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The effect of wall thickness on the combustion characteristics of nonpremixed
hydrogen micro-jet flames was studied by two-dimensional numerical computation
with a detailed reaction kinetics for the development of hydrogen micro-burner. The
hydrogen jet diffusion flames achieved by micro-tubes with the same inner diameter
and length but different wall thicknesses were investigated. The heat exchange
between solid tube and gases were included in the numerical computation. The
distributions of flame temperature, OH radicals, details of thermal interaction, and
combustion efficiency were analyzed for comparison. It was found that the temperature
distribution, flame shape, and heat recirculation are changed with the fuel flow velocity,
and they are affected by wall thickness. The mechanism of wall thickness on the
combustion characteristics of hydrogen jet diffusion flame was clarified. Finally, an
interesting numerical experiment was conducted to give a further explanation of the
effect of heat recirculation and to provide guidance of the thermal management of the
micro-burner.
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INTRODUCTION

With the increasing consumption of fossil fuels and the worsening of the environmental issues, the
interests on alternative fuels have been significantly increased in the last decade (Alazemi and
Andrews, 2015). Among the alternative fuels, hydrogen can be produced from flexible renewable
energy sources, such as wind and solar power generation. Moreover, the application of hydrogen
combustion also has advantages in emissions, since it has no CO2 and soot generations (Sharma and
Ghoshal, 2015; Dimitriou and Tsujimura, 2017). These advantages make it as one of the promising
candidates for future energy system.

Extensive work has been conducted to study the combustion characteristics of hydrogen or
hydrogen blend fuels in various power systems. The pure hydrogen-fueled gas turbine burner
has been tested (Cappelletti and Martelli, 2017). The results show that low NOx emission can be
achieved by using hydrogen flame. The combustion characteristics of jet-A and hydrogen flames
in a turbojet engine have been compared based on numerical computation (Kahraman et al.,
2018). Comprehensive information on the engine working at hydrogen fueled condition was
obtained. The performance of gasoline engine with hydrogen addition has been studied
experimentally (Yu et al., 2017). It was found that the power output and thermal efficiency
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of the engine can be improved by using hydrogen/gasoline
blends. The operating parameters of a gasoline engine using
hydrogen/natural gas blend fuel have been obtained by
numerical computation (Zareei et al., 2018).

On the other hand, the hydrogen flame can also be directly
employed as a heat source by using a porous medium burner
(Nozari et al., 2017; Jia et al., 2018) or micro-jet array burner
(Kuwana et al., 2016; Li et al., 2018; Rajasegar et al., 2019; Choi
et al., 2021). The micro-jet array burner consists of many single
micro-jet burners with specific distribution strategy (Kuwana
et al., 2016). The management of a single micro-jet flame is
important for the whole performance of the micro-jet array
burner. Consequently, knowledge on the combustion
characteristics of a single micro-jet flame is useful in the
design of a micro-jet array burner.

The combustion characteristics of micro-jet flames have
been explored for the development of micro energy and power
systems in the past (Cheng et al., 2005; Cheng et al., 2008;
Fujiwara and Nakamura, 2013; Hossain and Nakamura, 2015;
Gao et al., 2016; Zhang et al., 2016; Gao et al., 2017; Li et al.,
2017). The species distribution of hydrogen micro-jet flame
has been measured by using laser diagnostic techniques
(Cheng et al., 2005). The comparisons show that the
computational temperature and species distributions agree
well with the experimental results. The standoff behavior of
laminar methane micro-jet flame was investigated by two-
dimensional numerical computation with a detailed reaction
mechanism (Cheng et al., 2008).

More effects on the combustion characteristics of micro-jet
flame were investigated with the development of computation
and experiment methods. The thermal interaction between the
H2 micro-jet flame and the solid tube was included in the
numerical study (Hossain and Nakamura, 2015; Gao et al.,
2016). It was found that the hydrogen flame can be stabilized at
very low fuel flow velocity, and the burner tip is substantially
heated up due to the heat transferred from the flame.
Meanwhile, the experimental and numerical study of a
hydrogen micro-flame also reveals that the micro-burner
was heated by the flame, and the thermal interaction
between the flame and burner has a significant effect on the
combustion characteristics of the flame (Zhang et al., 2016).
Generally, the previous studies suggest that the thermal
interaction between the hydrogen flame and the burner is
an important factor on the performance of the hydrogen
micro-burner (Hossain and Nakamura, 2015; Gao et al.,
2016; Zhang et al., 2016; Gao et al., 2017). However, the
effect of wall thickness, which is a primary parameter of the
burner, on the combustion characteristics of the hydrogen
flame was not clarified.

The primary target of the present work is to investigate the
effect of the tube wall thickness on the hydrogen micro-jet
flame. The combustion characteristics of a hydrogen burner
with the same inner diameter and three different wall
thicknesses were investigated by including the heat
exchange between solid tube and gases. The temperature
and species distributions and combustion efficiency were

compared in detail. The effect of wall heat transfer
characteristics was also investigated.

COMPUTATIONAL METHODS

The schematic diagram of the physical model of the micro-jet
flame in the present study is drawn in Figure 1. The hydrogen gas
is issued into air through a stainless steel micro fuel tube, and a
diffusion flame is formed near the nozzle exit. A two-dimensional
axisymmetric geometric model was employed for the micro-jet
flame. The inner diameter (d) and length of the micro-tube were
fixed at 0.42 and 50 mm, respectively. Three different tube wall
thicknesses (δ), 0.14, 0.36, and 0.84 mm were selected for the
numerical study and comparison.

The continuum hypothesis and the Navier–Stokes equations
are still suited to the present case for the Knudsen number, which
is much smaller than the critical value of 10−3 (Beskok and
Kamiadakis, 1999). The governing equations for the gaseous
mixture includes mass, momentum, energy, and species
conservation equations:

∇ · (ρui) � 0 (1)

FIGURE 1 | Physical model.
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∇ · (ρuiui) � −∇p + ∇ · (μ∇ui) + ρg (2)
∇ · (ρuiT) � 1

Cp
∇ · (λ∇T) − 1

Cp
∑
n

hn{ωn + ∇ · [ρDn∇Yn

+ ρDT
n∇(lnT)]} (3)

∇ · (ρuiYn) � ∇ · [ρDn∇Yn + ρDT
n∇(lnT)] + ωn (4)

and the state equation:

p � ρR0T∑
n

Yn

Mn
(5)

where u is the velocity vector; the subscript i represents the
different direction components in the space; ρ, µ, p, g, T, λ, Cp, and
R0 are the density, viscosity, pressure, gravitational acceleration,
temperature, thermal conductivity, heat capacity, and universal
gas constant, respectively; andDn, ωn, Yn, hn, andMn are the mass
diffusion coefficient, species production rate, mass fraction,
enthalpy, and molecular weight, respectively. The subscript n
represents a certain species.DT

n is the thermodiffusion coefficient.
The solid tube wall was assumed as a nonslip boundary condition.
The computation includes both fluid and solid domains. The heat
transfer between the gases and surfaces of the micro-tube (inner,
top, and exterior) was considered based on the coupling
boundary condition.

The governing equations mentioned above were discretized by
using the finite volume method and solved by using the open-
source framework OpenFOAM (OpenFOAM, 2016). The
SIMPLE algorithm was selected to deal with the pressure and
velocity coupling in the equations. The laminar finite-rate
reaction model was selected, since the experimental results
showed that hydrogen micro-jet flame burn as laminar flame
(Zhang et al., 2016). The C1 chemical mechanism (Bilger et al.,
1999), which includes 17 species and 58 reactions, was employed
in the study. Ever since, it was shown that the hydrogen micro-jet
flames computed by using the C1 and GRI 3.0 (Smith et al., 1999)
mechanisms are the same (Li et al., 2018). Thermodynamic and
transport properties of the gaseous species were obtained from
the database of CHEMKIN-PRO (CHEMKIN, 2013). The specific
heat and density of mixture gas were calculated bymixing law and
incompressible ideal gas law, respectively.

The velocity inlet boundaries were used for the fuel and air
inlets, and the pressure boundary condition (1.0 atm) was
specified at the outlet. The fuel stream was injected into the
coflow air at a flow velocity of 5 cm/s. A uniform velocity profile
of air coflow was achieved at the inlet by using a ceramic
honeycomb. The initial temperatures of fuel and air were
300 K. The thermal conductivity of the stainless steel solid
tube is set as 16.27W/(m • K). The overall calculation domain
is 300 mm × 25 mm, which is sufficiently larger than the jet flame.
It was confirmed that a further increase in the computation
domain has negligible effect on the computation results.

The quadrangular grids were adopted, and refined grids were
utilized near the tube wall for high resolution in the numerical
computation. The grid size is 17 μm at the tube exit and gradually
stretched toward the far boundaries. The independence of the
grid was confirmed under different flow conditions, and a set of

grids with 169,000 cells was employed. The simulation
convergence was confirmed when the residuals of all
governing equations approached steady states. A steady state
was declared until the fluctuation of the maximum flame
temperature was less than 1 K. Convergence of the result was
achieved based on the residuals to be less than 10−6.

RESULTS AND DISCUSSION

Validation of the computational method
The experimental study of hydrogen micro-jet flames has been
conducted in our previous work (Zhang et al., 2016). The present
computation method was validated by comparison with the
experimental results at different tube diameter and wall
thickness conditions. The hydrogen micro-jet flames achieved
by micro-tubes with inner diameters (4) of 0.28 and 0.71 mm and
wall thickness (δ) of 0.1 and 0.17 mm were measured by using
planar laser-induced fluorescence technique for OH radical (OH-
PLIF). The OH-PLIF system, based on a LaVision LIF system, was
employed. The OH fluorescence was captured by an ICCD
camera, which was perpendicular to the laser sheet. The
detailed OH-PLIF measurement method was given in the
literature (Zhang et al., 2016; Li et al., 2017). To obtain the
whole OH chemiluminescent image of the flame, the laser sheet
covered the fuel tube tip. The missing OH fluorescence could be
found on the bottom right corner of the flame due to the block of
the opaque solid tube on the opposite side of the laser beam;
therefore, the OH contours obtained from experiment are
asymmetric. It was further demonstrated that the fuel tube tip
is circled by the OH zone, and the flames attached to the exterior
surface of the solid tube.

The measured and computed OH distributions are shown in
Figure 2. The variations in measured and computed height to
width aspect ratios of flames (defined by OH distributions of the
micro-flames) at different fuel flow Reynolds numbers (Re) are
plotted in Figure 3. The height-to-width ratio, which reflects the
flame deformation rate, increases with Re, and the measurements
agree well with the computed results with differences less than
4%. It can be found that the flame shapes obtained from both
experiment and computation are in good agreement.
Consequently, it is reasonable to believe that the
characteristics of hydrogen micro-jet diffusion flame with
different wall thicknesses can be captured by the present
numerical method.

Temperature distributions and fuel
conversion ratio
The hydrogen micro-jet flames with tube (d = 0.42 mm) wall
thickness of 0.14, 0.36, and 0.84 mm at different fuel jet velocities
were computed. Figure 4 shows that the maximum flame
temperature decreases smoothly with decreasing fuel flow
velocity in the velocity range of 1–5 m/s. However, a rapid
decrease can be seen in the velocity range of 0.4–1 m/s. It can
be found that the maximum flame temperature decreases with the
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increasing wall thickness at the same fuel velocity. The
temperature difference between the flames is significant in the
high flow-velocity range, while the difference is modest in the
low-velocity region.

Figure 5 shows the temperature contours of the
nonpremixed hydrogen micro-jet flames with three different
tube wall thicknesses. It can be seen that variations in
temperature distributions versus fuel flow velocities are
similar for the flames with thin- and thick-walled tubes.
The high-temperature region shrinks gradually with the
decreasing fuel velocity. The temperature distribution is

influenced by the wall thickness. At high fuel velocity of
2.5 m/s, the top surface of the thick-walled tube is partly in
the high-temperature region, while a greater area of the thin-
walled tube is immersed in the region. Compared with the
thin-walled tube case, the high-temperature region is smaller
at a fuel velocity of 1 m/s for the thick-walled tube. Moreover,
the high-temperature region moves to the tube exit at a low
fuel velocity, 0.4 m/s, and the gaseous temperature around the
exit of the thin-walled tube is significantly higher than that of
the thick-walled tube.

FIGURE 2 | Measured (above) and computed (below) OH contours of hydrogen micro-jet flames at different fuel flow velocities (d = 0.71 mm, δ = 0.17 mm).

FIGURE 3 | Comparison of the measured and computed height-to-
width ratios of the flame achieved by micro-tubes with different inner
diameters and wall thicknesses (case 1: d = 0.71 mm, δ = 0.17 mm; case 2:
d 0.28 mm, δ = 0.1 mm).

FIGURE 4 | The variation of computed maximum flame temperature
versus fuel flow velocity with different wall thicknesses and mesh densities
(δ = 0.14, 0.36, and 0.84 mm).
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The computational temperature distributions in the solid
tubes can also be seen in Figure 5. It can be seen that the solid
micro-tube was heated by the micro-flame. The variation in
the high-temperature region of flame affects the temperature
of the solid micro-tube. The temperature profiles on the
centerline of the solid tube wall (x direction) with different
thicknesses were analyzed since it was reported that the
preheating effect plays a key role in the temperature
distributions and the flow fields around the tube exit
(Fujiwara and Nakamura, 2013).

The temperature profiles on the centerline of the solid tube at
different conditions are drawn in Figure 6 (the tube exit is at
x = 50 mm). The temperature in the solid tube increases along the
distance from inlet to exit in all cases, and the peak temperature
position is on the top surface of the tube exit. The maximum
temperature (967 K) at δ = 0.14 mm, 2.5 m/s is higher than that of
the other cases, and the maximum temperature (387 K) at δ =
0.84 mm, 0.4 m/s is the lowest. The comparison shows that the
maximum temperature of the solid tube decreases with
decreasing fuel jet velocity. Although the solid temperature of

FIGURE 5 | Temperature distributions of flames at different flow conditions (a1) δ = 0.14 mm, 2.5 m/s; (b1) δ = 0.36 mm, 2.5 m/s; (c1) δ = 0.84 mm, 2.5 m/s;
(a2) δ = 0.14 mm, 1 m/s; (b2) δ = 0.36 mm, 1 m/s; (c2) δ = 0.84 mm, 1 m/s; (a3) δ = 0.14 mm, 0.4 m/s; (b3) δ = 0.36 mm, 0.4 m/s; (c3) δ = 0.84 mm, 0.4 m/s.

FIGURE 6 | Temperature profiles on the centerline of the tube walls for
different wall thicknesses.
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the tube with a thick wall is relatively uniform, the maximum
solid temperature of the thin-walled tube is much higher than the
thick-walled tube at the same fuel flow velocity. It can be
concluded that reduced wall thickness can increase the
centerline temperature of the tube wall near the tube exit.

The fuel conversion ratios of flame with different wall
thicknesses at the fuel jet velocity of 0.4–5 m/s were also
compared. The hydrogen conversion ratio α is computed as
follows:

α � _mω

_m
(6)

where _mω, _m are the hydrogen consumption rate and mass flow rate
of input hydrogen, respectively. Figure 7 shows that the hydrogen
conversion ratio is rapidly increased in the low fuel velocity range
(0.4–1.0 m/s), and the hydrogen conversion ratio is smoothly
increased when the fuel flow velocity varies from 1.0 to 2.5m/s.
The conversion ratio for the thin-walled case (δ = 0.14mm) is higher
than those of the thick-walled cases at relatively low fuel flow velocity.
It illustrates that the wall thickness has significant effects on the
conversion ratio at low fuel flow velocities, and the combustion
efficiency needs to be improved.

The maximum conversion ratio (approaching 100%) can be
achieved at high fuel flow velocity (≥2.5 m/s) for the tubes with
different wall thicknesses, and there exists a strong preheating effect.
It is observed that the maximum conversion ratio values for these
cases have little distinctions. However, the flame issued from the thin-
walled tube (δ = 0.14mm) reaches the peak value at a smaller fuel
velocity. The results reveals that the thin-walled tube is more
appropriate in achieving a relatively complete combustion.

Flame structures
In order to further clarify the effects of wall thickness on the flame
structures and thermal interactions, the computational OH
distributions of the micro diffusion flames were analyzed, as

shown in Figure 8. It can be seen that the OH distributions are
affected by the wall thickness.

The top section of the solid tube is tightly circled by the OH
zone for the thin-walled tube at a fuel flow velocity of 2.5 m/s
(Figure 8a1), and a spherical flame attaches the lip of the tube,
whereas the contact area between the flame and the thick-walled
tube is significantly smaller for the thick tube (Figure 8c1). The
attachment region is transferred from the exterior surface to the
top surface, and the shape of the flames changed from sphere to
hemisphere. When the fuel velocity decreases to 1 m/s, the OH
zone shifts to the exit of the tube, the OH zone locates on the top
surface of the thick wall in Figures 8b2, c2, and the flames turn
from hemisphere shape to umbrella shape. However, the flame
achieved by the thin-walled tube still adheres to the exterior
surface (Figure 8a2). At the near-extinction limit, where the fuel
velocity is 0.4 m/s, the umbrella-shaped OH regions are floated on
the tube exit, the bottom of the small OH zones are flat, and it can
be seen that the effect of wall thickness on the OH distribution is
not significant.

The maximum OHmole concentrations of flames achieved by
the different tube wall thicknesses also show distinction, except
the main difference in flame shape and attachment behavior. It
can be found that the maximum OH mole concentration
decreases with increase in the wall thickness.

Effect of wall thickness on heat
recirculation
To further compare the heat recirculation through the tube walls
to the fuel, which can enhance the combustion, the thermal
interactions at three different wall thicknesses (δ = 0.14, 0.36,
and 0.84 mm) were also analyzed. The heat transfers through the
wall surfaces at different fuel flow velocities were analyzed, and
the case at a fuel flow velocity of 2.5 m/s are shown in Figure 9 for
a demonstration. The heats absorbed from the flame through the
top and exterior surfaces are finally transferred to the fuel steam
via the inner surface for the thin-walled case (δ = 0.14 mm).
However, the absorbed heats from the top surfaces are
dissipated to the fuel and air streams through the inner and
exterior surfaces for the thick-walled tube cases. The heat
dissipated to coflow ambient through the exterior surfaces is
increased with increasing wall thickness, and the corresponding
maximum temperature of the solid tube is decreased. The results
also show that the heat transfers through the inner surface
deceases with increasing thickness.

The net heat transfer to the fuel steam, which can benefit the
flame, was calculated and normalized by the total heat absorbed
by the wall surfaces. The normalized heat exchanges for
preheating fuel QN was defined as follows:

QN � ∫qdA
Qt

(7)

where q, A are the local heat flux density and the corresponding
surface (inner surface) area, respectively. Qt is the total heat
absorption through other wall surfaces. The results at different
fuel flow velocities are plotted in Figure 10, and the positive and

FIGURE 7 | The variation of hydrogen conversion ratio versus fuel flow
velocity with different wall thicknesses (δ = 0.14, 0.36, and 0.84 mm).
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negative values on the vertical axis mean heat absorption and heat
dissipation, respectively. The results reveal that reducing the
thermal conductive wall thickness can improve the heat
recirculation at fuel velocities of 1 and 2.5 m/s, while all the

micro-tubes play a negative role on the hydrogen flame at the
fuel velocity of 0.4 m/s because the heat is transferred from the
gas to the inner surfaces. It can be seen that the heat loss
through the inner surface of thin-walled cases is lower than
those of thick-walled cases, due to the difference in flame
structure and temperature distribution (Figures 5 and 8).
However, the heat exchanges through inner surfaces only
account for a small percentage of the total heat absorption
at low fuel velocity. The heat loss through the exterior surfaces
is mainly from the absorbed heat from the top surface of the
solid tube.

Numerical experiment
As known, a properly maintained high wall temperature and
utilized heat recirculation can facilitate the gas reaction and
enhance the flame. To provide guidance for the thermal
management of the jet flame burner, especially for the
thick-walled tube, an innovative numerical experiment was
conducted to compensate for the negative effect of heat loss.
An artificial wall boundary condition was used, where the
exterior surface of the tube wall was treated as an adiabatic wall
boundary, while the top and inner surfaces were thermal
coupling boundaries.

FIGURE 9 | Schematic of heat exchanges through surfaces at fuel flow
velocity of 2.5 m/s: (A) δ = 0.14 mm; (B) δ = 0.36 mm; (C) δ = 0.84 mm.

FIGURE 8 | Computed OH mole concentrations of flames at different flow conditions (a1) δ = 0.14 mm, 2.5 m/s; (b1) δ = 0.36 mm, 2.5 m/s; (c1) δ = 0.84 mm,
2.5 m/s; (a2) δ = 0.14 mm, 1 m/s; (b2) δ = 0.36 mm, 1 m/s; (c2) δ = 0.84 mm, 1 m/s; (a3) δ = 0.14 mm, 0.4 m/s; (b3) δ = 0.36 mm, 0.4 m/s; (c3) δ = 0.84 mm,
0.4 m/s.
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The computational flame temperature with real and
artificial wall conditions at the fuel velocities of 0.4 and
2.5 m/s were compared, and the wall thickness was fixed at
δ = 0.36 mm. The gas temperature profiles along the
centerline (x direction, y = 0) with both the conjugate wall
and adiabatic wall boundary conditions are shown in
Figure 11 (the tube exit is at the position x = 50 mm). At
the fuel velocity of 0.4 m/s, the maximum temperature of the
flame and the fuel temperature in the tube with the adiabatic
exterior surface are significantly higher than those of the real
wall tubes. A similar behavior can be found in the case of the
high fuel velocity (2.5 m/s), although the temperature
difference is reduced. The numerical results indicate that
the preheating effect on the fuel is enhanced, and the
maximum flame temperature on the centerline is increased
when the heat loss through the exterior surface of the
relatively thick wall tube is suppressed.

The results of combustion efficiency (η) with different wall
boundaries are calculated and shown in Figure 12, and the
combustion efficiency is defined as follows:

η � Q

H · _mf
(8)

where Q, H, and _mf are the overall heat generation of flame,
low heat value of fuel, and mass flow rate of input fuel,
respectively. It can be seen that the combustion efficiency
with the adiabatic exterior surface is obviously increased
compared with that of the real wall tube at a low fuel
velocity of 0.4 m/s. However, the combustion efficiencies for
the high fuel velocity of 2.5 m/s are the same. The results of the
numerical experiments above suggest that wall thickness and
surface material should be considered when developing and
optimizing micro-jet combustors. The thick-walled burner
with the insulating exterior surface can also stabilize a jet
flame and realize an enhanced combustion.

FIGURE 11 | Temperature profiles along the centerline under real and artificial wall boundary conditions: (A) 0.4 m/s, δ = 0.36 mm; (B) 2.5 m/s, δ = 0.36 mm.

FIGURE 12 | The variation in combustion efficiency under real and
artificial wall boundary conditions (0.4 and 2.5 m/s, δ = 0.36 mm).FIGURE 10 |Normalized heat exchanges responsible for preheating fuel

at different fuel flow velocities (δ = 0.14, 0.36, and 0.84 mm).
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CONCLUSION

The combustion characteristics of hydrogen diffusion flames
achieved by micro-tubes with different wall thicknesses and
the same inner diameter were investigated numerically to
clarify the effect of wall thickness on the flame behaviors
and combustion efficiency.

The computed temperature and OH distributions show a
remarkable difference when wall thickness is changed. The
hydrogen conversion ratios, which reflect the combustion
efficiency for tubes with different all thicknesses are almost
the same at high fuel jet velocity. However, the hydrogen
conversion ratio is decreased with the increase in wall
thickness at low fuel flow velocity. The thin-walled tube is
more appropriate in maintaining a high fuel conversion ratio.

The computational maximum flame, solid temperatures, and
maximum OH mole concentration decrease with increasing wall
thickness at a fixed fuel flow velocity. The heat exchange between
the flame and solid tube through the top surface is increased with
the wall thickness. However, the heat recirculation to the fuel
stream is decreased, since the heat loss from the exterior surface is
increased. The effect of wall thickness on the micro-jet flame is
mainly through its influence on the flame shapes and heat
exchange areas of the exterior and top surfaces.

A numerical experiment on the heat conduction
characteristics of the exterior surface has been conducted.

The results show that the hydrogen micro-jet flame
achieved by a tube with a thick wall can be prompted by
restraining the heat loss from the exterior surface.
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