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Abstract - This paper examines the effects of integrating parallel partitions into a hydrogen-fueled micro cylindrical combustor on
thermodynamic and performance parameters by numerical simulation means. The lengths of the parallel partitions are varied to assess
how flame dynamics and heat transfer mechanisms are affected. To achieve this, several simulations are conducted using ANSY'S Fluent.
The results showed that partitioning the flame path improves the heat absorption rate by the outer walls, as the mean wall temperature
and its uniformity across the external walls are enhanced. In addition, employing partitions lowers the average exhaust gas temperature
by 131.5 K, indicating a greater retention of thermal energy. This, in turn, improves the exergy and radiation efficiencies for the cases
with partitions. It is important to note that separating the flow channel increases the pressure drop as the inlet flow collides with the
partitions. The long partition length is the optimal case, as it provides a larger area of contact between the flame and the solid walls and
also holds the flame in an ideal position.
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1. Introduction

Micro-electromechanical systems (MEMS) have recently attracted significant attention from researchers due to their
high performance efficiency and long lifespan [1]. s a result, these technologies have been widely applied in various fields,
including micro swing engine [2], micro thermoelectric device [3], and biomedicine [4]. Additionally, the micro-
thermophotovoltaic (MTPV) system is considered one of the most important micro power generation devices due to its
compact size, ease of maintenance, and robust structure [5]. The MTPV system consists of a micro combustor, a filter, and a
photovoltaic cell, where the thermal energy produced by combustion in the micro combustor is radiated to the photovoltaic
cell to generate electricity. Therefore, improving heat transfer mechanisms from the combustion process to the external walls
is crucial for increasing output power density. Various techniques have been implemented to enhance energy conversion
efficiency, such as external heating method [6], bluff-body combustion [7], and catalytic combustion [8].

Incorporating alternative green and renewable energy sources is a crucial step toward advancing the energy sector's
sustainability and decarbonization. In recent years, hydrogen — which has been utilized in various combustion-based
applications such as internal combustion engines [9], marine engines [10], Wankel rotary engines [11], and gas turbine [12]
— shows promise due to its high energy content, high diffusion mobility, and fast burning velocity [13]. Furthermore,
hydrogen, as a carbon-free fuel, reduces greenhouse gas emissions [14] and requires a simpler exhaust gas treatment system
compared to conventional fuels [15]. However, maximizing the benefits of the high thermal energy released from hydrogen
combustion in micro combustor applications requires special considerations, as micro combustors typically suffer from short
residence times. One solution to address this issue is optimizing the combustion chamber design to improve the heat
absorption rate of the external walls.

"In the literature, scholars have proposed several design geometries for micro combustors to enhance heat transfer
processes. For example, Rong et al. [16] investigated the thermodynamic and emission characteristics of an ammonia-fueled
micro combustor employing dual inlets and outlets with a reverse flow configuration. They reported that the proposed
structure improves wall temperature uniformity across the outer walls and generates a vortex in the outlet regions, which
helps reduce NOx emissions. Zhao et al. [17] examined the thermal performance of an ammonia-methane-fueled micro
combustor with a single-channel inlet, a double-channel outlet, and a heat recirculation structure. They found that the new
design configuration enhances the mean wall temperature by 81.66 K and reduces the standard deviation of the wall
temperature by 3.74 K. Cai et al. [18] studied the effects of employing staggered bluff bodies in a hydrogen-fueled micro
combustor on thermal performance parameters. They highlighted that the longitudinal vortices generated by the staggered
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bluff bodies improve the mixing process and heat transfer coefficient, resulting in a mean wall temperature 73 K higher than
that of the conventional structure.

Despite the extensive investigations conducted to optimize the configurations of micro combustors, there is still
considerable room for improvement in the thermodynamics and output energy of such applications. One of the key
parameters for enhancing heat transfer capacity is increasing the solid wall surface area, which provides a greater opportunity
for higher absorption rates of thermal energy [19]. Tang et al. [20] conducted an investigation into the effects of inserting
parallel partitions in a micro planar combustor on thermal performance. The results revealed that separating the flame path
with parallel partitions increases the mean wall temperature by more than 100 K compared to the traditional design. To the
best of the author’s knowledge, the use of parallel partitions in micro cylindrical combustors has not yet been studied.
Therefore, this paper aims to numerically investigate the effects of parallel partitions integrated into a hydrogen-fueled micro
cylindrical combustor on key thermal parameters and system efficiency.

2. Numerical Methodology

2.1. Geometric Model

Fig. 1 shows the schematic layout of a micro cylindrical combustor integrating parallel partitions, which was created
using ANSYS Design Modeler. The dimensions of the geometry are listed in Table 1. The purpose of employing the partitions
is to increase the surface area of the solid domain, thereby allowing for greater contact between the high-temperature flame
and the solid, facilitating more heat transfer to the external walls.

2.2. Conservation equations
The computational fluid dynamic (CFD) software ANSY'S Fluent R2 2023 was used to perform the numerical works by
means of solving the governing equations of mass, momentum, energy, and species, which read as:

V- -(pv)=0 (1)
pv-Vi=—VP+V-(7-7) ()

where

f:;l[v 7+ (v ﬁ)T—gv w] 3)

V- ({pE+p)=V -(keffVT—Zh/j+ (7 17))+5h o

V- (pvtr+T) =/RI. 5)

where p is the density, ¥ velocity vector, Pstatic pressure, 7 viscous stress, 7 Reynolds stress, z molecular viscosity, /
unit tensor, £'total energy of the fluid, & effective conductivity, T temperature, 11]. enthalpy of species, ]}diffusion flux of
species J, S, enthalpy source term of fluid, ¥, local mass fraction of species i, f1 diffusion flux of species i, and R, reaction
net rate of production.

The current investigations disregard the effects of surface reaction, Dufour effect, and gravity due to their negligible
impact [21]. Additionally, the flow is assumed to be incompressible because the Mach number is low. As the Reynolds
number exceeds 500 [22], the turbulent flow properties and their effects on combustion are accounted for by employing the
turbulent modeling approach, namely the Realizable &€ model [23]. The Eddy Dissipation Concept (EDC) is applied as a
combustion model to utlilze the chemical mechanisms of 19 species and 63 chemical reactions, which include hydrogen
mechanisms [24]. Other numerical settings along with the equations used to compute the the area-weighted-mean wall
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temperature (Tm m), wall temperature uniformity (RT), pressure loss, exergy efficiency, and radiation efficiency can be

found in [25].
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Fig. 1: Schematic representation of a micro cylindrical combustor housing parallel partitions.

Table 1: Dimensions of geometry.

Variable Values (mm)

Cl C2 C3 C4
L1 18 18 18 18
Length L2 16 16 16 16
L3 NA 6 9 12

DI 4 4 4 4

Diameter D2 3 3 3 3

D3 2 2 2 2
Thickness tl NA 0.4 0.4 0.4
2 NA 0.6 0.6 0.6

2.3. Grid Independence and Model Validation

The mesh sensitivity analysis is a critical stage for each CFD work to balance the accuracy of numerical results and
computing power. This sub-section compares three mesh densities of 100,098 (Mesh-I), 405,328 (Mesh-II), and 811,520
(Mesh-1II) cell numbers at an inlet velocity and equivalence ratio of 8 m/s and 1, respectively.
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Fig. 2: Comparisons of (a) wall temperature with respect to the dimensionless length (x/L) and (b) T}, ,; and R, of different mesh
resolutions. x stands for the distance from the inlet, and L represents the distance from the inlet and outlet.
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Fig. 3: A validation of the current numerical work against an experimental [26] and numerical [27] findings with respect to the mean
wall temperature at different equivalence ratios.

Fig. 2 demonstrates variations in wall temperatures along the outer walls with respect to the dimensionless length (x/L),
Tw,mand R, As can be seen in Fig. 2 (a), the low mesh resolution (Mesh-I) underpredicts the wall temperature in the inlet
and middle geometry regions, whereas the medium (Mesh-II) and high (Mesh-III) mesh resolutions are nearly identical.
These results are confirmed by the trends of 7}, ,,, and R, as depicted in Fig. 2 (b) as differences of 7}, ,, and R, between
Mesh-I (Mesh-1I) and Mesh-III are 6.7 K (0.5 K) and 0.16 % (0.03 %), respectively. Therefore, Mesh-II offers a balance
between accuracy and computational effort and is selected for all subsequent simulations.

The turbulence model, combustion model, and numerical settings need to be validated to ensure the reliability and
accuracy of the results in the present CFD work. To do this, the mean wall temperature from the current numerical simulations
is compared with both experimental [26] and numerical [27] data at a 12 m/s inlet velocity and various equivalence ratios as
shown in Fig. 3. The mean wall temperature in this work is consistent with both experimental data and kinetic modeling,
increasing with the equivalence ratio. The maximum error between this work and the experiment (simulation) is 1.93%
(3.37%) in the outlet (outlet) region. These discrepancies can be attributed to measurement uncertainties in the experiment
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and the use of different mesh densities in the simulations. Since the maximum percentage errors outlined above are
acceptable, this implies that the numerically predicted results in the current work are reliable and feasible.

3. Results and discussion

This section compares the conventional design of micro cylindrical combustor (C1) with a micro cylindrical combustor
inserting parallel partitions (C2, C3, and C4) with respect to the temperature distribution over the domain, 7, R, pressure
loss, average exhaust gas temperature (T eg), exergy efficiency, and radiation efficiency at an inlet velocity and equivalence
ratio of 8 m/s and 1, respectively. To optimize the newly proposed design, short (C2), medium (C3), and long (C4) partition
lengths are investigated.
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Fig. 4: Variations of temperature across a y-z plane of different design configurations.

Fig. 4 displays a comparison of temperature variations across different structures of a micro cylindrical combustor. As
can be seen in Fig. 4, the area occupied by the high-temperature flame is larger in C1 due to the absence of partitions.
However, employing parallel partitions suppresses hydrogen flame propagation, resulting in narrower variations of the flame
with high thermal energy as the length of the partitions transitions from short (C2) to long (C4). This suggests that the
partitions reduce the volumetric space of fluid inside the combustor and then retain the flow with high heat content, increasing
dwell time and thereby improving the absorption rate of thermal energy by the external walls.

Fig. 5 demonstrates the effects of C1, C2, C3, and C4 configurations on 7}, , Ry, pressure loss, e, exergy efficiency,

and radiation efficiency. Inserting parallel partitions is an effective method for significantly increasing 7, as the
differences of 7, between C1 and C2, C3, and C4 are 20.03 K, 33.53 K, and 40.7 K, respectively. These improvements lie
in that the partitions acts as a flame holder, which elongates the residence time of hot gases, and also increases the surface
area of contact between the flame and solid, which enhances the heat transfer mechanisms. The R,.trends as shown in Fig.

5 (a) illustrates that establishing the partitions leads to a more evenly distributed flame over the outer walls. However, the
short length of partitions (C2) seems to optimize R, indicating a retention of flame at an optimal position. These outcomes

are confirmed by 7, findings as seen in Fig. 5 (b), where the conventional design (C1) increases wasted thermal energy
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compared to the cases with partitions (C2, C3, and C4). This results in improvements in both exergy and radiation efficiencies
as depicted in Fig. 5 (c), suggesting that the heat transfer processes are enhanced in C2, C3, and C4 cases. Nevertheless,
configuring partitions increases the collision rate between the inlet mixture and the solid domain, leading to higher pressure
losses in the C2, C3, and C4 test cases, thus requiring more pumping power. In contrast to the short (C2) and medium (C3)
partition lengths, the long partition length (C4) exhibits the highest values for key thermal parameters and system’s
efficiencies, possibly due to hold the greatest thermal energy.
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Fig. 5: Comparisons of (a) 7}, and R, (b) pressure loss and 7, and (c) exergy, and radiation efficiencies under different micro
cylindrical structures.

4. Conclusion

This work numerically investigates the effects of housing parallel partitions in a hydrogen-fueled micro cylindrical
combustor on thermal performance and output energy density. The length of the partitions is varied to optimize the newly
proposed configuration. The results reveal that, compared to the conventional design, configuring the parallel partitions
increases 7, -and results in a more even distribution of temperature over the outer walls. This can be attributed to the longer
dwell time of the high-temperature flame, due to the partitions holding the flow with high heat content. Furthermore,
partitioning the flame path increases the contact surface between the hot gases and the solid walls, leading to an improvement
in the heat transfer capacity from the combustion process to the external walls. These effects result in a reduction of wasted
thermal energy, as 7o decreases by 131.5 K compared to the traditional design. Consequently, the exergy and radiation
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efficiencies are enhanced by 2.66% and 7.56%, respectively. However, the new configuration increases pressure losses due
to a higher collision rate between the inlet flow and the partitions. The long partition length optimizes thermodynamic and
performance parameters, as it retains the highest thermal energy and contains the largest contact surface area with the solid
walls.
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