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Advances in microfabrication are driving micro-power systems, yet hydrogen-fueled micro combustors remain
limited by combustion efficiency and flame stability at small scales. In this work, we numerically investigate a
Tesla-valve microchannel (TMC) combustor that anchors the flame through cooperative main-tributary channel
flows. Compared with a straight micro combustor (SMC), the TMC achieves higher combustion efficiency
(98.09%) and a lower pressure drop (440.64 Pa) due to tributary channel induced flow blocking, producing a
stable trident-shaped flame. Over a wide inlet velocity range of 2-42 m/s, a flow-switching transition occurs at
22-24 m/s, accompanied by sharp reductions in efficiency (93.23%—30.16%) and pressure drop (3,233.24 Pa —
1,160.92 Pa). This transition coincides with main channel flame detachment, confirming the velocity depen-
dence of main-tributary flow partitioning. Systematic variation of the Tesla-valve island separation distance
reveals the underlying mechanisms: small separations (d = 1.2 and 1.6 mm) strengthen tributary blocking and
shear, enhancing efficiency and flame anchoring; intermediate separations (d = 2.0 and 2.4 mm) weaken
blocking, promote flame opening, and trigger concurrent switching in efficiency and pressure; while a large
separation (d = 2.8 mm) induces mild recirculation via expansion—contraction effects, enabling wall-attached
combustion and partial efficiency recovery at high velocities. These results highlight the trade-off between
flame stabilization and pressure-drop penalty, providing geometry-specific numerical insights for the further
optimization of Tesla-valve micro combustors under different operating constraints.

1. Introduction combustion with robust flame stability at the microscale remains a

central and unresolved challenge in the field.

Recent advances in microfabrication have unlocked unprecedented
opportunities for micro power systems [1]. However, conventional
electrochemical batteries remain fundamentally constrained by limited
energy density and unfavorable mass-to-volume ratios. Hydrogen, by
contrast, offers a high heating value and intrinsic environmental ad-
vantages [2], positioning hydrogen-fueled micro combustors as prom-
ising candidates for delivering high-power-density, stable energy in
micro energy systems [3]. Despite this potential, micro combustors with
centimeter to millimeter-scale dimensions suffer from large specific
surface areas that induce severe heat losses [4]. At the same time,
increasing inlet velocities shorten hydrogen residence times, intensi-
fying flame instability and blowoff. Together, these effects critically
limit operational stability and efficiency in practical micro power ap-
plications [5]. Consequently, achieving high-efficiency hydrogen
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Extensive efforts have been devoted to enhancing combustion per-
formance at the microscale. One prominent strategy involves fully or
partially filling microchannels with porous media, which increases flow
resistance to reduce gas velocity and extend residence time, while
simultaneously enabling heat recirculation and fuel preheating through
solid—fluid heat transfer [6]. The thermophysical properties of the
porous insert strongly influence combustion behavior; in particular,
high thermal conductivity media can efficiently transport heat from high
temperature reaction zones toward the inlet, thereby preheating the
incoming fuel and substantially improving combustion characteristics
and overall efficiency [7].

Catalytic combustion represents another widely adopted approach
for flame stabilization in micro combustors [8]. By coating channel walls
with noble-metal catalysts, e.g., Pt, Pd, Rh, surface active sites lower the
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apparent activation energy, allowing combustion to occur at lower
temperatures and shorter residence times, thus enhancing flame stabil-
ity [9]. Nevertheless, prolonged exposure to high temperatures can
induce local overheating and catalyst deactivation, while the high cost
of noble metals remains a major barrier to large-scale implementation
[10].

Consequently, increasing attention has shifted toward structural
optimization as a catalyst-free pathway to improve flame stability and
combustion efficiency in micro combustors. Along this line, Lvetal. [11]
designed a microchannel incorporating exhaust-gas recirculation (EGR)
based on second-law analysis, demonstrating that recirculation mark-
edly enhances combustion performance. Rong et al. [7] proposed a dual-
channel counterflow combustor in which vertical structures intensify
heat transfer and improve exergy efficiency, achieving higher combus-
tion efficiency with reduced pollutant emissions. Building on this
concept, Wu et al. [12] introduced rectangular inter-channel perfora-
tions, significantly improving outer-wall temperature uniformity and
further enhancing overall energy-conversion efficiency.

Additionally, the introduction of a sudden-expansion geometry, such
as a backward-facing step, generates a downstream recirculation zone
and an associated shear layer. As demonstrated by Xu et al. [13], the
recirculation of hot products and reactive radicals, together with
enhanced shear-layer mixing and prolonged residence time, provides
effective thermal and chemical feedback that improves combustion ef-
ficiency and stabilizes the flame. Incorporating a downstream
converging section transforms the single sudden expansion into a closed
cavity; compared with an open expansion, this configuration produces a
stronger recirculation zone and a more robust flame-anchoring site,
thereby intensifying thermal and radical feedback as well as mixing
[14,15]. Consequently, the blow-off limit is increased and the flame
stability range is broadened. The cavity size and geometry play a critical
role in determining micro combustor performance. Peng et al. [16]
showed that cavity dimensions significantly influence thermal charac-
teristics and flame location, with a pronounced impact on flame stabi-
lization. Xu et al. [17] further reported that increasing inlet velocity
drives the main channel flame progressively downstream until blow-off
occurs, typically accompanied by flame opening and fuel leakage. To
mitigate this behavior, bluff-body stabilization strategies have been
proposed, in which the incoming flow is forced around a bluff body, e.g.,
circular, triangular, or rectangular, forming a stable low-velocity recir-
culation zone in its wake [18]. This zone continuously entrains fresh
reactants while retaining high-temperature products and radicals,
effectively acting as a pilot flame that enhances mixing and thermal/
radical feedback, thereby improving flame stability and increasing the
blow-off limit.

However, at high inlet velocities, the pilot flame is strongly com-
pressed, weakening its stabilizing effect. To address this limitation,
Zhang etal. [19,20] introduced a slotted bluff body that guides a fraction
of the fuel into the low-velocity wake, significantly enhancing flame
stabilization. Subsequent studies revealed that flow blockage and par-
titioning between the central and side streams are critical parameters; by
incorporating baffles, Zhang et al. [21] tuned the blockage and opti-
mized the center-to-side flow ratio to sustain stable combustion over a
wider velocity range. Nevertheless, configurations relying solely on
center-slotted bluff bodies often induce excessive shear in the side
streams and insufficient mutual blocking between the center and side
flows, ultimately constraining further improvements in stability. These
limitations underscore the need for simple structural designs that exploit
multi-stream interactions within microchannels to achieve superior
combustion performance and robust flame stabilization.

Since Nikola Tesla first proposed the Tesla-valve, the concept has
attracted broad interdisciplinary interest, particularly in flow manipu-
lation and passive control [22,23]. Modern Tesla valves are generally
classified as symmetric or asymmetric configurations composed of main
and tributary channels. By orchestrating flow diversion, confluence, and
jet impingement within the valve geometry, they induce recirculation,
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modulate momentum transfer, and achieve passive flow rectification
without moving parts [24]. Owing to their purely structural design,
Tesla valves offer simplicity, high reliability, and long service life, and
have demonstrated considerable potential in fluidic control, heat-
transfer enhancement, and combustion-related applications [25].

Hu et al. [26] investigated Tesla-valve flow behavior in building
ventilation and showed that, compared with forward flow, reverse flow
exhibits a substantially larger pressure drop due to pronounced lateral
blocking of the main channel flow by tributary branches, resulting in
overall velocity attenuation. Consistently, Huang et al. [27] reported
strong flow separation and jet impingement during diversion and
confluence, where kinetic energy is dissipated into vorticity, leading to
reduced velocity and pressure. Building on these characteristics, Soltani
et al. [28] applied Tesla valves to fuel-cell cooling and achieved a 15%
enhancement in nanofluid heat-transfer coefficient under reverse-flow
conditions, together with improved temperature uniformity. Zhao
et al. [29-31] further developed Tesla-valve based planar micro com-
bustors, demonstrating that valve orientation and geometry enhance
convective heat transfer, thereby improving combustion efficiency and
wall-temperature uniformity. Moreover, leveraging its unidirectional
flow behavior, the Tesla valve has been explored as a flame-arresting
element; Shen et al. [32] demonstrated its effectiveness in limiting
flame propagation. Nevertheless, despite their demonstrated capability
in passive flow regulation, Tesla valves have rarely been exploited for
microscale combustion control. In particular, their role in flame
anchoring and stabilization, and the coupled evolution of flow parti-
tioning, flame structure, and combustion performance, remain largely
unexplored, limiting rational design for micro combustor applications.

This study develops a symmetric Tesla-valve microchannel in which
a tributary channel supplies a fraction of the fuel to sustain stable
combustion, while its confluence with the main channel flow provides
effective flame anchoring. We quantify the contribution of the tributary
channel to combustion enhancement and flame stabilization, and then
extend the operating velocity range to analyze the inlet-velocity
dependence of main/tributary flow partitioning and the associated
switching behavior. Finally, by varying the Tesla-valve island separation
distance to regulate flow partitioning, we examine flame stability and
operational robustness across different geometries. These findings pro-
vide numerical insight into flow-partitioning-assisted flame stabilization
in the present Tesla-valve microchannel geometry.

2. Numerical model
2.1. Physical model

Fig. 1 illustrates the geometry of the Tesla-valve microchannel
combustor (TMC) and straight-microchannel combustor (SMC). To
isolate the contribution of the Tesla-valve tributary channels, the SMC
consists only of a straight main channel identical in size to that of the
TMC (no tributary channels). In the TMC, a pair of symmetric tributary
channels branches from the main channel, with a width of a = 2 mm, at
L; = 4 mm downstream of the inlet. Each channel has a length L, = 5
mm and departs at a diversion angle 6 = 30°, the channel then flows into
the main channel through a circular channel of radius R = 2.5 mm,
forming a Tesla-valve flow path. The channel width isc =1 mm, and all
channels share a uniform height b =1 mm, and the combustor body has
an overall length L = 20 mm and width W = 10 mm. Quartz is selected
to mitigate conductive heat loss and promote flame stabilization, with
density, specific heat capacity, and thermal conductivity of 2,650 kg/
m3, 750 J/(kg-K), and 1.05 W/(m-K), respectively [33].

2.2. Mathematical model
The combustor has an overall size of 20 mm, even the smallest local

hydrodynamic length scale is taken as the tributary channel width, [ =
1 mm, which is much larger than the molecular mean free path A. The
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Straight micro channel(SMC)

Fig. 1. Schematic diagram of Tesla-valve micro combustor.

resulting Knudsen number satisfies K, = 1/L < 10~> under the operating
conditions, hence the flow can be treated as a continuum and rarefaction
effects are negligible[34]. The Knudsen number and the mean free path
are evaluated as:

=a/L )
kBT
A= v/2d2nP @

where kg is the Boltzmann constant, T is the temperature, d is the mo-
lecular (collision) diameter, P is the static pressure, and n is the number
density.

Due to the strong coupling among flow, heat transfer, and chemistry,
the Tesla-valve micro combustor features pronounced flow diversion
and confluence. Following the microscale criterion suggested by Kuo
and Ronney [35], a turbulence closure becomes appropriate when the
Reynolds number exceeds 500. In the present Tesla-valve microchannel,
the diversion, confluence, local acceleration, shear-layer interaction,
and recirculation induced by the valve geometry can increase the local
velocity and, consequently, the local Reynolds number beyond this
threshold. Therefore, the realizable k — ¢ turbulence model is employed
to capture the complex separated and recirculating flow features.
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where Py is the production of turbulent kinetic energy, G, denotes the
buoyancy production term and Yj the compressibility dissipation
correction. ox and o, are the turbulent Prandtl numbers for k and e,
respectively. Besides, C;, C2, Cy., and Cs. are the constants in the
equations.

The governing equations are below [36]:

Continuity equation:
dp

St VPv)=0 ©)

Momentum equations:

IpV)

S p(V o VF) = ~Vp+ Vo (VT + (VT —%V-V’ID ®)

Energy equation for fluid region:
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Energy equation for solid region:
{;)t(psc T)+ Ve (4VT) =0 (8)
Species transport equation:
"’3 Y G (p)FVY) = Ve (pDmVY) + R, ©

In equation (5)-(9), p and ¥ are the gas density and velocity vector,
D, 4, I are the pressure, dynamic viscosity, identity tensor. E and T denote
the total specific energy and temperature, A; and A, are the thermal
conductivities of the fluid and solid. p; and C; are the solid density and
specific heat, Y; is the mass fraction of species i. D;, , h;,R; are the
mixture-averaged diffusion coefficient, specific enthalpy, net production
rate.

To calculate the hydrogen combustion, a detailed hydrogen oxida-
tion mechanism involving 13 species and 19 elementary reactions was
adopted [37]. For the boundary conditions, a velocity inlet and a pres-
sure outlet were adopted, and heat exchange between the outer
combustor wall and the ambient is considered as mixed con-
vection—radiation, which can be calculated according to the following
equation [38]:

@ = ho(Two — ) +20(TS, T2 10

o

where T, , and T, denote the outer wall and ambient temperatures, hy is
the external convective heat-transfer coefficient, 20 W/(m?K). ¢ is the
wall emissivity, 0.85, and ¢ is the Stefan-Boltzmann constant, 5.67 x 10
8 W/(m?K*.

2.3. Grid independence validation

Mesh resolution usually affects the numerical prediction, and mesh
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refinement reduces discretization error but increases computational
cost. To resolve the Tesla-valve features, we adopted four refined meshes
by prescribing a global maximum element size and a local size in the
Tesla-valve main/tributary channels: (0.60, 0.09) mm, (0.50, 0.08) mm,
(0.40, 0.07) mm, and (0.30, 0.06) mm, corresponding to 260,618 cells,
444,940 cells, 596,988 cells, and 888,777 cells. Fig. 2 compares the
centerline temperature and centerline OH mass-fraction. According to
centerline temperature and OH mass-fraction in Fig. 2a and Fig. 2b, the
coarsest mesh exhibits noticeable deviations, particularly upstream
whereas the curves collapse with refinement. Relative to the finest mesh
(888,777 cells), the maximum deviations for the 596,988 cells mesh are
only 1.46% (Centerline temperature) and 0.86% (Centerline OH mass
fraction). Consequently, the 596,988 cells mesh is adopted for subse-
quent simulations as a balanced choice between accuracy and cost.

2.4. Model validation

To verify the reliability of the present numerical model, two com-
plementary validation cases were conducted, as shown in Fig. 3. First,
the wall-temperature distribution of a planar micro combustor was
compared with experimental data [39]. The maximum and average er-
rors were 5.15% and 3.10%, respectively, indicating that the combus-
tion and heat-transfer model can reasonably predict the wall-
temperature characteristics. Second, the pressure loss of a GMF Tesla
valve was validated [25], where the maximum and average errors were
7.81% and 4.25%, respectively, confirming that the present model can
predict the flow characteristics of the Tesla-valve channel. In addition,
the numerical model adopted in this paper has been verified in the
previous work [19-21], which also confirms the feasibility of the rele-
vant numerical model. Therefore, the present numerical model is
considered suitable for the subsequent simulations.

2.5. Data reduction

In data reduction, the key evaluated quantities include combustion
efficiency, pressure loss, and flame length. Among them, the combustion
efficiency is defined as follows:

n= My in — M, our % 100% 1D
My, in

where my, i» and my, o, represent the mass fractions of hydrogen at the
inlet and outlet.
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AP = Py — Poy (12)

where AP represents the pressure loss, corresponding respectively to the
pressure difference between the inlet and outlet.

Furthermore, by measuring the range along the flow direction of the
area in the main channel and the tributary channel where the OH mass
fraction exceeds a certain value (0.005), the flame length can be eval-
uated:

EFL = MFL + TFL 13)

In the formula, EFL represents the effective flame length, which is the
sum of the main flame length(MFL) and the tributary flame length(TFL).

3. Results and discussion
3.1. Combustion and flow characteristics

To quantify the benefit of the Tesla-valve design, a straight micro
combustor (SMC) with identical main channel dimensions was con-
structed as a baseline, and both structures were compared over an inlet-
velocity range of 1-7 m/s (Fig. 4. As shown in Fig. 4a, the combustion
efficiency exhibits a growing gap between the two configurations with
increasing velocity, n=97.58% for the SMC versus 98.08% for the TMC
at 7 m/s, an improvement of 0.50 percentage points, indicating more
complete combustion in the Tesla-valve micro combustor. As shown in
Fig. 4b, the centerline temperature peak in the TMC shifts upstream,
placing the high-temperature zone closer to the inlet, whereas the SMC
maintains higher temperatures further downstream, consistent with a
high-temperature zone rearward shift. According to temperature con-
tours in Fig. 4c, with increasing inlet velocity, the SMC high-
temperature zone rapidly drifts toward the outlet, at 7 m/s it be-
comes noticeably tilted and displaced downstream, and the high-
temperature zone detaches from the micro combustor at 8 m/s. In
contrast, the TMC exhibits a markedly slower rearward shift, evidencing
anchoring of the high-temperature zone by the Tesla-valve structure. In
particular, starting at v =5 m/s, the high-temperature zone in the TMC
develops a necked-shape near the main-tributary channel confluence,
which becomes more pronounced at 7 m/s. The converging tributary
flow and local recirculation suppress the downstream tilting and
recession of the main high-temperature zone, accounting for the up-
stream shift and improved combustion efficiency.

To further elucidate the combustion state, we analyzed the centerline
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Fig. 2. Verification of grid independence: (a) Centerline temperature; (b) Centerline OH mass fraction.
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Fig. 3. Validation of the numerical model. (a) Comparison of simulated and experimental wall-temperature distributions in a planar micro-combustor. (b) Com-

parison of simulated and experimental pressure losses in a GMF Tesla valve.
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Fig. 4. Comparison between the Tesla-valve micro combustor (TMC) and the straight micro combustor (SMC): (a) Combustion efficiency versus inlet velocity; (b)
Centerline temperature at 7 m/s; (c) Temperature contours at 1, 3, 5, and 7 m/s (SMC at left, TMC at right).

distributions of hydrogen (Yg,), OH radical (Yor), and the flame shape
in the SMC and TMC. As shown in Fig. 5a-b, all cases exhibit a consistent
crossover between Yy, and Yom near the reaction zone, Yy, decreases
while Yoy increases and then decays, indicating the conversion of
hydrogen into OH during reaction progress. At low inlet velocities (1-3
m/s), the centerline hydrogen and OH radical for SMC and TMC nearly
coincide, suggesting that under weak convection/long residence time
the channel benefit of the Tesla-valve is not yet pronounced. When the
velocity increases to 5 and 7 m/s, the SMC peaks shift downstream,
whereas those in the TMC move upstream, implying that the principal
heat-release location advances toward the inlet, this is consistent with
the upstream displacement of the high-temperature zone in Fig. 4.

To visualize the flame topology, the isosurface ofYoy = 0.005 was
extracted to identify flame. As shown in Fig. 5¢, this isosurface overlaps
well with the high-temperature zone in Fig. 4¢, confirming OH as a
reliable indicator of heat release. As the inlet velocity increases, the
flame in SMC elongates and drifts toward the outlet, and becomes
asymmetric at 7 m/s, then blow-off occurs at 8 m/s. In contrast, the TMC

shows no tributary flame at 3 m/s, combustion occurs only in main
channel, but at 5 and 7 m/s the main channel flame is shorter than in the
SMC, and symmetric side flames form in the two tributary channels,
yielding a “trident-shaped” flame morphology. This flame morphology,
effectively embedded within the Tesla-valve, suppresses downstream
flame recession and detachment, providing stronger anchoring. Conse-
quently, compared with the conventional SMC, the Tesla-valve induced
flame topology is pivotal to efficient combustion and flame stability at
moderate-high inlet velocities.

To elucidate how the Tesla-valve structure regulates the flame, the
flow characteristics of a straight micro combustor (SMC) and a Tesla-
valve micro combustor (TMC) were systematically compared (Fig. 6).
As shown in Fig. 6a, over an inlet-velocity range of 1-7 m/s, the pres-
sure drop increases with velocity for both SMC and TMC, but the TMC
remains a lower pressure loss. At 7 m/s, the drops are 532.48 Pa (SMC)
and 440.64 Pa (TMC), showing a 17.25% reduction, and the disparity
widens as velocity increases. Fig. 6b further clarifies the pressure drop
behavior, the SMC develops a pronounced high-pressure zone at the
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inlet followed by a steep downstream decay, whereas the TMC

shows a markedly reduced inlet pressure and a more uniform distribution across
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the Tesla-valve channel for both the main and tributary channels. This
low inlet-pressure with quasi-uniform valve pressure pattern results
from effective sudden expansion and flow redistribution induced by the
tributary channels, the locally enlarged effective area mitigates inlet
acceleration and localized losses, while the confluence of main and
tributary channels impose lateral damping and broadens the shear layer,
thereby reducing the overall pressure drop, this is consistent with prior
designs that introduce a sudden-expansion at inlets [40]. Consistently,
according to Fig. 6¢—d, the centerline-velocity distribution shows that
the SMC maintains higher velocities and larger gradients in the up-
stream/middle channels, limiting residence time and pushing the reac-
tion zone downstream. In contrast, the TMC develops a stable low-
velocity zone within the valve zone, increasing local residence time
and favoring an upstream-shifted reaction zone. Although the velocity
becomes higher further downstream in the TMC, this region is mainly
occupied by combustion products and has limited influence on upstream
flame anchoring (Fig. 6e). To further quantify the flow redistribution
induced by the Tesla-valve structure, the mass-flow-rate partitioning at
7 m/s was calculated. The results show that 60.89% of the total mass
flow passes through the main channel, while 39.11% is diverted into the
two tributary channels. This confirms that a considerable fraction of the
incoming mixture participates in the tributary channel flow, providing
lateral momentum interaction at the confluence and contributing to the
blocking effect. Overall, within the low-to-moderate inlet-velocity
range, the TMC relies on flow diversion and confluence to construct a
low-velocity anchoring zone, reduce pressure loss, and suppress flame
tilting, thereby enabling stable flame anchoring and higher combustion
efficiency.
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3.2. Effect of inlet velocities

Although the Tesla-valve micro-combustor (TMC) exhibits excellent
flame anchoring and high efficiency at low inlet velocities, its behavior
over a wider operating range requires systematic assessment. Accord-
ingly, as shown in Fig. 7, reactive simulations were performed up tou;,
< 42 m/s. Based on the combustion efficiency 7 in Fig. 7a, three stages
are identified: Stage I (2-22 m/s), a stable stage withy > 90%, stage II
(22-24 m/s), a switching transition of the Tesla-valve where  abruptly
drops to 30.16%, and Stage III (24-40 m/s), a wall-attached partial re-
stabilization stage under the present inert-wall assumption, in which 5
stabilizes at approximately 55%. This stable switching re-stabilized
sequence correlates closely with the reaction zone evolution in the
main channel and tributary channels. The centerline temperature in
Fig. 7b confirms this phenomenon, as velocity increases, the main
channel high-temperature zone gradually shifts downstream, reaching
the outlet atu;; = 22 m/s, and foru;, > 24 m/s the high-temperature
zone detaches from the main channel, consistent with the efficiency
collapse in Stage II. As shown in Fig. 7¢, the temperature contours
further resolve the high-temperature zone distribution of each stage. In
2-22 m/s, a “neck-shaped” upstream high-temperature zone persists in
the main channel while robust high-temperature zones remain in the
tributary channels, providing thermal feedback for stable combustion.
However, at 22 m/s the neck-shaped flame disappears, and foru;, > 24
m/s the main channel high-temperature zone leaves the combustor and
two narrow wall-attached high-temperature zones emerge downstream,
accompanying the partial efficiency recovery observed in Stage III.
Overall, the TMC is different from conventional straight-channel micro
combustors, especially the nonlinear variation feature between
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Fig. 7. Combustion and temperature characteristics of the Tesla-valve micro combustor over a wide inlet-velocity range (u;, = 2-42 m/s). (a) Combustion efficiency
versus inlet velocity. (b) Centerline temperature profiles along the inlet. (c) Temperature contours atu;, = 2, 8, 16, 22, 24, 30, 36, and 42 m/s.
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combustion efficiency and inlet velocity, which results in combustion
diversity within a large inlet velocity range.

Fig. 8 presents the flame structure at different inlet velocities. As
shown in Fig. 8a, the OH-radical isosurface is employed as a marker of
the reaction zone and reproduces the high-temperature zone observed in
Fig. 7¢, confirming that the flame structure is consistent with the tem-
perature field. Within 8-22 m/s, the side tributary flame affects the main
channel flame, tributary channel inflows provide lateral damping in the
valve and confluence zone, suppressing lift-off and enabling effective
anchoring. As the velocity increases, the tributary channel momentum
becomes insufficient to block the main channel gas, the flame progres-
sively lifts, at 24 m/s, a clear detachment occurs, consistent with the
rearward shift reported in Fig. 7. Besides, the combustion strength and
stability are quantified by flame length (Fig. 8b), distinguishing the
main channel flame length (MFL) from the tributary flame length (TFL),
the latter defined as the projection of the branch flame along the main
channel direction. Both lengths peak at 12 m/s, the MFL = 0.015 m and
TFL = 0.0075 m are obtained, indicating optimal anchoring and
coupling. Beyond 22 m/s the MFL nearly vanishes, whereas the TFL
remains at 0.0028 m, implying that the tributary channels still supply
thermal feedback for partial combustion. As shown in Fig. 8c, the OH
mass-fraction profiles across the outlet further substantiate the spatial
migration: at 8 m/s virtually no OH is detected at the exit, where flame
residing inside the combustor. However, at 22 m/s a pronounced OH
peak emerges at the exit (rearward shift), at higher velocities the
centerline OH disappears while two off-axis peaks develop near the
walls, forming a characteristic “flame opening” pattern. This bimodal
OH distribution indicates wall-attached combustion with centerline fuel
leakage, accounting for the reduced efficiency and energy loss, in
agreement with the hydrogen leakage highlighted in Fig. 7. Therefore,
future work should optimize the Tesla-valve geometry to deliver high-
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efficiency combustion over a broad operating range with robust flame
stability, particularly suppressing “flame opening.”.

To clarify how the Tesla-valve structure affects the gas distribution,
the flow characteristics in the Tesla-valve combustor were further
analyzed, as shown in Fig. 9. The pressure loss in Fig. 9a also exhibits
three stages, consistent with the previously reported efficiency trend.
Firstly, the pressure increases monotonically with inlet velocity in the
range of 2-22 m/s. Then, it drops abruptly from 3,233.24 Pa to 1,160.92
Pa in 22-24 m/s, and then increases again monotonically at higher ve-
locities. The two monotonic rises can be attributed to the increase in
dynamic pressure with inlet velocity, whereas the sudden drop is asso-
ciated with flow redistribution between the main and tributary chan-
nels. Accordingly, pressure contours at 22 m/s and 24 m/s were
extracted (Fig. 9b). At 22 m/s, a distinct interface between high-pressure
and low-pressure zones appears at the confluence, with high pressure
mainly upstream in both the main channel and the tributary channels. At
24 m/s, although this division remains, the upstream pressure in both
channels is significantly reduced. To clarify the cause, velocity fields
were examined (Fig. 9¢). At 22 m/s, the tributary channels exhibit high
inlet velocity, indicating that a large portion of the gas is guided into
tributary channels. At the confluence position, the tributary channel gas
blocks the main channel gas from both sides and generates a high-
velocity zone, which explains the higher pressure. In contrast, at 24
m/s the tributary channel gas is weakened and lower than the main
channel gas velocity, the main channel gas dominates, lateral blockage
is greatly reduced, and the pressure in both channels decreases. The
streamline distributions in Fig. 9d reveal a clear redistribution of flow
between the main and tributary channels. At 22 m/s, dense streamlines
are observed in the tributary channels, indicating that a substantial
portion of the incoming mixture is diverted into the side branches and
subsequently interacts with the main channel flow at the confluence.
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Fig. 8. Flame morphology of the Tesla-valve micro-combustor (TMC) at different inlet velocities. (a) 3D OH-isosurface flame shapes atu;, = 2, 8, 16, 22, 24, 30, 36,
and 42 m/s. (b) Velocity dependence of flame length. (c) OH mass-fraction profiles along the outlet centerline.
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without vortex shedding.

This interaction produces a pronounced lateral blocking effect. In
contrast, at 24 m/s, most streamlines pass directly through the main
channel, while the tributary channel streamlines are markedly reduced,
indicating weakened branch-flow participation. The flow-rate parti-
tioning was further quantified in Fig. 9e. As the inlet velocity increases
from 22 to 24 m/s, the main channel flow ratio increases from 44.5% to
57.7%, whereas the tributary channel flow ratio decreases from 55.5%
to 42.3%. This confirms a clear flow redistribution from tributary-
assisted transport to main channel dominated penetration. The
vorticity and streamline distributions in Fig. 9f further clarify the
mechanism. No obvious vortex shedding is observed between 22 and 24
m/s. Instead, two local recirculation zones form near the tributary
channel entrances at 24 m/s, which suppress gas admission into the
tributary channels. Consequently, the tributary-induced blocking effect
at the confluence is weakened, allowing the main channel flow to
penetrate downstream more directly and leading to the abrupt reduction
in pressure loss. Overall, the flow-rate balance between the main and
tributary channels is crucial to combustion performance. Measures that
enhance tributary flow participation and the associated blocking effect
may strengthen flame anchoring.

3.3. Effect of separation distance

Building on the previous results, the flow diversion and confluence
between the main channel and tributary channels are considered the
primary reason for the observed switching behavior in combustion and
flow characteristics. To further investigate this effect, Fig. 10a depicts
two symmetric Tesla-valve islands forming the main channel and

tributary channels, the separation distance d regulates the effective
widths of both channels. Five separation distances were designed, d =
1.2,1.6, 2.0, 2.4, and 2.8 mm, which are denoted as TMC-1.2, TMC-1.6,
TMC-2.0, TMC-2.4, and TMC-2.8, respectively. This design keeps the
total flow area nearly constant, so the changes in performance can be
attributed mainly to flow diversion and confluence. Fig. 10b compares
the combustion efficiency over 2-40 m/s for different separation dis-
tances. For TMC-1.2, the efficiency shows a slight, nearly linear decrease
and still reaches 84.44% at 40 m/s. TMC-1.6 exhibits a milder switching
behavior near 26 m/s, with 75.16% at 40 m/s, increasing d to 2.0 mm
leads to a pronounced switching in TMC-2.0, followed by an increase
that plateaus around 55%. A larger separation distance of d = 2.4 mm
produces a severe drop, with the efficiency below 10% at 40 m/s and no
clear rebound. With d = 2.8 mm, the switching is delayed to 30 m/s and
the efficiency at high velocity recovers to above 50%. To relate these
trends to the thermal performance, Fig. 10c¢ presents the centerline
temperature at 24 m/s. The high-temperature zone for TMC-2.4 and
TMC-2.8 is generally more upstream, for TMC-1.2 and TMC-1.6, the
high-temperature zone is close to the inlet but remains within the main
channel, but for TMC-2.0, the high-temperature zone disappears,
consistent with the switching seen in Fig. 10b at 24 m/s. The tempera-
ture contours in Fig. 10d further show that, as d increases, a high-
temperature zone persists in the tributary channel but the area de-
creases, which is consistent with the reduced effective flow domain of
the tributary channels. Meanwhile, the high-temperature zone in the
main channel disappears from TMC-1.2 to TMC-2.0, indicating a rear-
ward shift of the reaction zone, whereas wall-attached high-temperature
zones re-forming for TMC-2.4 and TMC-2.8, which is consistent with the
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Fig. 10. Influence of the separation distance d on combustion efficiency and temperature fields. (a) Structure and definition of d, five separation distances d are
considered: d = 1.2, 1.6, 2.0, 2.4, and 2.8 mm. (b) Combustion efficiency versus inlet velocity, u;,=2 — 42 m/s. (c) Centerline temperature along the main channel
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centerline temperature.

To assess the effect of d on the thermal performance, temperature

contours were compared at three inlet velocities (14, 24, and 34 m/s) for
different d values (Fig. 11). At an inlet velocity of 14 m/s, all combustors
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Fig. 11. Temperature contours for different Tesla-valve island separation distance (d = 1.2, 1.6, 2.0, 2.4, 2.8 mm) and inlet velocities(ui;, =14, 24, 34 m/s).

10



C. Zhang et al.

exhibit a continuous high-temperature zone anchored near the valve/
main channel, with stable high-temperature zones also visible in the
tributary channels, the overall patterns are consistent across separation
distance. Distinct differences emerge among separation distances at 14
m/s, in TMC-2.0, the high-temperature zone in the main channel is the
first to weaken and become interrupted/lifted. Compared with TMC-1.2
and TMC-1.6, TMC-2.4 and TMC-2.8 show a more upstream location of
the high-temperature zone, accompanied by a weakened high-
temperature zone in the tributary channels. However, at a high inlet
velocity of 34 m/s, smaller separation distances (TMC-1.2, TMC-1.6,
TMC-2.0) still retain discernible downstream high-temperature zones.
TMC-2.4 exhibits a pronounced detachment of the high-temperature
zone with low temperatures dominating the channel, and TMC-2.8
shows a slight improvement relative to TMC-2.4, with a more contin-
uous downstream high-temperature zone. Overall, at low inlet velocity
(14 m/s), the temperature distribution is largely insensitive to separa-
tion distance. At mid-velocity (24 m/s), increasing separation distance
weakens the main channel high-temperature zone, shifts it upstream,
and reduces the tributary high-temperature zones. At high velocity (34
m/s), smaller separation distances better preserve downstream high-
temperature zones, while among the larger separation distance TMC-
2.8 displays a modest recovery compared with TMC-2.4.

As shown in Fig. 12, the OH isosurfaces are used to visualize flame
morphology. At 14 m/s, all combustors exhibit a continuous “necked-
shape” flame in the main channel that extends downstream as the island
separation distance d increases, whereas the tributary channel flames
progressively shorten and narrow with increasing d, consistent with the
relative widening of the main channel flame. As inlet velocity increases
to 24 m/s, the flames in TMC-1.2 and TMC-1.6 weaken and remain only
weakly connected between the main and side tributary channels, and
the main channel flame in TMC-2.0 is essentially lifted off. In contrast,
for larger separation distances (d = 2.4 and 2.8 mm) the main channel
flame shows stronger anchoring and continuity, which is consistent with
attachment conditions provided by the main channel sudden-expan-
sion-contraction structure. However, with an inlet velocity of 34 m/s,
TMC-1.2 and TMC-1.6 display only a slight rearward shift while

Fuel 428 (2027) 140213

retaining identifiable structures, TMC-2.0 and TMC-2.4 exhibit further
lift-off of the main channel flame accompanied by weakened tributary
channel flames, despite a weaker tributary contribution, TMC-2.8 shows
a downstream recovery into more continuous zones in the main channel,
collectively indicating that, at higher velocities, larger d can be favor-
able to flame anchoring through the local main channel structure.

To quantify flame intensity across configurations, the main channel
flame length (MFL) and tributary flame length (TFL) were measured
(Fig. 8b) and combined as the effective flame length EFL = MFL + TFL.
The resulting heat map in Fig. 13 uses color to represent EFL (red refer
better combustion, blue refer weaker combustion), and distinct velocity
windows are observed for different island separation distances. As
shown in Fig. 13, the TMC-1.2 sustains large EFL over the entire velocity
range (4-40 m/s), giving the broadest usable range, and TMC-1.6 like-
wise maintains high EFL with only a slight decay at the highest veloc-
ities. However, the TMC-2.0 exhibits strong EFL at low-mid velocities
(4-22 m/s) followed by a rapid decline beyond 22-24 m/s. In addition,
the TMC-2.4 narrows the effective range further to 4-26 m/s with a
marked reduction above this limit, and TMC-2.8 preserves large EFL
mainly in the mid-velocity band (8-30 m/s) before weakening at higher
velocities. Overall, the EFL heat map is consistent with the earlier effi-
ciency/temperature observations, with smaller separation distances
(1.2-1.6 mm) provide the widest high-intensity combustion window,
whereas larger separation distances (2.0-2.8 mm) show progressively
lower upper-velocity limits. This EFL-based comparison provides
geometry-specific insight into the effect of separation distance on flame-
intensity windows, smaller separations distance for broader high-
velocity operation, and larger separations distances for mid-velocity
applications where the desired flame morphology can still be
maintained.

Fig. 14 provides a quantitative comparison of OH and H; distribution
for different separation distances (TMC-1.2 to TMC-2.8) at three inlet
velocities. At 14 m/s, the OH distribution in the main channel widens
with increasing d, whereas the OH at the side tributary channel locations
narrows and weakens, indicating a lateral trade-off between the main
and tributary flames (Fig. 14a). At 24 m/s, the OH distribution in the
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Fig. 12. OH mass fraction isosurface for different Tesla-valve island separation distance (d = 1.2, 1.6, 2.0, 2.4, 2.8 mm) and inlet velocities(u;, =14, 24, 34 m/s).
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main channel is attenuated to nearly absent, with flame concentrated at
the two side positions, the smaller separation distances (TMC-1.2 and
TMC-1.6) show higher OH mass fraction (Fig. 14b). At 34 m/s, the side
tributary channel OH peaks decrease as d increases, where most evident

12

for TMC-2.4 and TMC-2.8, but wall-attached OH zones emerge along the
main channel, especially strongest for TMC-2.8, reflecting a shift of the
combustion zone toward the walls and downstream (Fig. 14¢). Consis-
tently, as shown in Fig. 14d-e, the outlet Hy mass fraction increases with
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velocity. At an inlet velocity of 34 m/s, the outlet Hy mass fraction rises
and concentrates near the centerline as d increases from 1.2 to 2.0 mm,
and the outlet Hy contours reveal an expanded high-hydrogen zone. For
larger separation distances, especially in TMC-2.4 and TMC-2.8, the
high-hydrogen zones become more intense and widespread, with TMC-
2.4 exhibiting the largest extent and magnitude, indicating more pro-
nounced fuel leakage at high inlet velocity. Overall, enlarging separa-
tion distance at mid-to-high velocities re-forms combustion from the
main channel. At the same time, large separation distances will cause
more serious hydrogen leakage, which is not conducive to the realiza-
tion of complete combustion and flame stability, this result is consistent
with the temperature-field and effective flame length variation.

To clarify the effect of separation distance d on combustion and
flame behavior, pressure loss and velocity fields were analyzed to
characterize the main/tributary flow interaction (Fig. 15). In Fig. 15a,
TMC-1.2/1.6 shows a monotonic increase of pressure drop with inlet
velocity, indicating strong lateral momentum exchange and local losses,
leading sufficient branch suction that imposes pronounced lateral
blocking on the main channel gas. TMC-2.0/2.4 exhibit a sudden drop at
22-24 m/s followed by increase, indicating a transition toward a main
channel dominated state, in which the tributary channel momentum can
no longer effectively constrain the main channel jet, thereby reducing
local losses. TMC-2.8 has moderate pressure loss without a sharp drop,
implying main channel flow dominance but geometry-assisted attach-
ment via the sudden expansion contraction, favorable for downstream
re-anchoring. As shown in Fig. 15b, cross-sectional velocity confirms

(a) 10000

8000

6000

4000 ¢

Pressure loss(Pa)

2000 F

10 15 20 25 30 35 40 45
Inlet velocity(m/s)
(c)

TMC-1.2 TMC-1.6

TMC-2.0

S
GGG
- GEeTe

Fuel 428 (2027) 140213

that increasing d weakens the tributary high-velocity zones and
strengthens the main flow zone, consistent with pressure loss trends and
indicating erosion of the low-velocity zone in Tesla-valve channel. The
velocity and vector fields in Fig. 15¢ further show that at 14 m/s all cases
develop a low-velocity zone, within, smaller separation distance, the
TMC-1.2 and TMC-1.6 provide stronger side injection, thicker shear, and
robust mixing, supporting a neck-shaped attached flame, whereas larger
separation distance, TMC-2.4 and TMC-2.8 yields a straighter, thinner
main jet with a reduced zone. At 24 m/s, the TMC-2.0 and TMC-2.4 lose
lateral blocking, the main channel jet punches through, residence time
shortens, and the flame shifts downstream or breaks up, while TMC-1.2
and TMC-1.6 still maintain attachment. At 34 m/s, the main channel
dominates, small separation distance retains narrow wall-attached zones
downstream, TMC-2.0 and TMC-2.4 are most prone to opening and
hydrogen leakage, and TMC-2.8 benefits from structure-induced wall
attachment and weak recirculation for re-anchoring, outperforming
TMC-2.4. For the present geometry, the separation distance should be
selected based on a multi-objective trade-off among combustion effi-
ciency, flame stability, and pressure-drop penalty. Smaller separations,
such as d = 2.0-2.4 mm, favor broad-range flame stabilization but
introduce higher pressure loss, whereas d = 2.8 mm may be more suit-
able for high-velocity or pressure-constrained operation by enabling
downstream wall-attached re-stabilization with a relatively moderate
pressure penalty. In addition, additional factors may influence the
switching behavior and flame morphology in Tesla-valve micro chan-
nels, particularly the tributary geometry (length and radius) and the
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Fig. 15. Influence of Tesla-valve island separation distance on the flow characteristics in micro-combustor. (a) Pressure drop versus inlet velocity for five separation
distances (TMC-1.2, TMC-1.6, TMC-2.0, TMC-2.4, TMC-2.8). (b) Velocity-magnitude contours at xz-plane within the valve section, highlighting high/low-velocity
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diversion/convergence angles between the main and tributary channels,
and these effects will be reported in future work.

4. Conclusion

This work proposes and systematically investigates a symmetric
Tesla-valve micro-combustor (TMC), elucidating its impact on com-
bustion efficiency and flame morphology. In the low-velocity regime
(1-7 m/s), the TMC outperforms a straight micro-combustor (SMC),
achieving a peak combustion efficiency of 98.09% while reducing the
pressure drop by 17.25%. This improvement is attributed to tributary-
induced lateral blocking in the valve section, which forms a distinctive
trident-like anchored flame.

Across a wide inlet-velocity range (2-40 m/s), a pronounced
switching transition occurs at 22-24 m/s, where combustion efficiency
drops from 93.23% to 30.16% and the pressure drop decreases from
3,233.24 Pa to 1,160.92 Pa. This transition coincides with detachment
of the main channel flame, flame opening, and fuel leakage, confirming
the strong velocity dependence of main/tributary flow partitioning.
Building on this observation, the influence of Tesla-valve island sepa-
ration distance is further examined. Small separations (d = 1.2 and 1.6
mm) strengthen tributary blocking and thicken the lateral shear layer,
enhancing flame anchoring and efficiency at the cost of increased
pressure loss. Intermediate separations (d = 2.0 and 2.4 mm) weaken
blocking, allowing main channel penetration that triggers switching
behavior and induces flame opening or lift-off. In contrast, a larger
separation (d = 2.8 mm) promotes mild low-velocity recirculation via
sudden expansion—contraction, stabilizing a wall-attached flame and
partially recovering efficiency at high velocities.

Therefore, the separation distance should be determined through a
balanced consideration of combustion efficiency, flame stability, and
pressure-drop penalty. For the present TMC geometry, small separations
are preferred when broad-range flame stabilization and high combus-
tion efficiency are prioritized, although they require a higher pressure-
loss cost. For high-velocity or pressure-drop-constrained operation, a
larger separation is more appropriate because it reduces excessive flow
resistance while still enabling downstream wall-attached flame
stabilization.

Although this study preliminarily reveals the effects of the Tesla-
valve structure on flow organization, flame morphology, and combus-
tion stability in microscale combustion, some limitations remain. The
Tesla-valve micro-combustor contains multiple coupled geometric pa-
rameters, while their interactions and structural optimization have not
been systematically investigated in this work. Future studies will
combine theoretical analysis with multi-objective optimization to clarify
the influence of key geometric parameters on combustion performance
and identify an optimized micro-combustor design with high flame
stability, low flow resistance, and favorable thermal management
capability.
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