+H and NH+0; = NO+OH in lean combustion, and
N+OH=NO+H and NH+O=NO+H in rich combustion.

The challenge of NOx emissions remains prominent, especially in
NHj/air-premixed flames, where high combustion temperatures can
lead to significant NOx production [26].

Blending NH3 with hydrogen is an effective strategy to minimize

emissions. Integrating ammonia (NH3) and hydrogen (H) in combus-
tion systems reduces the environmental footprint of energy technolo-
gies. This approach combines ammonia’s carbon-free attribute with
hydrogen’s high combustion efficiency, significantly lowering harmful
emissions. Hydrogen enhances the burn rate and expands the flamma-
bility limits of ammonia, leading to more complete combustion and
reduced NOx emissions compared to burning ammonia under fuel-lean
conditions. [27-29]. Luo et al. [29] studied the premixed combustion
of NH3/H5/O5 in a segmented nozzle MTPV micro-combustor. Their
findings revealed that the mean wall temperature of the segmented
micro-combustor was 11.5 K higher than that of a non-segmented micro-
combustor, and NO emissions were reduced by up to 7.91 %. When the
mass fraction of hydrogen in the gas mixture increased from 10 % to 30
%, radiation efficiency improved by 13.5 %, but NO emissions also
increased. To mitigate NO emissions, fuel-rich combustion was consid-
ered. In fact, rich mixtures typically result in better combustion effi-
ciencies and lower NOx emissions when using ammonia-hydrogen
blends [30].

This enhanced understanding of ammonia and hydrogen use in
combustion systems, alongside strategies for reducing NOx emissions, is
further complemented by emerging research that emphasizes the inte-
gration of thermophotovoltaic and thermoelectric systems in ammonia-
hydrogen energy devices.

Research, such as the work by Zhang et al. [31], evaluates the nu-
ances of fuel inlet configurations and flame dynamics within a two-stage
thermophotovoltaic-thermoelectric energy conversion system, specif-
ically analyzing an ammonia-oxygen mixture. Their findings underscore
the critical balance between maintaining optimal outer wall tempera-
tures and maximizing energy conversion efficiency while managing NO
emissions [31]. Similarly, You et al. [32] explore the effects of flow rates
and mixture compositions in Ho-air mixtures, revealing that efficiency
peaks at stoichiometric conditions before diminishing in richer mix-
tures. These studies highlight the delicate interplay between combustion
parameters and system performance, illustrating the importance of
precise control over these variables.

The role of radiation in the modeling of combustion of these fuels
should not be underestimated, as ignoring its impact can lead to sig-
nificant discrepancies in NO concentration estimates and overall system
efficiency, particularly in fuel blends with hydrogen [33]. Comprehen-
sive reviews and comparisons of radiation models, such as those
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conducted by Mazumder and Roy [34], Lawi and Majhool [35], and
Caetano et al. [36], stress the necessity for detailed and accurate
modeling approaches. These models are essential for predicting thermal
radiation heat loss, influencing flame behavior and heat flux in both gas
and combustion wall interactions, as explored by Razmjooei et al. [37].
Additionally, Yang et al.’s proposal for a new methodology to estimate
flame radiation in environments with suspended particles [38] points to
the ongoing evolution of this field, suggesting that understanding and
integrating radiation effects are pivotal for advancing combustion
technology. Their results revealed that for a typical lab-scale air-fired
flame, wall emissions and reflections could account for up to 55 % of the
measured incident radiation for a refractory-lined wall and 40 % for a
water-cooled wall. In the context of microcombustion, radiation losses
and reabsorption significantly impact heat transfer dynamics. This
contrasts with traditional combustion studies that tend to downplay
radiation effects due to the small scale of reaction involved [39]. Recent
research has broadened the focus on radiation effects in combustion,
emphasizing not only the radiative heat loss and reabsorption of re-
agents and products but also exploring the influential role of radicals
and fuels themselves. Historically, the study of radiation in combustion
has leveraged databases like the High-Resolution Transmission Molec-
ular Absorption Database (HITRAN), traditionally used in fields ranging
from astronomy to meteorology. For instance, Grigor’ev et al. [40]
utilized HITRAN and ACE-FTS data to enhance models of Earth atmo-
spheric brightness and transmission by improving air absorption co-
efficients under varied environmental conditions. Similarly, Li et al. [41]
demonstrated the utility of HITRAN in developing techniques for
measuring atmospheric oxygen density using stellar occultation
methods.

The HITRAN database, however, has certain limitations, particularly
in its coverage of the ultraviolet (UV) spectrum, which restricts its
application in areas such as aerospace optics and optical detection.
Addressing this, Du et al. [42] have proposed expanding the database to
encompass a broader UV spectrum, thereby enhancing its utility for
more diverse applications. Despite these challenges, the database has
significantly advanced the study of clean fuel combustion, particularly
through its detailed spectral data which allows for more accurate
modeling of thermal radiation effects in combustion processes.

Moreover, studies have shown that incorporating radiation reab-
sorption models can markedly increase planar and spherical laminar
flame speed forecasting, as seen in methane, ammonia, and hydrogen/
air flames, where radiation models have outperformed traditional
adiabatic approaches [20,43]. The significance of accurate radiation
models is exemplified by Liu et al. [44], who showed that radiation
reabsorption in syngas flames with CO, and H20 at higher pressures
significantly affects laminar flame speeds. The PMAC approach in this
study, using HITRAN data, provides a comprehensive evaluation of how
different gas species impact radiation within the combustion chamber
[45]. This is crucial in systems where ammonia and hydrogen play
dominant roles, such as ammonia combustion where gases other than
water vapor significantly influence heat transfer [46]. The PMAC
method considers key species in hydrogen/ammonia combustion:
hydrogen (Hy), ammonia (NH3), oxygen (O3), nitrogen (N32), hydroxyl
(OH), water vapor (H30), nitric oxide (NO), and nitrogen dioxide (NO3).
Each component interacts with radiation differently, affecting the
overall energy balance in the combustion chamber.

Detailed radiation modeling is crucial for optimizing combustion
efficiency and emissions and for designing systems that effectively use
ammonia and hydrogen as sustainable fuels. This aligns with broader
objectives of reducing emissions and improving energy conversion ef-
ficiency in clean fuel technologies, underscoring the importance of
advanced radiation models in modern combustion studies [46].

Building on the groundwork laid by the detailed spectral analysis
provided by the PMAC method, this research introduces a meticulous
comparison of radiation absorption effects using a narrow-band water
vapor absorption coefficients model across multiple spectral bands and a
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novel approach by integrating HITRAN absorption coefficients within a
three-dimensional computational fluid dynamics (CFD) analysis. Only
two studies have investigated ammonia/hydrogen/air mixtures for
MTPV systems, and both were conducted under premixed conditions [47
48]. Mohammadpour et al. [3] conducted an analysis with varying inlet
velocities and air dilution levels with N». The results indicate that
increasing inlet velocity within the studied range enhances the unifor-
mity of temperature distribution in both the fluid and solid domains. The
maximum total energy conversion efficiency achieved was 8.2 %, cor-
responding to an output electric power of 6.6 W. However, higher air
dilution levels (up to 84 % N2 by volume) significantly improve tem-
perature distribution uniformity, leading to a decrease in mean tem-
perature and overall thermo-photovoltaic efficiency. Han et al. [47]
performed a comparative analysis of flame stability behaviors between
hydrogen/ammonia/air blended combustion in both conventional and
proposed wavy combustors revealing a broadened blowout limit in the
wavy designs. The study found that the wavy micro-combustor could
achieve approximately a 21.2 % reduction in NOx emissions. The NOx
emission reduction improved progressively with an increase in the ni-
trogen fuel mass ratio.

For the first time, the present study analyzed a non-premixed Hp-
NHgs-air analysis in a Y-shaped MTPV system. Moreover, this research
assesses the impact of varying concentrations of hydrogen and ammonia
in air on the operational efficiency of a microthermophotovoltaic system
and its emissions profile, maintaining a constant mass flow rate input
power. The influence of different equivalence ratios is also analyzed,
providing a view of the interaction between fuel composition and
combustion efficiency. This multifaceted analysis advances the under-
standing of ammonia and hydrogen as sustainable fuels, highlighting the
critical role of precise radiation modeling in enhancing the performance
and environmental sustainability of energy systems.

2. Methodology
2.1. Mathematical models

The computational fluid dynamics (CFD) simulations are carried out
using ANSYS Fluent 23.0 [49] to solve the governing fluid equations in a
Y-shaped microcombustor fueled by a blend of hydrogen and ammonia.
The key equations considered include those for conservation of mass,
momentum, heat transfer, and chemical species (Equations (1)—(5):

dp , Opui) _
o o 0 (@)
M d(puiyy — 7y) _ @ )
ot ox; 0x;
d(ph)  d(puh) 0(A0Ty) nd(hiJ;) no
T TP DL ®
opYy)  pwY; oF
ot dxi o 0Xi Rl (4)
Qlass = hOA(Twe - TO) + €6A(T§ve - Tg) (5)

In this context, we define p as the gas density, p as the pressure, and u as
the velocity. The stress tensor is represented by 7ij, while h denotes the
total enthalpy. The diffusion flux of a species i is given by Jj, with Y;
representing its mass fraction. The temperature is denoted by T, and R; is
the net rate of production of species j due to chemical reactions. The
parameter i refers to the species index, d the wall thickness and A rep-
resents thermal conductivity. The model also incorporates an ideal gas
flow model and a mixing law for the specific heat capacity, C,. The ef-
fects of convection and radiation are considered in computing heat
losses, using for radiation the Radiative Transfer Equation (RTE) and the
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DO ALGORITHM with the Finite Angle Method (FAM) to discretize the
solid angle and ensure energy conservation. In the solid region the
following energy equation is included:

T,
0/16W

671_( axl_):()

(6)
Different modeling approaches for the spectral absorption coefficient
are considered, as described in the next section.

2.2. Absorption coefficient modelling

One of the key aspects in radiative analysis is the value of the mixture
absorption coefficient which is an essential input parameter in radiative
transfer equation computations. Its estimation is a crucial element in the
study of combustion and radiation impact. Several methods exist in the
literature to estimate this parameter. Quantum mechanics dictates that
energy levels are discrete or quantized, meaning only photons with
specific energy or frequency can be absorbed. Similarly, photons of
certain frequencies are emitted during transitions from higher to lower
energy levels. As a result, the absorption and emission spectra of most
molecular gases display a pronounced line structure that may be
aggregated into bands. Over the last decades, the position and intensity
of these spectral lines have been documented in the HITRAN database.
Wide-band models simplify this process by averaging the properties over
a band rather than calculating them at each wavenumber. This approach
is particularly useful for gases with dense line spectra that would be
computationally intensive. The grey gas approach assumes that each cell
contains a gray gas, a term referring to a gas with constant properties
across all wavelengths. Mixture components occupy a portion of the cell,
and the occupied value is determined by the number of moles according
to Amagat’s law. The involved equation is [50]:

a=>la=> 'SFo—n)

a; the absorption coefficient of spectral line i, S; the spectral integral
intensity, F(y — ;) absorption spectral line shape. More methodology
details are provided in [50]. Computations were conducted for species
temperature between 300 and 1500 K, 100 K step. To express these
coefficients, a fitting tool is employed to establish a polynomial function
for relevant chemical species in ammonia/hydrogen combustion and
then they are expressed in the final absorption coefficient formula. NB
model doesn’t assume gray gases and divides the spectrum into nar-
rower segments, allowing for a more accurate representation of the
spectral properties of the gas when higher accuracy is required
balancing computational efficiency with spectral accuracy. For our
purposes, it was applied to HyO. The two approaches will be compared

)
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and the effects analyzed in 3-D CFD microcombustor analysis. Absorp-
tion coefficients have been estimated using RADIS, an open-source code
for nonequilibrium emission and absorption infrared line-by-line anal-
ysis [51]. This tool is developed with a focus on molecules in their
electronic ground state, utilizing databases like HITRAN, HITEMP, and
CDSD. The tool includes a line survey feature, a built-in look-up data-
base to expedite convergence times during experimental spectra fitting,
and a multi-slab module for simulating line-of-sight experiments. The
spectral emissivity is obtained from the spectral transmittance using
Kirchhoff law and multiplying it by the Planck function results in the
spectral radiance. Fig. la and b depict the spectral absorption co-
efficients for NH3 and H20 calculated by RADIS at low xy2 conditions
test cases (see chapter 3.1 and supplementary materials for flame tem-
perature and species concentrantions).

Distinct absorption bands are visible in specific wavelength intervals,
with significant peaks around 1500 nm, 2000 nm, and over 3000 nm
having low absorbance outside of the peak bands. The scale of the
ordinate axis shows the absorption coefficient, which reaches a
maximum value greater than 5 cm™! indicating regions of strong ab-
sorption. In Fig. 2a, the PMAC model illustrates the variation of o for
various species over the temperature range. The graph reveals a stark
decrease in the absorption coefficient for NO as temperature rises-NHg
and HyO both demonstrate a decrease in their absorption coefficients
after peaking between 700 K and 800 K. Beyond these temperatures, the
curves level off, suggesting that their absorption properties are less
sensitive to temperature changes in this range. The application of the
grey gas model in this context simplifies the spectral characteristics of
the gases. It averages their absorptive properties across the infrared
spectrum and emphasizes the effects of temperature, instead of
providing a detailed account of the spectral lines for each gas. This
approach, while less precise spectrally, can often be useful in under-
standing the broader temperature-dependent behavior of gas absorption
in these species. In Fig. 2b, the temperature-dependent behavior of H,0
vapor absorption coefficients across several spectral bands within the
NB model has been shown. The plot illustrates how absorption varies
with temperature for each band, detailing the water vapor a from the
near-infrared (NIR) to the mid-infrared spectral region. The absorption
coefficient has been estimated within seven specific spectral bands, with
their corresponding wavelength ranges implemented in the simulation
code using User-Defined Functions (UDFs). Band 2, covering the 3 to
4.16 pm range, shows a marked absorption at cooler temperatures,
which decreases substantially with rising temperatures. This trend in-
dicates that water vapor has a significant absorption capacity in the
spectral region near the source of infrared radiation at lower tempera-
tures, which diminishes with increasing temperature, due to the effects
of Doppler broadening [52]. The phenomenon of a decreasing with
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Fig. 1. Spectral absorption coefficient of at 2000 K and 1 atm a) NH3 mole fraction = 0.2b) H,O mole fraction = 0.3.
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Fig. 2. a) pmac spectral absorption coefficient in the function of temperature and 1 atm; b) NB HO Spectral absorption coefficient for H,O mole fraction = 0.2b)

H50 mole fraction = 0.3.

temperature is attributed to the Doppler broadening effect. This
broadening occurs due to the velocity distribution of atoms or molecules
involved in emission or absorption processes. With an increase in tem-
perature, there’s an increase in the thermal motion of these particles,
influencing the frequency of the radiation they emit or absorb. This
Doppler effect becomes more significant at elevated temperatures, as the
intensified thermal motion leads to a wider velocity distribution,
resulting in a broader spectrum of thermal Doppler shifts [52,53]. The
absorption in other bands appears to remain relatively constant across
the temperature spectrum, suggesting that an average value could be
used to approximate the absorption coefficient within these ranges.
Notably, bands 0, 2, and 5 stand out for their absorption characteristics,
while the other bands have minimal absorption, falling within the so-
called water vapor windows, where absorption by water vapor is
significantly less impactful. These windows are identified in the litera-
ture as regions where the atmospheric transmittance is relatively high
due to low absorption by water vapor, allowing radiation to pass
through more easily [54,55]. Finally, the a fit functions utilized in the
NB and PMAC models are presented in Tables 1 and Table 2.

2.3. Kinetic mechanism

Enhanced kinetic mechanisms for fuel-air mixtures have been
adopted. The combustion model, building on the foundational work by
Mei et al. [56], incorporates the hydrogen mechanism developed by
Hashemi et al. [57] and integrates the ammonia sub-mechanism from
Shrestha et al. and Konnov [58,59]. This comprehensive mechanism
includes a total of 287 reactions and 39 species. Validation was con-
ducted using the Cantera software, where the predicted Laminar

Table 1
NB model absorption coefficients.
Band Start-end A (pm) a(m™b)
0 0-2.2 0.00392
1 2.22-3.22 0.00038
2 3.22-4.16 —3E-11 T3 + 1E-7 T? "~ 0.0002 T+0.0923
3 4.16-4.65 8.61E-05
4 4.65-5.12 0.000605
5 5.12-6.25 0.0014
6 6.25-10 0.0005

Table 2
PMAC model absorption coefficients.
Species o (m’l)
OH 6.0623e-10*pow(T, 3)-2.2631e-06*pow(T, 2) + 2.523e-03*T-5.568e-01
H,O0 3.836e-12*pow(T, 4)-1.291e-08*pow(T, 3) + 1.279e-05*pow(T, 2)-
3.185e-03*T+1.118e + 00
NH;3 —6.712e-13*pow(T, 4) + 3.724e-09*pow(T, 3)-7.137e-06*pow(T, 2) +
5.269e-03*T-9.464e-01
NO 3.465e-11*pow(T, 4)-1.481e-07*pow(T, 3) + 2.335e-04*pow(T, 2)-

1.627e-01*T+4.346e + 01

Burning Velocity (LBV) was compared against experimental data, as
depicted in Fig. 3. This validation process accounted for the radiation
absorption coefficient and radiation heat losses in the Cantera free flame
model. For reliable solution convergence, the GRAD and CURVE pa-
rameters were adjusted to 0.005, across more than 500 grid points.
Fig. 3a and 3b illustrate the LBV outcomes, comparing the NB and PMAC
models with experimental results, across different hydrogen mole frac-
tions (xy2) and inlet temperatures for an equivalence ratio (®) of 1
[60,61]. Fig. 3a specifically details the influence of varying hydrogen
mole fractions (xg2) on LBV outcomes, whereas Fig. 3b focuses on how
changes in inlet temperatures impact LBV for pure ammonia. At inlet
temperatures below 350 K, the disparities in LBV results among the
radiation models remain below 1 %. In contrast, at higher temperatures,
the LBV data from the NB model exhibit increases of 3-4 % over those
from the PMAC model, as shown in Fig. 3b. Notably, the differences
between the models become negligible when xy» exceeds 0.4.

2.4. Test case

A standard micro TPV device consisting of three primary elements: a
micro combustor/emitter, a filter, and photovoltaic cells. In the device,
fuel’s chemical energy is transformed into thermal energy in the micro
combustor, which raises the temperature of the combustor wall enough
to emit numerous photons. These photons then pass through a filter,
which serves a dual role. It reflects photons with energy below the
bandgap energy of the photovoltaic cells back to the micro combustor
for reuse, while allowing photons with higher energy levels to pass
through and reach the photovoltaic cells. Once there, these photons
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Fig. 3. LBV Validation at 1 atm: a) NB and PMAC models at T=298 K, ® = 1, varying xy2.b) NB and PMAC models at ® = 1, varying T with xyz = 0.

generate free electrons, resulting in the production of electrical power.
Consequently, the thermal efficiency of the micro combustor is key to
enhancing the overall performance of micro-TPV power generators.
This study examines a 3D model of a Y-shaped combustion chamber,
characterized by a 200 mm length and cross-sectional area of 2 mm x
1.57 mm with a 90-degree bifurcation. It features dual inlet channels,
one for blended fuels and the other for dry air (velocity = 5.29 m/s)
maintained at 300 K. Detailed geometry specifics and experimental
validations are extensively documented by Xiang et al. [62,63]. In micro
thermophotovoltaic (MTPV) devices, the Y-shaped design is pivotal in
finely adjusting flow rates and mixture compositions and was previously
studied by us with plasma and ammonia [64-66]. The chamber is
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constructed from quartz glass with an emissivity (¢) of 0.93 and operates
under standard conditions of 1 atm and 300 K.

To enhance computational efficiency, a symmetry plane boundary
condition is applied to half of the model. The simulation adopts a three-
dimensional steady-state approach, disregarding the effects of gravity,
and employs a second-order scheme. A coupled algorithm manages the
pressure-velocity coupling, ensuring a robust computational frame-
work. Convergence is confirmed when residuals for all parameters drop
below

103, with particular attention to the convergence of H,O, OH, and
temperature within the reaction zone. The wall of the combustion
chamber is treated as a no-slip wall, optimizing the fidelity of the flow
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Fig. 4. Simulated test scenarios a) Constant thermal power Py=26 W, b) Constant fuel velocity v = 1.29 m/s.
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and reaction simulations.

The heat transfer coefficient hg is 20 W/m?K. The thermal material
properties of the quartz glass are Cp 750 J/kgK, € 0.93, and A 2 W/mK,
respectively. Fig. 4 presents test cases designed to examine the effects of
varying hydrogen mole fraction (xyg2) on combustion characteristics and
MTPV efficiency. These tests are conducted under two specific condi-
tions: a constant power output of 26 W (shown in Fig. 4a) and a constant
volumetric flow rate (shown in Fig. 4b). By maintaining the fuel velocity
(vieeD) at 1.29 m/s, this study ensures that comparisons are strictly
focused on the effects of the equivalence ratio (®) without interference
from other operational parameters and Reynolds number (Re) effects.

2.5. Grid independence study and validation

The simulation mesh employs hexahedral cells, in the confluence
zone—where fluid streams merge—prismatic cells are used to capture
the geometry more accurately. To validate the simulation’s reliability
and ensure that results are not affected by the grid size, we conducted a
detailed grid independence study with 56000, 140000, 175,000 and
237,000 cells. The grids were specifically refined in the flame zone to
capture the complex phenomena occurring there. Fig. 5 displays the
temperature distribution along the midline, providing visual insight into
the effects of grid refinement.

The Grid Convergence Index (GCI) for the different mesh resolutions
was calculated to estimate discretization errors, by established literature
methodologies. Considering the temperature at the midline at an axial
distance of 9 mm from the chamber inlet, the GCIy/4 for the coarsest
mesh is calculated to be 5.4 %, which exceeds the acceptable threshold
and indicates a lack of convergence. For the 237,000-cell mesh, a GCI; /2
of 0.2 % was attained, reflecting high precision in the simulation out-
comes. Conversely, the 140,000-cell mesh exhibited a GCI,/3 of 0.5 %,
which is marginally higher but still acceptable for computational
studies. Furthermore, the f* value of 2364 K, extrapolated from the
accuracy of the 175,000-cell intermediate mesh, suggested a predicted
error rate of 0.5 % for the 175,000-cell mesh value (2350 K). This rate
aligns with the 5 % confidence interval, underscoring the simulation’s
reliability. Consequently, this last mesh will be used in the subsequent
studies.

Mesh
—— 237kcells |
,-".\ -—— 175k cells
2000 i . 140k cells
i \ —-— S6kcells |
F &
)
= 1500 .
5
5
[="
£
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& 1000 .
500 F “ S
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Fig. 5. Centerline temperature profile for ® = 1 at 298 K with Hy/Air mixture
across various grid refinements.

Fuel 377 (2024) 132759

Notably, simulations indicated that stable flames could not be
maintained for @ values below 0.6, aligning with the experimental ob-
servations [62]. An OH mole fraction exceeding 0.2 was employed to
accurately predict the numerical L¢. For ® = 0.6, the PMAC method
shows an error of about 5 %, while the NB method has a significantly
higher error of around 30 %. As @ increases to 0.8, the errors for both
methods increase, with NB showing a higher error of approximately 17
% and PMAC remaining lower at about 7 %. For ® = 0.9, both methods
exhibit a reduction in error compared to the previous case, with PMAC at
around 5 % and NB at about 10 %. At ® = 1.0, the PMAC method shows
its lowest error, near 0 %, whereas the NB method maintains an error
similar to that at ® = 0.9, around 10 %.

These data suggest that the PMAC method tends to produce lower
errors compared to the NB method for all values of ® considered. In
particular, the PMAC method shows a decrease in error as ® increases,
with a minimum around ® = 1.0. The NB method, on the other hand,
exhibits significant error at low ® values, with a reduction in error for ®
greater than 0.6 but never achieving the accuracy levels of the PMAC
method.

3. Results and discussion

Results are presented in an extensive comparative study on radiation
models, exploring the impact of low hydrogen mole fractions xys.

3.1. Effect of radiation modeling

The comparative analysis across Fig. 7a—c underscores the differen-
tial impact of incorporating various radiation models—NB and
PMAC—alongside the effects of hydrogen mole fraction (xy3) variations
on the thermal dynamics within the micro combustor. The NB model,
focusing solely on the absorption effects of Hy0, typically predicts
higher flame temperatures. In contrast, the PMAC model, which ac-
counts for the absorption coefficients of additional species, shows more
moderated flame temperatures and a relatively centralized flame posi-
tioning, suggesting a more stable and controlled combustion
environment.

The distinction between these models becomes stark when viewed
alongside the scenario without any radiation model, as depicted in
Fig. 7c. In the absence of a radiation model, there is a marked rise in
flame temperatures across the chamber, consistently exceeding 1200 K,
highlighting the critical role of radiation effects in accurate thermal
simulation. Without modeling these radiation effects, the system dras-
tically overestimates temperatures, which could lead to significant
design inefficiencies or operational challenges in MTPV systems.

As xy increases from 0.05 to 0.2, the peak temperature zones shift
toward the inlet of the combustion chamber, and the flame shape
changes. This shift aligns with the higher combustion temperatures
predicted by both the NB and PMAC models for increased hydrogen
levels. The increase in xyo results in a more reactive fuel blend that burns
more intensely and rapidly, moving the peak temperature zones and
flame front closer to the inlet. Hydrogen’s high flame speed and low
ignition energy cause the flame to stabilize sooner, producing a hotter
and more compact flame. The altered flame shape at higher xy; levels,
which is more focused and intense, is due to hydrogen’s ability to sup-
port faster and more complete combustion. This affects the flame’s
interaction with surrounding gas dynamics and chamber geometry,
enhancing heat release near the inlet and modifying thermal gradients.
These dynamics are critical in micro combustor designs for efficiency
and stability, illustrating how fuel composition significantly impacts the
combustion process and system performance. At an xyz of 0.05, a
distinct variation in flame behaviour and temperature response is
evident between the two radiation models, the PMAC and NB, as shown
in the figure.

The PMAC model showcases a dynamic transition in the flame’s
shape, evolving from a U-shaped to an oblique flame profile as the
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Fig. 6. a) validation for xy» — 1 flame length, b)PMAC midline temperature profile for different ®.

hydrogen concentration increases.

In contrast, the NB model, which primarily considers H,O in its ra-
diation calculations, demonstrates a more consistent flame shape and
temperature profile across different scenarios, including the low
hydrogen concentration of xyy = 0.05.

The observed differences in flame shape and behaviour between the
PMAC and NB models are attributable to how each model handles the
absorption coefficients and the sensitivity to the concentrations of
various species involved in the combustion. The NB model primarily
focuses on HyO as the dominant absorber in its radiative transfer cal-
culations. This results in relatively consistent flame characteristics
across different hydrogen concentrations because it focuses on a single
species that exhibits a more linear response to changes in hydrogen
levels. Conversely, the PMAC model includes a broader range of species
such as NHg, NO, and OH in addition to H20, which significantly in-
fluences the combustion dynamics, especially at lower hydrogen con-
centrations. Here, these additional species are proportionally more
impactful, altering both the thermal radiation and the flame dynamics.
This results in noticeable changes in the flame’s position and
morphology, particularly evident at lower hydrogen levels where the
relative concentration of these minor species compared to hydrogen is
higher. As hydrogen concentration increases, the influence of these
additional species in the PMAC model becomes less dominant because
the increase in H and the resultant H-0 from combustion dilutes their
effects. This leads to a reduction in the variability of flame shape and
behaviour at higher hydrogen concentrations, indicating a transition to
a more H:0-dominated regime. This comparison underscores the
importance of choosing a model that accurately reflects the chemical
dynamics of the fuel mixture being used, particularly in scenarios
involving blended fuels where interactions between multiple species
significantly affect combustion outcomes.

Fig. 8 presents the symmetry plane midline incident radiation and
absorption coefficients for different xy, using the PMAC and NB models.
In Fig. 8a, the incident radiation profiles under the PMAC model for
varying xys values (0.05, 0.1, 0.15, 0.2) indicate that higher hydrogen
content significantly influences radiation intensity. At xyz = 0.05, the
peak incident radiation reaches approximately 7.5 x 10° W/m?, whereas
at xgs = 0.2, the peak decreases to about 4.0 x 10° W/m?. This decrease
and shift toward the inlet suggest that with more hydrogen, the com-
bustion process becomes more efficient, leading to less radiative heat
loss. A similar trend is observed in Fig. 8b with the NB model, where the
highest peak at xgp = 0.05 is around 6.8 x 10° W/m?, decreasing to
roughly 3.8 x 10° W/m? at xy2 = 0.2. However, the differences between

various xy levels are less pronounced in the NB model, indicating that
while the NB model captures the general trend, it may not account for all
species interactions affecting radiative transfer.

The absorption coefficient profiles for different xyy values in the
PMAC model (Fig. 8c) reveal more detailed variations along the com-
bustion chamber. At xg2 = 0.05, the absorption coefficient starts high at
around 0.35 1/m and decreases along the x-coordinate, whereas higher
hydrogen fractions (xg2 = 0.1, 0.15, 0.2) show less variation, with ab-
sorption coefficients ranging from approximately 0.2 to 0.25 1/m,
indicating a more uniform absorption behavior. This suggests that with
more hydrogen, the combustion zone becomes more homogeneous,
reducing localized variations in absorption. In contrast, Fig. 8d shows
that the absorption coefficient profiles under the NB model display a
much narrower range of values, with absorption coefficients peaking
around 0.003 1/m and remaining relatively flat across the x-coordinate
for all xy levels. This uniformity indicates that the NB model may not
capture the detailed interactions between different species affecting
absorption, reflecting its focus on water vapor as the primary absorber.

Fig. 9 showcases the OH mole fraction profiles along the symmetry
plane midline for two different hydrogen mole fractions.

At xpp = 0.05, the PMAC model predicts a sharp peak in OH con-
centration near the inlet, with the peak value reaching approximately
0.0025. This peak rapidly declines, suggesting a quick initiation and a
steep reduction in reactive zones. This peak is more pronounced
compared to the NB model, which shows a peak value of about 0.0020.
The NB model’s peak is broader and extends further along the com-
bustion chamber, indicating a less localized but more evenly spread
combustion zone. The scenario without radiation modeling (W/O)
shows a significantly dispersed OH mole fraction along the chamber
with a peak value of around 0.0023, indicating an overestimation of the
flame spread and lower confinement of the combustion zone.

At xpp = 0.2, the overall OH concentrations are higher, reflecting
increased reactivity due to the higher hydrogen content. The PMAC
model again shows a sharp peak, reaching about 0.0024, closely fol-
lowed by the NB model with a peak of approximately 0.0021. Both
models indicate effective utilization of the reactive mixture at higher
hydrogen levels, with the PMAC model capturing a more acute peak,
suggesting a better performance in high-temperature combustion dy-
namics. The W/0O model displays a broader peak with a value around
0.0020, further indicating the importance of radiative heat transfer
modelling for accurate prediction of combustion behaviour.

These observations align with the trends seen in Fig. 8a and b, where
the PMAC model showed higher incident radiation and more detailed
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Fig. 7. Symmetry plane midline temperature and contours for a) PMAC, b) NB, ¢) W/O Radiation model.
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absorption characteristics, indicating its effectiveness in capturing the
complex interactions of multiple species and their impact on combustion
dynamics. The NB model, while less detailed, still provides a reasonable
approximation but spreads the reactive zones more broadly, reflecting
its focus on water vapor as the primary absorber.

Fig. 10 illustrates the NO mole fraction distributions along the
symmetry plane for xH2 = 0.2 across three different modeling scenarios:
PMAC, NB, and without radiation (W/O Radiation).

The PMAC model shows a high concentration of NO near the inlet,
with the peak concentration reaching approximately 0.0023, which
sharply diminishes with increasing distance from the inlet. This sharp
decline indicates that the PMAC model effectively captures the high-
temperature zones conducive to NO formation, suggesting precise rep-
resentation of chemical kinetics and localized thermal gradients, crucial
for accurate NO prediction.

In contrast, the NB model exhibits a broader distribution of NO, with
a peak concentration of around 0.0019. This spread indicates a less
intense peak concentration compared to the PMAC model. The broader
NO profile suggests that while the NB model accounts for heat transfer,
its focus on H20 as the primary radiative agent might limit its ability to

10

capture the precise, high-temperature peaks that promote concentrated
NO formation. The more distributed NO profile in the NB model could
indicate a more uniform thermal environment along the duct, reflecting
a less efficient peak temperature management.

The scenario without radiation modeling (W/O Radiation) shows an
even more extended NO distribution, with the peak concentration
around 0.0015, highlighting the critical role of radiative heat transfer in
accurate combustion modeling. This model’s inability to localize high-
temperature zones results in dispersed and inefficient combustion, as
evidenced by the widespread low concentrations of NO. This suggests
that ignoring radiation effects can lead to significant inaccuracies in
simulating combustion dynamics, particularly in the formation and
distribution of combustion-related pollutants like NO.

3.2. Effect of fuel blending

The impact of fuel blending on combustion characteristics is exam-
ined in this section. Unless otherwise specified, all analyses and values
are based on simulations at constant Py (Fig. 4a).

The impact of fuel blending on combustion characteristics is
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illustrated in Fig. 11, which consists of two parts: (a) the symmetry plane
midline temperature at different hydrogen mole fractions (xy3), and (b)
the relationship between the maximum flame temperature and its cor-
responding x coordinate.

In Fig. 11a, the midline temperature profiles for various xyy values
(ranging from O to 1.0) are shown. As Xy increases, there is a noticeable
decrease in peak temperature, and the location of this peak shifts closer
to the inlet. This trend indicates a hyperbolic relationship where higher
hydrogen content facilitates quicker ignition, thereby lowering the
overall peak temperature due to the more efficient heat transfer to the
chamber walls.

Fig. 11b provides a comparative analysis of the maximum flame
temperature and its corresponding x coordinate for both constant Py
(black marks) and constant vg,e (red marks) scenarios. As Xy increases,

11

the maximum temperature decreases and the location of this maximum
shifts toward the inlet. For xgs = 0, the flame exhibits a U-shaped
structure with the peak temperature further downstream. However, at
higher xys values, the flame becomes asymmetrical, reflecting the effi-
cient heat transfer properties of hydrogen.

The red and black markers in Fig. 11b highlight the differences be-
tween constant Py and constant vg,e cases. In constant Py scenarios
(black), the peak temperatures and their locations vary less significantly
compared to constant v, cases (red), where the impact of hydrogen
content is more pronounced. This indicates that maintaining a constant
power output results in more stable flame characteristics despite
changes in fuel composition.

Fig. 12 further elucidates these trends by presenting the flame tem-
perature distribution at different xyy values. The images clearly show
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Fig. 12. Flame temperature at different xy

that increasing xyg results in a significant shift of the high-temperature
region towards the inlet. Specifically:

At xo = 0, the flame shows a more dispersed temperature profile,
indicating a broader combustion zone. At xg = 0.4 and 0.8, the high-
temperature regions become more concentrated and shift closer to the
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inlet, reflecting more efficient combustion and heat transfer. Finally, at
xp2 = 1.0, the flame temperature distribution is highly concentrated
near the inlet, demonstrating the maximum efficiency in heat transfer
and combustion with pure hydrogen.

Fig. 13 illustrates the impact of varying hydrogen mole fractions on
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NO emissions at the exit and temperatures under different scenarios.
NOx refers to the combined concentration of NO and NO,, as the
interconversion between these two species occurs rapidly in both the
stratosphere and troposphere. The NO concentration is found to be three
orders of magnitude higher than that of NO; in all test cases, as docu-
mented by ammonia combustion literature [67]. Therefore, only the NO
mole fraction will be investigated, and NO will be considered synony-
mous with NOx. In the context of the microcombustor, the typical
temperature ranges observed are high (e.g., peak temperatures
exceeding 2000 K), which favor the formation of NO primarily through
the thermal NO mechanism. The specific conditions in the micro-
combustor—such as high temperatures, pressure, and the presence of
oxygen—promote the rapid formation of NO while inhibiting the sig-
nificant formation of other nitrogen oxides like NO,, N2O, N2O3, and
N3Og4. Therefore, given the high temperatures and efficient combustion
conditions in the microcombustor, NO is the predominant nitrogen
oxide formed. Lower temperatures and different chemical environments
would be required to see substantial concentrations of the other nitrogen
oxides.

In Fig. 13a, the NO mole fraction at the exit (NOgqjt) is shown as a
function of xyy2. The NO concentration peaks at xy» values of 0.2 and 0.4,
reaching around 34 ppm. It then significantly decreases, with the lowest
values observed at xyp = 0.8 for constant Py (29 ppm) and xy2 = 1.0 for
the constant vge cases (27 ppm). This decrease is more pronounced in
the constant fuel velocity scenarios. This trend suggests an effective
deNOx effect facilitated by the presence of ammonia, which interacts
with the available oxygen to reduce NOx formation, particularly at
higher hydrogen concentrations.

Fig. 13b shows Teit as a function of xyo. Both trends demonstrate a
general decrease in Teyj;, which helps explain the NOgyi; behavior as a
result of the interplay between mixture composition, ammonia con-
centration, flame position, equivalence ratio (®), and temperature. At an
equivalence ratio of 0.4, the lean mixture results in higher NO values
compared to richer conditions, likely due to the behaviour of ammonia
in the presence of excess oxygen atoms. Ammonia, when not fully
combusted, can effectively reduce NOx emissions by reacting with NOx
to form nitrogen and water, especially at lower temperatures and lean
conditions. This collectively indicate that increasing xys in the fuel
blend significantly influences NOx emissions and exit temperatures.
Higher hydrogen content tends to reduce both NOx emissions and exit
temperatures, promoting more efficient and cleaner combustion. The
observed trends also underscore the importance of balancing mixture
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composition and operational parameters to optimize performance and
minimize emissions.

Fig. 14a and b illustrate the reaction rates for NO formation path-
ways along the symmetry plane midline at xgp = 0.2 (a) and xg2 = 1 (b).
In Fig. 14a, the graph indicates that the R6 reaction dominates, sug-
gesting that the HNO pathway is the primary contributor to NO pro-
duction within the flame zone. On the other hand, in Fig. 14b, the R1
and R6 reactions are both significant within the flame area. This finding
points to the thermal NO formation pathway becoming comparably
important in the production of pollutants, and it occurs at a rate that is
two orders of magnitude faster than the HNO pathway observed in the
xgo = 0.2 scenario.

The substantial increase in the reaction rate of the thermal NO
pathway in the pure H2 scenario is indicative of the complex chemistry
involved in NO production. The associated reactions are detailed in
Table 3, which provides the nomenclature and specifics of each reaction
pathway involved in the formation of NO.

These findings demonstrate how different hydrogen mole fractions
influence the NO formation mechanisms, with thermal NO becoming
increasingly significant at higher hydrogen concentrations due to
elevated temperatures and enhanced reaction kinetics. This underscores
the importance of detailed chemical kinetic modeling to accurately
predict NO emissions under varying fuel compositions.

3.3. Effect of equivalence ratio

The outer average wall temperature (Twe mean) is illustrated in
Fig. 15. The MTPV emission plane has been segmented into three
distinct sections to effectively demonstrate the temperature distribution
and the resulting radiative power variations as a function of xyy. It is
evident from the data that an increase in hydrogen concentration leads
to a higher average temperature in the section with x coordinate < 3 cm
of the emission plane. Specifically, at xg2 = 1.0, the temperature in this
section reaches approximately 1100 K, compared to about 900 K at xy
= 0. In contrast, with higher NH3 concentration, there is a noticeable
increase in temperature in the other sections, particularly in the sections
with x coordinate > 3 cm. This phenomenon can be attributed to the
flame position being significantly further downstream, causing the heat
to distribute more uniformly along the emission plane.

The points (without connecting lines) represent the average tem-
perature across the entire surface of the emission plane, rather than in
specific sections. These points provide a comprehensive view of the
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Table 3
Main NO Path Reactions.

Reactions of NO Path

R1 N+0, = NO+O R5 NH, + NO=NNH+OH
R2 N-+OH=NO-+H R6 HNO+OH=NO+H,0
R3 NH+O=NH-+H R7 HNO+0, = NO+HO,
R4 NH, + NO=N, + H,0

overall thermal behavior of the system. It can be observed that the
average surface temperature is relatively stable, with slight fluctuations
corresponding to different xyo values. For example, the average tem-
perature for the entire surface ranges from approximately 600 K to 800 K
across the different hydrogen concentrations, indicating a general trend
of increasing temperature with higher xy, values.

This nuanced behaviour underscores the complex interplay between
fuel composition and thermal dynamics within the MTPV emission
system efficiency. By comparing cases, it is evident that under leaner
conditions (Fig. 15b), the average temperatures are generally lower. The
temperature profiles indicate a drop in temperature as the hydrogen
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concentration decreases, emphasizing that leaner mixtures result in
lower overall temperatures, which correlates with reduced radiative
power and efficiency in the MTPV system. These trends highlight the
importance of optimizing fuel composition to balance between
achieving high emitter temperatures for efficient power conversion and
maintaining overall system stability and efficiency.

Fig. 16 illustrates the temperature and NO mole fraction along the
symmetry plane midline for xgy; = 1.0. In the temperature profile
(Fig. 16a), the higher fuel velocity of 1.7 m/s shows a higher peak
temperature compared to 1.29 m/s. This is because the increased ve-
locity leads to a more vigorous mixing and combustion process, resulting
in higher localized temperatures. The NO mole fraction profile (Fig. 16b)
follows a similar trend, with the higher velocity case showing a higher
NO concentration near the inlet. This correlation between temperature
and NO concentration is expected, as NO formation is strongly tem-
perature-dependent.

Fig. 17 complements these findings by presenting the NO concen-
tration contours for both fuel velocities at xyp = 1.0. In Fig. 17a, with
Viwel = 1.7 m/s, the NO concentration exhibits a broader and more
pronounced distribution, indicating a more efficient combustion process
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with higher temperatures and enhanced NO formation. In contrast,
Fig. 17b (Vfgel = 1.29 m/s) shows a more confined NO distribution,
reflecting the lower peak temperatures observed in the temperature
profile.

These observations highlight the impact of fuel velocity on the
combustion characteristics within the MTPV device. The higher fuel
velocity enhances mixing, leading to higher peak temperatures and NO
concentrations, which subsequently affect the thermal efficiency and
emission profiles of the system. The interplay between temperature
distribution and NO formation underscores the importance of opti-
mizing fuel velocity to balance efficient combustion with controlled
pollutant emissions.

3.4. Radiation efficiency analysis

The final analysis of the MTPV system efficiency focuses on different
fuel blends and their impacts on system performance. MTPV system
efficiency relies on the spectral quality of radiation heat and the

15

temperature differential between the emitter and the photovoltaic cells.
In combustion-driven MTPV systems, managing wall temperature is
critical. Elevated wall temperatures can yield a stable thermal emitter
profile, potentially improving MTPV conversion efficiency. However,
the emitter panel’s surface area is also crucial, as a larger area can
radiate more thermal energy, providing more power for the MTPV cells
to convert into electricity [65]. The interrelation between the emitter
panel’s temperature and surface area is pivotal in optimizing the sys-
tem’s overall efficacy. The device under analysis has a substantial sur-
face area relative to its cross-sectional area, significantly impacting
system efficiency. It is essential to determine whether the local wall
temperature elevation due to hydrogen combustion is balanced by
subsequent energy losses.

Notably, the Y-shaped design continues to be one of the most effec-
tive configurations for microscale MTPV applications, offering a balance
between heat management and efficient energy conversion [64,69,70].
The pertinent area refers to the region within the MTPV system that is
directly affected by radiative heat transfer. This area is crucial for the
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system’s efficiency as it determines the interaction between the emitted
thermal radiation and the photovoltaic cells. In this study, the pertinent
area is defined by the dimensions of the mixing chamber in the XY plane,
which measures 2 mm by 200 mm (4 x 10 m?). Analysing the mean
outer wall temperature is essential to assess the thermal behavior of the
micro combustor effectively. This parameter serves as a quantifiable
index to gauge the average temperature along the outer wall and is a key
indicator [63].

Photovoltaic cells and MTPV emitter wall spacing is an important
parameter for MTPV microsystems. According to Bani et al., the effi-
ciency of the MTPV system n drops from 18 % to 8.5 % when the distance
increases from 1 mm to 6 mm [69]. However, this factor can be
considered negligible if the distance between the wall and the photo-
voltaic cell is less than 1 mm, which has been assumed in this study. The
radiation efficiency n is defined by the ratio of the radiative power
output (Pg) to the fuel input power, as described by the following
equation [68,71]:

Py e0) iy Awei(Thei —

=Py M LAV

T5)

®

Where A,.; is mesh cell area, quartz emissivity ¢ = 0.93, ¢ Boltzmann’s
constant, Ty.; and Tp the temperature of the outer wall and photovoltaic
panel equal to the ambient temperature, 300 K. With higher xy2
potentially leading to augmented wall heat losses, this may negatively
impact the performance.

Considering the xyo = 1 validation cases (Fig. 6a), Fig. 18 shows the
trends of 1) and the Py as ® varies. The radiant power follows the tem-
perature and flame length function, reaching a maximum radiant power
of 10.4 W at @ = 0.9 and radiant efficiency equal to 42.1 %. The n trend
shows that the most inefficient condition is at ® = 1 (38.1 %).

Fig. 19 presents n (depicted as bars) and radiant power Py (repre-
sented by lines) as functions of xy under two conditions: constant
thermal power, shown in black, and constant fuel velocity, shown in red.
Pg remains relatively stable across different xy2, with only slight vari-
ations. For both scenarios the radiative power values range from
approximately 8.5 W to 10 W, indicating consistent performance of the
MTPV system in terms of radiative power output irrespective of the fuel
blend.

The efficiency exhibits slight fluctuations as xyo varies. For the
constant Py scenario (black line), the efficiency generally maintains
around 32-34 %, showing minor dips at intermediate x5 values. For the
constant v,e| scenario (red line), the efficiency displays a similar trend
but starts lower than the constant Py scenario, with values ranging from
approximately 27 % to 31 %. The efficiency is slightly lower at higher
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xp2 values (xgo equal to 0.6 and 0.8).

The efficiency under constant Py conditions is consistently higher
than under constant vgye conditions. This suggests that maintaining a
constant power output is more effective in optimizing the efficiency of
the MTPV system. The variations in Pg and n are less pronounced under
constant Py conditions, indicating a more stable performance compared
to the constant vg,e) Scenario.

As xy increases from 0 to 0.2, Py increases from about 9.4 W to
approximately 10.1 W under both conditions, indicating enhanced
combustion and effective radiative heat transfer. The radiation effi-
ciency also shows an initial increase, suggesting better conversion of
thermal energy to radiative power.

However, as xy3 increases from 0.2 to 0.8, Py stabilizes around 9.1 to
9.9 W. This is due to the peak temperature shifting closer to the inlet,
leading to a more localized high-temperature zone. This reduces the
overall area of high temperature along the combustion chamber,
impacting on the radiation efficiency. The elevated peak temperatures
near the inlet cause higher thermal losses, reducing overall efficiency.
Additionally, the reduction in the effective radiative area means less
energy is converted to radiative power, despite higher peak
temperatures.

In summary, while an initial increase in hydrogen content improves
radiative power output and efficiency due to enhanced combustion
dynamics, further increases beyond xyy of 0.2 lead to diminishing
returns. The shift of the high-temperature zone towards the inlet and the
reduction in the overall high-temperature area, combined with
increased thermal losses, result in a decrease in efficiency.

The overall analysis highlights that while the radiative power output
is relatively stable across different hydrogen mole fractions, the effi-
ciency is slightly more variable, particularly under constant fuel velocity
conditions. This suggests that the fuel composition and operational pa-
rameters must be carefully managed to optimize the MTPV system’s
performance and efficiency.

Table 4 present MTPV efficiencies for same fuel mixtures in literature
versus the present results, knowing that this work is the first MTPV study
for blending Hy/NH3/air.

As observed, the order of magnitude of the radiation efficiency of
these devices with hydrogen and ammonia is around 40 %, and our Hy/
NHs/air MTPV has n comparable to other mixtures and design in liter-
ature (Table 4). Moreover, the increase in flow rate and hydrogen
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Table 4
MTPYV literature studies mixture and 1 range.

Authors Mixture (fuel-oxyder) n (min-max) %
This study NH3/H5/045-Ny 32-39
Bani et al. [69] H,-0, 32-47
Caietal [71] NH3/H/04 31-38
Zuo et al. [16] Hy/02-N3 32-46
Luo et al. [29] NH3/H5/04 55-63
Lietal [18] Hz/02-N2 35-40

concentration does not always lead to an increase in efficiency, with an
optimum blending solution varying xys between 10 % and 40 % in
literature. Cai et [74] investigated a planar premixed MTPV for an NHs/
Hy/0, mixture demonstrating that increasing the hydrogen molar
fraction from 0 to 0.1 increases efficiency then to 35 % results in a lower
outer mean wall temperature of the combustor, consequently leading to
lower radiation efficiency. Luo et al. [29] in an NH3/H5/O2 mixture
found an increase of radiation efficiency with hydrogen contribution,
mainly between xys from 10 to 15 % with the most reasonable
composition of 0.35.

The Table 5 below outlines the absorbed radiation fluxes and the
radiation power for each test case.

In conclusion, considering the optimal xy3 and ® for a MTPV system
involves balancing efficiency, stability, and safety. A moderate
hydrogen molar fraction of 0.2 is generally suitable as it provides good
radiative power without excessive harmful emissions. Lean combustion
conditions are preferred to minimize Tmax generation to reduce thermal
stress, but decrease radiant efficiency. For the case of pure hydrogen, the
radiant power correlates with ® with best condition at 0.9 and the ef-
ficiency increasing of 10 % from the leanest to the best condition. Pure
hydrogen cases pose significant safety risks and thermal issues. Pure
hydrogen can lead to explosion hazards and requires strict management
of operating conditions to prevent accidents. Moreover, pure hydrogen
scenarios can generate excessive heat, potentially damaging equipment
and reducing operational efficiency. Therefore, it is preferable to opt for
leaner conditions to mitigate these risks and ensure safer and more
stable operations. While these suggested values provide a guideline,
future work with new studies at different mass flow rates, ® and and
experimental data will be essential to fine-tune MTPV systems and
applications.

4. Conclusions

This investigation aimed to assess the effect of radiation models on
the performance prediction of a microcombustor for micro thermo-
photovoltaic (MTPV) applications. Specifically, the radiation model was
characterized by evaluating the impact of a Narrow Band model with
H,0 and a Planck Mean Absorption Coefficient model utilizing major
species involved in hydrogen/ammonia/air combustion. The focus was
on understanding how different radiation approaches influence the
combustion process in microcombustion, energy efficiency, and
pollutant production and if the radiation can be considered negligible.
The second aim of this study was to investigate the effects of varying
hydrogen concentrations on flame shape, temperature, NOx emissions
and the radiant efficiency of the system.

Table 5

TPV area Radiation Fluxes and Py for Py constant cases.
XH2 e Absorbed Radiation Flux (W) Pr (W)
0 0 11.32 9.4
0.2 2.2 11.7 10.1
0.4 5.6 11.3 9.9
0.6 11.8 9.21 9.3
0.8 26.3 9.18 9.1
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e Incorporating the absorption coefficients of ammonia and its prod-
ucts, the PMAC model consistently produced lower errors in flame
length compared to the NB method across all equivalence ratios, with
errors ranging from 0 % to 7 % for PMAC and 10 % to 30 % for NB,
the lowest error occurring at ® = 1.0. Additionally, the prediction of
laminar burning velocity (LBV) differed by approximately 4 % be-
tween the two models.

e The impact of the radiation model on the flame length prediction is
significant at low hydrogen concentrations (xy2 around 0.2-0.4)

e PMAC approach, compared to NB, impacts laminar burning velocity
at inlet temperatures above 330 K with increased radiation losses of
up to 4 % difference. For hydrogen concentrations above 0.4, the
radiation losses result in a negligible difference in LBV.

e The Planck Mean Absorption Coefficient model accurately captures

the transition of the steady flame shape from U-shaped to oblique

with increasing hydrogen concentrations, aligning well with exper-
imental results. It shows that as H, increases, the flame moves closer
to the Y-shape intersection. Neglecting radiation significantly over-
estimates outlet and wall temperatures. In contrast, the water vapor

Narrow Band model shows less variability in flame behavior across

different blends, highlighting the importance of a multispecies

approach.

Increasing the hydrogen concentration leads to a rise in flame tem-

perature and shifts the flame towards the inlet. Regarding NOx

emissions, higher outlet emissions are observed at low hydrogen

concentrations, between 0.2 and 0.4

e The radiative power remains relatively stable across different

hydrogen mole fractions, with radiative power values ranging from

approximately 8.5 W to 10 W and highest values at xy2 around
0.2-0.4.

Efficiency generally maintains around 32-34 % under constant

power output and around 27-31 % under constant fuel velocity.

Efficiency is slightly lower at higher x5 blends (xy2 equal to 0.6 and

0.8) and with an observed increase in efficiency of 10 % when

moving from the leanest condition to the optimal condition at an

equivalence ratio of 0.9.

Concluding, a hydrogen molar fraction of 0.2 to 0.4 and an equiva-
lence ratio (®) close to 0.9 appear to be most suitable for the micro-
thermophotovoltaic (MTPV) system.
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