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Abstract: Characteristics of microjet hydrogen diffusion flames stabilized near extinction are investi-
gated numerically. Two-dimensional simulations are carried out using a detailed reaction mechanism.
The effect of burner wall material, thickness, and thermal radiation on flame characteristics such as
flame height and maximum flame temperature are studied. Results show that the flame stabilizes
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are observed for low conductive burners, whereas the flame length increases with an increase in
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distribution of H and HO; radicals in the flame region. Although the variation in wall thickness has
the least effect on the overall flame shape and temperature distribution, the structure near the burner
port differs.
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Miniaturization of electrical and mechanical devices demands micro power generators
Publisher’s Note: MDPI stays neutral - with high specific energy density and increased operational lifetimes [1-6]. Combustion-
with regard to jurisdictional claims in - drjyen microdevices utilize liquid hydrocarbons, which have a high specific energy density
published maps and institutional affl- compared to advanced electric batteries. The environmental pollution caused because of
iations. the emission of greenhouse gases during hydrocarbon combustion is another concern [7].
Hydrogen as a fuel is an attractive option to reduce carbon emissions significantly.
Investigations on flame stability and structure of micro flames are essential for the
By design of micro combustors. Micro diffusion flames always encounter stability problems
Copyright: © 2021 by the authors.  sych as quenching and blowoff. The surface area to volume ratio is large for a micro
Licensee MDPI, Basel, Switzerland.  combustor, and the heat loss from the flame to the burner wall becomes significant. Hence,
This article is an open access articdle  flame quenches at the tube wall for lower fuel flow velocities. Many studies [8-25] were
distributed under the terms and  conducted to analyze the flame structure and characteristics of micro diffusion flames,
conditions of the Creative Commons  (y i were recently reviewed by Maruta [26] and Nakamura et al. [27].
Attribution (CC BY) license (https:// Ban et al. [8] investigated small (Pe < 5) convection-diffusion controlled laminar micro

Zr;j;ivecommons'Org/hcenses/by/ flames. It was observed that buoyancy effects are negligible, and diffusive fuel transport
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was comparable with convective fuel transport for small flames. The measured and
theoretical flame shapes were in better agreement when axial diffusion terms were included
in the governing equations compared to those calculated excluding axial diffusion terms.
Characteristics of microscale propane diffusion flames were experimentally investigated
by Matta et al. [9]. The results revealed that, near extinction, the fuel and air mix in the
standoff region and burns as a premixed flame. The study concluded that the laminar jet
diffusion flame theory could adequately model the behavior of micro diffusion flames.
However, the experimental and numerical studies conducted by Chen et al. [10] showed
that fuel burns in a diffusion flame near extinction and contradicts the prediction by the
simple jet flame model. The key reactions in the flame standoff region for microjet methane
diffusion flames were analyzed by Cheng et al. [11]. The results indicated that the flame
was stabilized by wall quenching and the formation of HO, near the burner wall, creating
a high-temperature reaction kernel.

The numerical studies conducted by Nakamura et al. [12] predicted the existence of a
minimum flame size below which no flame can exist. They also studied the difference in
governing mechanisms between micro flames and microgravity flames. Far-field natural
convection enhances the extinction of micro diffusion flames, whereas the radiation from
the flame influences the extinction of microgravity flames. Kuwana et al. [13] presented
a theory to predict the extinction limit of laminar microjet diffusion flames for various
fuels like methane, propane, and butane. The proposed model was validated using both
experimental observations and numerical results.

Cheng et al. [14,15] conducted a series of experiments using non-intrusive UV Raman
scattering coupled with LIPF to investigate the characteristics of microscale hydrogen
diffusion flames. The study concluded that the buoyancy effects on flames are minor at the
convection-diffusion controlled regime. Darabiha [16] analyzed the unsteady behavior of
laminar hydrogen-air counterflow diffusion flames subjected to a time-dependent strain
rate. The flame dynamics were observed to be governed by the mean strain rate and
the critical extinction strain rate. Close to extinction, the flame is highly sensitive to
low-frequency perturbations and behaves nonlinearly.

Experimental, numerical, and theoretical studies on combustion characteristics of
microjet methane diffusion flames were conducted by Cheng et al. [17]. The flame quench-
ing was observed when the flame length equals the standoff distance. Additionally, they
identified that the change of tube materials has a minor effect on the flame standoff distance
but influences the quenching gap between the tube wall and the flame. Hossain and Naka-
mura [18] explored the thermal and chemical structures of microjet hydrogen diffusion
flames stabilized on aluminum and titanium burners. The simulations were performed for
velocities varying from 0.25 to 2.5 m/s. They observed that the flame structures near the
burner port are affected by the burner wall material. The heat loss from the flame to the
burner wall is minimized for the low conductive burner, and there is a slight increase in the
maximum flame temperature. Nakamura and Fujiwara [19] investigated the behavior of
methane micro diffusion flames near the limit of extinction. The study concluded that the
miniaturized jet diffusion flames are self-stabilized systems supported by the burner tube
as a heat recirculation medium. They also observed that the endothermic radical-chain
reactions are promoted near the burner exit as the burner tip is substantially heated up. Li
et al. [21,22] investigated the thermal interaction between the flame and the burner surface
for hydrogen/methane-air microjet diffusion flames at different fuel flow velocities. The
burner tube was having a positive heat recirculation effect at moderate fuel flow velocities
(v & 1 m/s). For fuel inlet velocities near extinction, heat from the flame is transferred to
the top and inner walls of the tube and dissipated through the outer surface.

Gao et al. [25] conducted a numerical study on methane/air jet diffusion flames over
a wide range of fuel jet velocities by varying the burner wall material and thickness to
understand the physical mechanism in flame stabilization. The effect of heat recirculation
on the stabilization of micro-jet diffusion flames was analyzed by performing detailed heat
flux calculations. Even though the study was conducted for near extinction velocities, the
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computations were not performed close to the extinction limit. The numerical simulations
were performed for a velocity range of 0.4-3.2 m/s. They defined a critical fuel jet veloc-
ity (V) above which the increase in fuel jet velocity positively affects burner wall heat
recirculation. The critical fuel jet velocity was found to be decreasing by reducing the wall
thickness and thermal conductivity. Thus, heat recirculation-assisted combustion can be
achieved at near extinction conditions. In our recent study [28], combustion characteristics
were analyzed for syngas laminar micro diffusion flames. Resende et al. [29] summarized
the numerical studies on micro diffusion combustion flame. The review concluded that the
numerical simulations are capable of predicting the micro diffusion flame behavior both
quantitatively and qualitatively. The effect of buoyancy on microjet hydrogen diffusion
flame was studied numerically by Lei et al. [30]. The results revealed that the combustion
is intensified for a velocity greater than 0.2 m/s because of the radial flow due to the buoy-
ancy effect. Zhao and Fan [31] numerically investigated the buoyancy effect on microjet
hydrogen diffusion flame confined in a tube. In another study, they examined the effect of
tube diameter on the combustion efficiency of microjet hydrogen diffusion flames confined
in cylindrical tubes [32]. Recently, Hong et al. [33] studied the effect of nozzle exit diameter
on the combustion efficiency of microjet hydrogen diffusion flame.

Based on the existing literature, it can be inferred that most of the studies were
conducted to explore the effect of fuel jet velocity and burner tube diameter on micro
diffusion flame characteristics. Even though Cheng et al. [17] and Gao et al. [25] investigated
the effect of burner tube material on micro flame behavior, the chemical structure and the
rate of reactions in the flame standoff region remain to be analyzed. Additionally, the flame
stability and structure of micro diffusion hydrogen flame were not studied close to the
extinction limit. It would be interesting to understand the effect of thermal properties of the
wall material as well as radiation on flame stability, the limit of extinction, and the global
flame characteristics such as flame height and maximum flame temperature. In the present
study, numerical simulations were performed for three different burner wall materials
(quartz, steel, and aluminum) and fuel inlet velocities ranging from near extinction limit to
v =0.25m/s. Simulations were performed at inlet velocities, 0.13 m/s (quartz) and 0.14 m/s
(steel and aluminum), to study the flame characteristics very close to the extinction limit.
The effect of burner wall material and thermal radiation on flame structure, critical reactions
in the flame standoff, and the extinction limit were explored. The study was extended
to examine the effect of burner wall thickness on the flame characteristics and structure.
Flames stabilized on burners of thickness t = 0.1-0.3 mm are numerically investigated.

2. Materials and Methods
2.1. Computational Domain and Grid

The two-dimensional computational domain and the boundary conditions employed
in the present model are shown in Figure 1la. The complete domain is 217.5d x 46 d in
the axial and radial direction, respectively, where d is the burner diameter. The burner
used is a circular cross-section with 0.8 mm diameter, 20 mm long, and a 0.2 mm thick wall
material. The computational domain is extended in the negative x-direction, such that the
burner bottom is at (—10) mm along the axial (x) direction. The burner tip is at 10 mm
along the axial (x) direction.
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Figure 1. (a) Schematic view of the computational domain (b) computational grid used in present work.

The grid employed in the present work is shown in Figure 1b. The grid consists of
116,965 cells. Meshing is biased with a fine mesh (Ax = 15 pym and Ay = 16 pm) in the flame
region, as shown in an enlarged view in Figure 1b [27-30].

2.2. Governing Equations

In the present study, a laminar species transport model with volumetric reactions is
used. The governing equations were solved based on laminar, two dimensional steady-
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state assumptions. The gravitational effect is considered. The conservation equations for
mass, momentum, and energy used in the present study are formulated as follows,

] 0 vy
V. (pvv)=—-Vp+V - (T)+pg )
where, the stress tensor is related to strain by,
= T
r—y[(v?+v?)—§5v-31} 3)
— = = -
V- (V(pE+p)) =V I[kVT =) hjj;+(T-v) |+ 4)
j

x: axial coordinate, r: radial coordinate, vy. axial velocity, v, radial velocity. p: static
pressure, p: density, g: acceleration due to gravity, y#: molecular viscosity, I: unit tensor, k:
thermal conductivity.

The chemical kinetic model implemented in the present study is based on Li et al. [34],
consisting of 10 species and 21 reactions. The databases for reaction mechanism, thermo-
dynamic properties, and transport properties were imported in CHEMKIN format. Soret
effect is considered in all the simulations. Since more than two species are involved in the
numerical study, cross effects of diffusive transport between species need to be accounted.
Hence, diffusion coefficients are calculated using the full multicomponent diffusion model.

The species conservation equations under steady-state conditions take the form,

V- (p0Y) =~V +R; 5)

where ?i, Y;, and R; are the diffusion flux, mass fraction, and net production rate of ith
species, respectively.

In order to account for the effect of conjugate heat transfer between the mixture and
the burner wall, the following heat conduction equation is solved.

0 aa% — V. (kVT) ©)

The amount of heat transfer through radiation is estimated using the discrete ordinate
(DO) model [35]. Each octant is discretized with the Theta and Phi divisions equal to 4.
Radiation from the gas mixture and the flame is calculated using WSGGM (Weighted Sum
of Gray Gases Model). The burner wall is assumed to be opaque. The wall emissivity is
considered to be constant.

2.3. Boundary Conditions

The boundary conditions used in the present model are indicated in Figure 1a. The
outer boundaries in x and y directions are located sufficiently far from the flame region to
nullify the boundary disturbances. Boundary conditions employed within the computa-
tional domain are as follows.

i.  Velocity inlet

At the burner inlet, the velocity inlet boundary condition is imposed. The fuel (Hy) jet
velocity is specified at this boundary. The fuel mixture temperature is set to be 300 K.

ii.  Pressure inlet

In open flames, the flame induces flow from its surroundings. Due to this, a coflow
of cold air is induced from the pressure inlet boundary, where properties of cold air
are prescribed. At this boundary, the stagnation pressure and temperature are set to be
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101,325 Pa and 300 K with O, mole fraction of 0.21. The far boundaries at the right (BC) as
well as at the bottom (CD) portion of the domain are provided with pressure inlet boundary
conditions, as shown in Figure 1a. The stagnation pressure is set to be atmospheric pressure
(101,325 Pa) and temperature to be 300 K. The O, mole fraction is given as 0.21 for the
oxidizer stream.

iii. Pressure outlet

The pressure outlet boundary is defined at a far downstream location (AB) from the
burner inlet to ensure that all variables are nearly constant and hence normal gradients
are nearly zero. The static pressure eventually reduces and reaches atmospheric pressure
(101,325 Pa) at this boundary. The temperature and O, mole fraction are set as 300 K and
0.21, respectively.

iv.  Axisymmetric

The two-dimensional geometry employed in the present work is axisymmetric. The
centerline (EA) of the burner is provided with axisymmetric boundary conditions, as shown
in Figure 1a. The radial velocity component is set to zero along this line.

V. Burner wall

In the present work, three different burners wall (aluminum, steel, and quartz) are
employed. The material properties were specified as follows. Aluminum with density
(0) = 2719 kg /m3, specific heat (cp) = 871]/kg-K, thermal conductivity (k) of 2024 W/m K
and emissivity (¢) = 0.05. Steel burner is specified with p = 8030 kg/m?, ¢, = 502.48 J/kg-K,
k =16.27 W/m K and ¢ = 0.3. Quartz burner wall is characterized by p = 2200 kg/ m3,
cp = 1052 J/kg-K, k=1.67 W/m Kand ¢ = 0.6.

2.4. Solution Methodology

The numerical simulations were performed in out in the commercial CFD package,
FLUENT 14.5 [36]. The SIMPLE algorithm is used for pressure—velocity coupling. Inte-
gration of each of the conservation equations is done over a finite control-volume domain.
A second-order upwind scheme for convection terms and a central differencing scheme
for diffusion terms are employed to discretize the governing equations. The buoyancy
effect is taken into account in all the numerical simulations. Dufour effect was neglected.
Initially, cold flow simulations were performed up to an acceptable convergence limit. The
combustible mixture is ignited at the burner exit by patching at a high temperature. The
burner outlet region is patched with 2500 K, and the wall region is patched with 900 K
temperature. The heat recirculation region surrounding the burner top portion is patched
with 1700 K. In order to ensure steady heat recirculation effects through solid walls of the
burner, the temperature at an axial location near the burner exit, but inside the burner, is
monitored until it becomes a constant value. The convergence criteria are set to be 10~ for
continuity, 10~ for energy, and 10~2 for all other species.

2.5. Grid Independence

The initial computational grid has meshed with 116,965 cells. The grid size was
Ax =15 and Ay = 16. Once the flame is stabilized, the flame region is adapted to obtain a
finer grid. The adapted grid consists of 223,561 cells, and the grid size was Ax = 3.75 um
and Ay = 4 um. The axial static temperature and OH mass fraction profiles for quartz
burner, v = 0.25 m/s (without radiation), are plotted along the axis for the adapted as well
as non-adapted grid as shown in Figure 2. Only the data corresponding to alternate grid
points are shown for the adapted case for the effective representation. It can be noted that
the profiles for both adapted and non-adapted grids are perfectly matching. Thus, in the
present model, the solution for the adapted grid was used. The size of the grid employed
for the present work is similar to that earlier reported by various researchers for such a
class of problems [37-40].
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Figure 2. Comparison of OH mass fraction and temperature profiles along the axis for non-adapted
and adapted grid (data corresponding to alternate grid points are presented for adapted grid).

3. Results

Micro diffusion flames usually operate at lower fuel inlet velocities. Flame stabilizes
very close to the burner wall at lower fuel jet velocities. Even though the burner wall
surface is chemically inert, the thermal properties of the wall material can affect the flame
structure and flame characteristics. Further, the effect of thermal radiation on the flame
structure is also studied in detail.

3.1. Global Flame Characteristics

Micro diffusion flames are characterized by flame heights and the maximum flame
temperature. Effect of change of burner wall material, fuel inlet velocity, and thermal
radiation on maximum flame temperature and flame height was elucidated.

3.1.1. Effect of Thermal Radiation on Maximum Flame Temperature

The maximum temperature obtained within the fluid domain is taken as the flame
temperature. In Figure 3, the maximum flame temperatures at various fuel inlet velocities,
with and without considering radiation effects are shown.
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Figure 3. Comparison of maximum flame temperatures with and without considering radiation
effects for flames stabilized on (a) quartz, (b) steel, (c) aluminum burners.

For quartz burner, the effect of thermal radiation is dominant compared to steel or
aluminum. Radiation heat loss significantly affects the flame stability of quartz burners.
The limiting fuel jet velocity near extinction changes from 0.125 to 0.13 m/s, when thermal
radiation effects are included. The heat loss from the flame region as well as e burner wall
causes the flame extinction. It can be observed that flame temperature decreases for all three
burners when radiation effects are considered. For quartz burner, the average change in
maximum flame temperature is observed to be 3.76%, whereas the corresponding changes
for steel and aluminum burners are less than 0.4%. For steel and aluminum burners, heat
transferred from the flame to the tube walls is conducted away at a higher rate because of
the higher thermal conductivity. Hence, variation in flame temperatures is almost the same
irrespective of fuel jet velocity for steel or aluminum burners.

3.1.2. Effect of Burner Wall Material on Maximum Flame Temperature

The variation of maximum flame temperature with fuel inlet velocity for three different
burner wall materials (quartz, steel, and aluminum) is shown in Figure 4. Data presented
is for radiation included cases. For a given fuel jet velocity, higher flame temperatures
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are observed for quartz burner. The flame temperature decreases with an increase in
the thermal conductivity of wall material. Near flame extinction limits, the variation of
flame temperature with a change in tube material is minimal. Hence, it can be inferred
that the burner wall has less effect on flame temperatures near extinction. For mixture
velocities near extinction, a small spherical flame with low temperature is stabilized near
the burner tip. The recirculation effect becomes unimportant at this condition. When the
mixture velocity is increased, the flame standoff distance increases. The flame temperature
also increases. Due to the burner wall recirculation effect, the fuel in the standoff region
gets preheated, resulting in increased flame temperature. The recirculation effect is more
pronounced for the quartz burner due to increased heat recirculation through the wall as
compared to steel and aluminum [41].
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Figure 4. Variation of maximum flame temperature with inlet fuel jet velocity for quartz, steel, and
aluminum burners (radiation effects are included).

The curve corresponding to the quartz burner indicates a steep increase in flame
temperature as fuel jet velocity changes from 0.13 to 0.15 m/s (Reynolds number, Re from
0.967 to 1.12) and varies uniformly for velocities v > 0.15 m/s (Re > 1.12). However, for
steel and aluminum, the flame temperature varies uniformly with the increase in fuel inlet
velocity. The flame temperature increases at an average of 1.12% when the aluminum
burner is replaced with a steel burner. The average change in flame temperature is 4.15%
when the burner wall material changes from steel to quartz.

3.1.3. Comparison of Theoretical and Numerical Flame Heights

Diffusion flame height can be calculated using different methods such as using the
location of (1) maximum value of OH mass fraction [22], (2) maximum rate of heat re-
lease [12], and (3) the location of stoichiometric mixture fraction [10] along the axis. Figure 5
compares the location of maximum flame temperature with the non-dimensional flame
height (H/d) values computed based on the maximum value of OH mass fraction, maxi-
mum heat release, and stoichiometric mixture fraction along the axis for a quartz burner
with radiation effects.
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Figure 5. (a) Comparison of computed flame heights for quartz, with radiation effects, based on (i)
maximum OH mass fraction, (ii) maximum heat release rate, (iii) stoichiometric mixture fraction,
with corresponding locations of maximum flame temperature. (b) Comparison of theoretical and

numerical flame heights.

It can be inferred that the axial location of maximum OH mass fraction approximates
the location of maximum flame temperature accurately, compared to the other two methods.
The numerical and experimental investigations by Cheng et al. [17] also show that the
computed flame heights based on maximum OH mass fraction have better agreement
with the experimental observations. Therefore, in the present work, flame height based on
maximum OH mass fraction is used. The flame height is the axial distance from the burner
top surface to the location of maximum OH mass fraction contour along the axial direction.
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Diffusion flame heights for flames stabilized on a circular burner [42,43] can be theo-
retically calculated as,
Q T, 0.67
@)

:47rD01n(1—|—%) (Tf

H: flame height (cm), Q: volumetric fuel flow rate (cm®/s) corrected to ambient
temperature and pressure, Dy: mean diffusion coefficient of the oxidizer stream at ambient
temperature (cm?/s). S: stoichiometric ratio of the volume of air to the volume of fuel
gas. T characteristic flame temperature, T: ambient temperature. Roper calculated T as
1500 K and Dy as 0.2 cm? /s for normal diffusion flames.

Figure 5b compares the non-dimensional flame heights calculated numerically as
well as theoretically. The results presented are for quartz burner, including radiation
effects. Roper’s flame height increases linearly with fuel jet velocity. The effect of buoyancy
becomes inconsequential whereas the axial diffusion becomes more significant in the case of
near extinction flames [44]. However, the axial diffusion transport effect was not considered
in Roper’s theory. Hence, the flame height values calculated numerically and predicted by
theory differ on an average of 28%. The variation in numerical flame heights with fuel inlet
velocity is minimal, very close to extinction.

H

3.1.4. Effect of Burner Wall Material on Flame Height

Variation of non-dimensional flame height with fuel inlet velocity for three different
burners (quartz, steel, and aluminum) is presented in Figure 6. The flame heights are
observed to be minimum for flames stabilized on quartz burner and increases with an
increase in thermal conductivity of tube material. When the burner wall material changes
from quartz to aluminum, the flame height changes by an average of 18%. Each curve in
Figure 6 has two different slopes. Near extinction, the curves are almost asymptotic along
the x-axis with a minor change in flame height. However, flame height increases linearly
with fuel jet velocities for v > 0.15 m/s. Even though the higher flame heights are observed
for steel and aluminum, the variation with fuel jet velocity is linear, and the curves have
almost the same slope.
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Figure 6. Variation of non-dimensional flame heights with fuel inlet velocity for quartz, steel, and
aluminum burners.
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3.2. Effect of Burner Wall Material and Thermal Radiation on Flame Structure

In order to investigate the effect of burner wall material as well as thermal radiation on
micro flame structure, axial distribution of static temperature along with the mass fractions
of H, HO,, and O; are plotted along the axis as shown in Figure 7a—c, respectively, for
quartz, v = 0.13 m/s, steel, v = 0.14 m/s, and aluminum, v = 0.14 m/s, with and without
considering radiation effects. The vertical straight line indicates the axial location of the
burner exit. The computational domain is extended in the negative x-direction, such that
the burner bottom is at (—10) mm along the axial (x) direction. The burner tip is at 10 mm
along the axial (x) direction.
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Hx10*- without radiation
--------- Hx10°- with radiation
HO,x10* without radiation
___________ HO,x10°* - with radiation
0,x10 - without radiation
___________ 0,x10 - with radiation

Temperature - without radiation
——————————— Temperature - with radiation

Figure 7. Axial distribution of static temperature, selected species mass fractions (a—c) and reaction rates for R9 and R11

(d—f) along the axis for (a,d) quartz, v = 0.13m/s, (b,e) steel, v =0.14 m/s and (c,f) aluminum, v = 0.14 m/s.

It can be noted that the variation of axial static temperature within the burner tube
is parabolic, linear, and asymptotic with the x-axis, respectively, for quartz, steel, and
aluminum burners. There is not much change observed for the temperature distribution
downstream of the flame region. Radiation effects are predominant within the burner
length for quartz burner. As the thermal conductivity of the burner wall increases, a greater
amount of heat is lost from the burner tip, which in turn produces a uniform temperature
distribution along the wall. Thus, the slope of the curve representing the static temperature
distribution along the axis is lesser for aluminum and steel burners compared to that of
quartz.

HO; radical is responsible for high HRR within the flame standoff region [3,10]. At
extinction, the flame is stabilized just above the burner port, and the flame standoff distance
becomes minimal. HO, radical concentration gives additional information about the heat
release and heat transfer from the flame region. Therefore, a comparison of HO, radical
concentration along the axis is presented for all three burner cases. From Figure 7a—c, it can
be identified that there is a significant amount of HO, radicals present inside the burner in
all the cases. This is an indication of the occurrence of HO, production reaction H + O (+M)
=> HO, (+M) inside the burner, close to the burner tip. At near extinction velocities, the
upstream gets preheated, causing the H radicals to be transferred into the burner because
of diffusional transport [18]. The variation of H radical concentration with burner wall
material is notable. Higher flame temperatures are observed for quartz followed by steel
and aluminum burners for the same fuel inlet velocity. A higher temperature of the flame
due to burner material affects the production of “H’ radical as it is a high-temperature
reaction and favored by the high temperature in the reaction zone. The inclusion of
radiation results in additional heat loss from the flame region and reduces the H radical
production. The mass fraction contours of O, in Figure 7 show that O; also diffuses into
the burner at low-velocity conditions. The concentration of O, species along the axis for
the three cases with the same jet velocity indicates the rate of its depletion and combustion
completeness. Interestingly, more O; is entrained into the burner tube once the fuel jet
velocity is reduced. These results in oxidation reactions to occur inside the burner close to
the tip at near extinction velocities. In order to verify this, HO, production reactions, R9
and R11 are plotted along the axis for quartz, steel, and aluminum burners, respectively, in
Figure 7d—f, with and without considering radiation effects. These graphs show that the
reactions H + Oy (+M) => HO; (+M) (R9) and HO, + H => OH + OH (R11) are present
inside the burner for all the cases. It can be inferred from the graphs that the reaction rate
increases with an increase in thermal conductivity. The amount of oxygen entrained into
the burner port is minimum for quartz burner whereas more oxygen is entrained into the
burner port when steel and aluminum burner is adopted. The mass fraction profile for O,
decreases smoothly to zero in the case of quartz burner. However, for steel and aluminum,
the O, mass fraction profile reaches a minimum value just upstream of the flame region
and then increases slightly before it further decreases to zero along the axis.

The reaction rates show significant variation with and without radiation, in the case
of quartz burner, as seen in Figure 7d. When radiation is considered, the burner wall at
the tip gets heated. The gases in the burner near the burner tip are heated because of the
heat transfer from the burner wall at the tip. This causes an increase in reaction rate inside
the burner, near the burner tip in the case of the quartz burner. However, when thermal
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conductivity is increased, the radiation effect on the reactions inside the burner becomes
less prominent since the heat from the burner tip diffuses quickly without transferring
much heat to the gas mixture inside the burner. For the case of aluminum, the variation in
reaction with and without radiation becomes insignificant, as shown in Figure 7f.

In order to visualize the flame structure completely, two dimensional contours of
HO, mass fraction along with velocity vector and stoichiometric mixture fraction (blue),
species mass fractions of H (black), are plotted in Figure 8i,ii, respectively, for flames
stabilized on (a) quartz, v = 0.13 m/s (b) steel, v=0.14 m/s and (c) aluminum, v = 0.14 m/s.
Stoichiometric mixture fraction [44], fgic locates the peak reaction zone where fuel and
oxidizer mix in stoichiometric proportions. The value of g is calculated as 0.02852. In
Figure 8, the contours to the right side of the axis represent no-radiation cases, and the left
side depicts the cases with radiation. The contour lines for H are labeled from 1 to ‘n’ in
the increasing order of contour values. The contour values of H vary from 2 x 10> with a
A =4 x 1075. The velocity field around the flame gets induced due to buoyancy. However,
the nearly spherical shape of the flame is obtained because the size of the flame is minimal.
The velocity vectors are shown in Figure 8i. It can be observed that the induced velocity is
almost similar for all the burners.
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Figure 8. (i) Contours of HO, mass fraction along with velocity vectors. (ii) Mass fraction of H and stoichiometric mixture
fraction, (a) quartz v =0.13 m/s, (b) steel, v = 0.14 m/s and (c) aluminum, v = 0.14 m/s; left side—with radiation effects;

right side—without radiation effects.

The HO; mass fraction contours show that there is a significant presence of HO,
inside the burner in the case of steel and aluminum (Figure 8(ib,c), respectively). Figure 8a
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shows that the HO; radicals inside the quartz burner are less significant, and this species is
mainly concentrated at the burner tip. As radiation effects are included, there is an increase
in HO, mass fraction in the flame standoff and as well as inside the burner. For steel and
aluminum burners, a greater amount of HO, is observed at the flame standoff region, even
for the no-radiation case. However, the axial extent of HO, mass fraction is reduced once
the radiation is considered. For steel and aluminum burners, HO, mass fraction contours
surround the flame region. These results corroborate the earlier findings in Figure 7.

Figure 8ii identifies that the stoichiometric mixture fraction line shifts axially outward
for steel and aluminum burners compared to that of quartz. This indicates the occurrence of
more intense burning slightly downstream of the domain in the case of steel and aluminum
than quartz. Hence, increased flame height is observed for flames stabilized on steel or
aluminum burners. It can be noted from Figure 8(iia) that H radical contours are extended
more into the burner tube for quartz compared to that of steel or aluminum. Additionally,
there is a significant concentration of H radicals at the burner top surface for the quartz
burner case. For steel and aluminum, H radicals are concentrated at the flame region and
not very near to burner wall surface. The maximum value of H mass fraction is found to
be at the flame region irrespective of the burner tube material. The maximum value of H
mass fraction decreases as the radiation effects are included in the present model.

To further illustrate the flame structure near extinction, contours of O, and HO, are
plotted for (a) quartz, v =0.13 m/s, (b) steel, v = 0.14 m/s and (c) aluminum, v =0.14 m/s
as shown in Figure 9. The O, mass fraction contours indicate that the oxygen mass fraction
decreases gradually to zero at the flame region for the quartz burner. However, there exists
an axial elliptical region of lower O, mass fraction for steel and aluminum burners. Beyond
this region, the mass fraction of O, decreases gradually to zero inside the burner port.
Corresponding to this region of lower oxygen mass fraction, there is an elliptical region of
higher H,O mass fraction for steel and aluminum burners, as shown. The mass fraction
of HyO gradually increases, and the maximum is observed inside the burner tube for the
quartz burner.
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Figure 9. Contours of mass fractions of O, and H;O, (a) quartz, v = 0.13 m/s, (b) steel, v = 0.14 m/s, (c) aluminum,
v =0.14 m/s (radiation effects are included).

Some of the important reactions were analyzed to explore the chemical structure
formed in the flame standoff region. Important reactions were selected based on their net
reaction rate, as shown in Table 1. The reaction rates in the case of steel and aluminum burn-
ers are slightly higher than that of quartz burner. Even then, a higher flame temperature
was observed for quartz burner. The lower heat conductivity of quartz burner compared to
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the other two causes a higher flame temperature. Since the present study deals with near
extinction flames, the conductive heat loss through the burner wall can cause reduction of
the temperature. Figure 10 shows the radial profiles of selected reactions along with the
static temperature distribution at an axial distance of H/16 (H, the flame height) above the
burner top surface. Plots were made for (a) quartz, v =0.13 m/s, (b) steel, v=0.14 m/s
and (c) aluminum, v = 0.14 m/s with radiation effects. Figure 10d cross compares the rate
of reactions R3 and R9 for three different burners. Reaction R3 is the major heat-releasing
reaction (HO, production). A comparison clearly shows a higher flame temperature for
Quartz material at a given fuel jet velocity.

Table 1. Important reactions in Hy—O, combustion.

Number Reaction Maximum Reaction Rate (kg mol/m3s)

Burner Material Quartz Steel Aluminum
R1 H+0O, -0+ OH 3.029 3.217 3.152
R2 O+H, - H+OH 2.401 2.596 2.553
R3 H, + OH - H,O+H 7.089 7.464 7.542
R9 H+ O, (+M) — HO, (+M) 3.719 3.084 2.341
R11 HO, + H— OH + OH 2.401 1.364 1.364
5 1200
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Figure 10. Radial profiles of static temperature along with net rate of selected reactions for (a) quartz,
v =0.13m/s, (b) steel, v=0.14 m/s and (c) aluminum, v = 0.14 m/s, (d) cross comparison of R3, R9
for quartz, steel, and aluminum.

Similarly, Reaction R9 is another HO, production reaction. This reaction is cross-
compared as HO, has a higher heat release rate in the flame standoff region. HO, produc-
tion rate, temperature, and rate of reaction are higher for quartz burner.

The radial profiles along the flame standoff region indicate that static temperature
drops at a higher rate up to the burner wall in the radial direction and then drops at a lesser
rate for all three burners. However, the flame standoff region is observed to be at a higher
temperature for quartz than steel or aluminum burner.

The reactions R1 and R2 have their respective maximum value at the axis and decrease
to zero along the radial direction. The rates of reactions R1 and R2 are maximum for quartz
burner and decrease for steel or aluminum burners. The reaction profiles of R1 and R2
become broader as the thermal conductivity of the burner wall decreases.

The reaction profile of R3 is broader for quartz as compared to both steel and alu-
minum. At the axis, the rate of reaction for R3 is maximum for quartz burner and decreases
as steel or aluminum burner is adopted. In the flame region, OH radicals are produced



Energies 2021, 14, 8266

18 of 24

through reaction R9 followed by R11 [18]. H atoms are oxidized to form HO, radicals (R9),
which in turn are consumed to produce OH radicals through reaction R11. For quartz
burner, rate of reaction, R9 increases to a maximum value at burner wall in radial location
and further reduces to zero.

For steel and aluminum burners, the rate of R9 reaction is maximum at the axial
location and decreases to zero while moving radially outwards. Reaction R11 also follows
a similar trend in variation to that of R9. However, the rate of R11 is always lesser than
that of R9.

In order to visualize the flame shape and the temperature distribution effectively, the
contours of static temperature (left-hand side of axis) and OH mass fraction (right side)
were plotted for three burners, as shown in Figure 11. Plots were made for near extinction
conditions (Figure 11a) and at a fuel inlet velocity, v = 0.25 m/s (Figure 11b). The flames
always stabilize near the burner wall surface for quartz as compared to steel or aluminum
burners. For quartz, the burner wall is at a higher temperature than steel and aluminum.

(ii) (iif)

| O a

Temperature - 350 500 650 800 950 1100 1250 OH -0.0001 0.0004 0.0007 0.001 0.0013 0.0016
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Figure 11. (a). Static temperature (left hand side) and OH mass fraction contours (right side) near extinction (i) quartz,

v =0.13 m/s, (ii) steel, v = 0.14 m/s and (iii) aluminum, v = 0.14 m/s. (b). Static temperature (left hand side) and OH mass

fraction contours (right side) for fuel inlet velocity, v = 0.25 m/s (i) quartz, (ii) steel, and (iii) aluminum.
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The effect of burner wall material on OH mass fraction is negligible for near extinction
conditions. However, at higher fuel flow velocities (v = 0.25 m/s), the OH mass fraction
changes significantly with a change in burner wall material, as shown in Figure 11b.
Additionally, OH mass fraction contours are extended towards the burner top surface for
quartz, whereas the amount of OH present near the burner wall is reduced for the case of
steel and aluminum burners. Even though the overall flame shapes appear the same for all
three materials, the flame structure near the burner tip is significantly different. There is an
axially elongated temperature field downstream for the case of quartz burner.

3.3. Effect of Burner Wall Thickness on Flame Characteristics and Structure

In order to investigate the effect of burner wall thickness on diffusion flame character-
istics and structure, simulations were performed using burners with wall thicknesses of
t=0.1,0.2, and 0.3 mm. Burner diameter, d = 0.8 mm, and the length, 1 = 10 mm, were kept
constant for all three cases.

Variation of non-dimensional flame heights along with the maximum flame tem-
perature with the wall thickness of the burner tube is presented in Figure 12. It can be
observed that the flame height decreases by ~24% as the wall thickness is reduced from 0.3
to 0.1 mm. However, there is a slight increase in the maximum flame temperature (1.4%)
with a decrease in the wall thickness.
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Figure 12. Comparison of flame heights and maximum flame temperature with burner tube thickness.
The burner wall material is quartz, and the fuel jet velocity = 0.14 m/s. Radiation effects are included.

In order to investigate the effect of burner wall thickness on the flame structure at small
scales, axial distribution of species mass fractions along with the burner wall centerline
temperature for burners of thicknesses (a) t = 0.1, (b) t = 0.2, and (c) t = 0.3 mm were plotted
as shown in Figure 13.
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Figure 13. Axial distribution of the mass fraction of (a) H, (b) HO,, and (c) temperature distribution
along the burner wall centerline for burners having thicknesses t = 0.1, 0.2, 0.3 mm. The burner wall
material is quartz, and the fuel jet velocity, v = 0.14 m/s. Radiation effects are also included.
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It can be inferred from Figure 13a that along the axial direction, there is an inward
shift of peak H radical distribution with a reduction in wall thickness. Higher fractions of
H radicals are found to be present within the burner as the wall thickness of the burner
tube is reduced. High temperatures dominate the formation of H radical. Therefore, the
concentration and distribution of H radical will indicate the temperature distribution in
the flame region. Figure 13b presents the variation of HO, mass fraction along the axis.
It is observed that the HO, mass fraction in the flame region increases with an increase
in burner wall thickness. The amount of HO, present within the burner tube increases
with an increase in the wall thickness of the burner. It is to be noted that there is a drastic
increase in HO, mass fraction near the flame base with an increase in burner wall thickness.

In order to examine the effect of wall thickness on burner wall heat recirculation,
static temperature distribution along the burner wall centerline is plotted for burners
of thicknesses, t = 0.1, 0.2, and 0.3 mm, as shown in Figure 13c. It can be noted that
the temperature at the burner top surface is the highest for f = 0.1 mm and decreases
with an increase in wall thickness. At the middle section of the burner, the temperature is
observed to be the minimum for # = 0.1 mm and increases with an increase in wall thickness.
However, at the burner base, the effect of wall thickness on heat recirculation is minimal.

To further investigate the effect of wall thickness on flame shape and geometry, static
temperature (left side) and OH mass fraction (right side) contours are plotted for quartz
burner with radiation at a fuel inlet velocity, v = 0.13 m/s, in Figure 14. Variation in
wall thickness appears to have a negligible effect on the overall flame shape and flame
temperature distribution. However, the temperature field in and around the burner tip
shows significant variation, as observed in Figure 14. As the burner thickness increases,
more heat gets transferred through the burner bottom, reducing the heat recirculation
to the fresh incoming mixture through the burner tube. This reduced heat recirculation
through the tube walls reduces the peak flame temperature.

Temperature - 350 500 650 800 950 1100 1250 OH -0.0002 0.0004 0.0007 0.0011 0.0015

Figure 14. Static temperature (left hand side) and OH mass fraction contours (right side) near extinction for quartz burner,
with radiation effects and v = 0.13 m/s (a) t = 0.1 mm, (b) f = 0.2 mm, and (c) t = 0.3 mm.

On the other hand, when the wall thickness reduces, heat loss to the surrounding from
the burner wall reduces, therefore the recirculation effect increases. The presence of OH
mass fraction can be observed near the burner tip for the t = 0.1 mm case due to higher
flame temperature indicating the reaction continues in the vicinity of the tube walls. For
higher wall thickness cases, the OH mass fraction near the burner wall decreases.

4. Conclusions

The effect of burner wall material and thermal radiation on flame characteristics and
flame structure is investigated numerically by adopting three different burner materials
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with thermal conductivity varying from 1 to 200 W/m K (quartz, steel, and aluminum).
The effect of burner wall thickness on flame temperature, flame height, and flame structure
is also studied. The combustion chemistry is modeled with a detailed reaction mechanism
having 10 species and 21 reactions.

The present computational study showed that flames stabilize on the quartz burner at
lower fuel jet velocities than that of steel or aluminum burners. These results confirmed
that the burner wall thermal conductivity and heat recirculation through burner walls
play a significant role in flame stabilization. However, the extinction limit varies from
0.125 to 0.13 m/s for quartz burner as thermal radiation effects are included. The flame
temperature is found to be maximum for quartz burner and decreases with an increase
in thermal conductivity of wall material. Flame length is found to be increasing with
an increase in the thermal conductivity of the burner wall. From a practical point of
view, quartz burner can be a better choice for lower fuel velocity micro diffusion flame
applications.

Although the effect of thermal radiation on flame characteristics is insignificant, the
impact on the flame’s chemical structure, including the distribution of radicals in the flame
region, is significant. The burner tip is substantially heated for quartz burner. The flame
shape is almost identical, while the reaction zone structure near the burner port is quite
different, and it depends upon the wall material. The effect of burner wall thickness on
maximum flame temperature is minimal, affecting the flame height significantly. The
variation in burner wall thickness affects H and HO, radical distribution at the flame
region. Although the variation in wall thickness has the least effect on the overall flame
shape and temperature distribution, the structure near the burner port differs.

The variation in flame characteristics and flame structure is significant for steel instead
of quartz burner, and the effect is minimal when aluminum is used instead of steel.
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