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ABSTRACT

The operating range of the flow rate or flow velocity for the micro-jet flame is quite wide, which can be
used as the heat source. In order to optimize the micro-jet tube combustor in terms of the solid material,
the present paper numerically investigates the impact of thermal conductivity (As) on the operating limit
of micro-jet flame. Unexpectedly, the non-monotonic blow-off limits with the increase of g is found, and
the corresponding generation mechanisms are analyzed in terms of the thermal coupling effect, flow field,
and strain effect. At first, the lower preheating temperature of the fuel and larger heat loss amount to the
environment lead to a larger blow-off limit at a larger As. After that, the smaller local flow velocity in the
vicinity of flame root and smaller strain effect slightly increase the blow-off limit with the continuously
increasing Ag. Therefore, it is deduced that the applied performance of micro-jet combustor with a smaller
thermal conductivity is better in terms of the blow-off limit.
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1 Introduction

As the micro-or mesoscale power sources based on the hydrocarbon fuel combustion have
noticeably higher energy densities as compared to the traditional batteries, they are deemed to
the promising alternatives for the MEMS [1].

However, two main challenges make the flame hard to keep stable in miniature combustors.
The surface area-to-volume ratio sharply increases, which significantly increases the heat losses
of the small combustor to the environment [2]. In addition, the residence time in the small
combustor is very short, which easily leads to low combustion efficiency [3]. Owing to the above
adversities, various unstable flame behaviors (e.g., the spinning or Pelton-wheel-like flames) occur
in small combustors [4-9]. Therefore, the flame stabilization in micro- and meso-scale combustion
chambers is necessary to be improved by employing various technologies.

For instance, some special configurations (e.g., the Swiss-roll burner and disc-combustor with
a radial preheated channel) were employed to decrease the heat loss amount of the combustor
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and increase the unburned fuel temperature. These heat management methods could significantly
improve the micro-scale flame stabilization. It was observed that the heat recirculation effect
indeed noticeably expand the operating range of flame stabilization in mesoscale “Swiss-roll”
burners [10,11]. A compact disc-combustor with a radial preheated channel was developed to
stabilize the micro-scale methane-air flame stability by Wan et al. [12]. The heat recirculation
effect also can be remarkably enhanced in the micro combustion chamber with the inserted porous
media, so the flame blowout limit can be significantly expended [I3-16]. Moreover, the flow
recirculation effect induced by the cavity or bluff-body in the miniature combustion chamber is
an effective approach to improve the flame stability. It was observed that the operating ranges of
the equivalence ratio or inlet flow for the stable flame are quite wide due to the flow recirculation
in the micro backward-facing-step tube [17,18]. The recirculation zone induced by the central
bluff body [19,20] and cavity [21,22] also could significantly improve the micro-scale premixed
flame stabilities, so flame blow-off limits were obviously enlarged. The catalytic segment was also
often adopted to improve the micro flame stabilization [23-25]. Chen et al. [24] found that the
flammability limit range of the methane-air premixed mixture is extended significantly.

The above reviews mainly focus on the premixed combustion characteristics in small com-
bustors. However, the premixed flame may be flashback at some operating conditions, which
is dangerous. Therefore, the micro heat sources based on diffusion flame have attracted much
attention. There does not exist flashback for the diffusion flame, and its operating range is wide.
The micro-jet diffusion combustion characteristics were studied by some researchers. For instance,
Cheng et al. [26] found that the micro-jet hydrogen flame structure is insignificantly influenced
by the buoyancy effect. The surrounding natural convection reduced the anchoring ability of
micro-jet diffusion flame [27]. A smaller heat-loss and a higher flame temperature due to the heat
recirculation of tube-wall is beneficial for anchoring micro-jet diffusion flame location [28,29]. The
thermal coupling effect of the micro-jet flame-wall influenced the flame shape and stability [30,31].
It was observed that the non-premixed combustion performance of the micro-jet methane can be
improved by adding the hydrogen [32]. Recently, the micro-jet flame blow-off limit achieved an
optimal value at the moderate wall thickness [33].

For the practical application, we need to choose a suitable solid material to manufacture
the micro-jet tube combustors. As we know, different solid material usually has different thermal
conductivity, which influences the thermal expansion effect of gaseous mixture around the tube
and the flame-wall thermal interaction. This will affect the flow field and strain rate around
the tube. Therefore, this is a complex issue, which has not been systematically studied so far.
The present study will investigate the relationship between the wall thermal conductivity and the
micro-jet flame blow-off limit. This work not only guides us to reasonably choosing the solid
material to fabricate the micro-jet combustor but also extend the understanding of the role of
flame-wall thermal coupling effect in determining the micro-jet flame stability.

2 Computational Methods

2.1 Physical Model

Fig. 1 demonstrates the physical model of computation domain. It can be seen that the
computational zone and the micro jet tube are axial symmetry. In addition, the geometric sizes of
the two-dimensional computational zone and micro-jet tube are detailedly demonstrated in Fig. 1.
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Figure 1: Physical model of the computation zone and micro-jet tube and the corresponding
geometric sizes
2.2 Mathematical Model

Generally, the micro-jet diffusion flame is laminar behavior due to the small Reynolds number
Re [30,34], and the maximum Re in the present study is ~560, so the laminar model was
employed here [28-30,34]. Here, a unsteady-state laminar model is also adopted. In addition, the
same strategy has been employed to study the micro-jet diffusive combustion characteristics of
methane in our previous publications [32,33]. Please refer to our previous publication to obtain
the governing equations of the present simulation [33].

2.3 Computation Scheme

The methane combustion is simulated by the C1 mechanism [35], and the CHEMKIN
databases provides the corresponding transport and thermodynamic properties [36]. The ther-
mal conductivity of quartz glass which is adopted to manufacture the micro-jet tube is 2.0
W/(m-K) [34]. Five other values, i.e., the values of A; =200 W/(m-K) (copper), 100 (aluminum
alloy), 50 (silicon carbide), 25 (stainless-steel), and 0.1 (insulation material) are adopted to study
the relationship between the micro-jet flame blow-off limit B, and the wall thermal conductivity.
The software of Fluent 14.0 is adopted to solve the conservation equations [37]. Table 1 displays
the computational boundary conditions.

The natural convection coefficient from the bottom surface to the environment is
5.0 W-m~2.K~!. The grid nodes of the computational domain at the axial direction and radial
direction are 210 and 118, respectively. In addition, the strategy of a further refinement of
meshes (25 um) around the fuel outlet is adopted. In addition, the grid-independency has been
checked [32]. 1.0x 1073 s is employed as the time-step here [28]. The geometrical model of
micro-jet tube and computational methods adopted by the present work are very similar or the
same with those in [28,29,31,38]. Gao et al. [28,29] pointed out that the differences between the
computational and experimental behaviors and heights of micro-jet diffusion flame are small.
Zhang et al. [31] and Li et al. [38] found that the differences between the simulative and measured
distribution characteristics of mass fraction of OH (Yopy) are also small. Consequently, it is
reasonable to have confidence in the computational models/methods adopted by the present study.
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Table 1: Boundary conditions

Position Settings

Tube-wall surface Chemically inert with no-slip

Fuel inlet Uniform concentration and velocity
distributions at 300 K

Far field boundary Pressure outlet with 1 atm

Interface between the fluid and solid  The method of “Coupled”

Heat transfer in the fluid and solid Fourier’s law

Bottom surface of the tube-wall Heat-loss to the environment which includes

the natural convection and radiation

3 Results and Analysis

3.1 Blow-Off Limit

The maximum inlet velocity of methane with which the micro-jet diffusion flame can sustain
itself is defined as the blow-off limit By. Fig. 2 presents a non-monotonic By, i.e., with the
increase of Ag, the B, sharply decreases first and subsequently increases slightly. The B, at
a moderate thermal conductivity (As=50 W/(m-K)) reaches the minimum. Next, the cases of
As=2.0, 50.0, and 100.0 W/(m-K) at Vi, =2.0 m/s are employed typically to analysis the mecha-
nism govening the non-monotonic By in terms of the thermal coupling effect, the flow filed, and
the strain effect.
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Figure 2: Blow-off limits at various thermal conductivities of tube-wall

3.2 Thermal Coupling Effect

Same to our previous publication [39,40] the boundary of flame front is visualized by the
15% maximum isoline of mass fraction of CH Ycy here. Moreover, the flame root is defined as
the lowest location of flame, and the flame top is defined as the highest location of upstream
boundary. As we know, the flame stability is significantly influenced by the flame-wall thermal
interaction. At the negative aspect, the flame loses heat to the wall. At the positive aspect, the
heat recirculation by the solid wall can well preheat the fresh fuel. Fig. 3 presents the temperature
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fields overlaid the flame front at various thermal conductivities, which demonstrates that the
micro-jet flame significantly heats the solid wall. As a result, the wall temperature is high. In
addition, the downstream wall temperature is decreasing with the increase of thermal conductivity
mainly owing to a better thermal conduction performance towards upstream. To evaluate the
thermal coupling effect quantitatively, the total heat fluxes of the all micro-jet tube walls are
displayed in Figs. 4 and 5.
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Figure 3: Temperature fields overlaid the flame front at various thermal conductivities of tube-
wall. (a) As=2.0 W/(m-K) (b) As=150.0 W/(m-K) (c) As=100.0 W/(m-K)

Fig. 4a demonstrates that the methane is significantly heated by the inner wall. Interestingly,
the distribution characteristics of heat flux profiles at ;=150 and 100 W/(m-K) are significantly
different with that at As=2.0 W/(m-K). The maximums of heat flux at A;=50 and 100 W/(m-K)
appear at a very upstream location (y ~ 0.2 mm), and the maximum of heat flux at A;=2.0
W/(m - K) appears at a very downstream location (y ~ 2.6 mm). This means that the fuels at
the cases of As=50 and 100 W/(m-K) are mainly preheated by the upstream inner wall surface,
and the fuel at A;=2.0 W/(m-K) is mainly preheated by the downstream inner wall surface. In
addition, with an increasing thermal conductivity, the total amount of heat flux is decreasing,
which is confirmed by the temperature distribution characteristics of unburned fuel at the exit of
tube in Fig. 4b. Fig. 4b indicates that, with an increasing thermal conductivity of tube-wall, the
temperature of unburned fuel remarkably decreases, which means a worse heat recirculation effect.
The average fuel temperatures at the exit of micro-jet tube at Ag=2.0, 50.0 and 100.0 W/(m-K)
are 1126.1, 911.3 and 852.4 K, respectively. Furthermore, Fig. 5 indicates that the proportion of
recirculating heat in the total absorption of heat (the beneficial part of the absorption of heat)
decreases with an increasing Ag, which means that the performance of the absorptive heat of solid
wall on preheating the fuel for a larger g is worse. It is known that the flame stability at a lower
unburned fuel temperature (i.e., a worse heat recirculation performance) is worse.

The large absorptive heat of solid wall is detrimental for increasing the flame anchoring
ability. Fig. 5 shows that the absorptive heat amount and the heat loss amount to the environment
from the solid wall (the difference between the heat flux of heat recirculation and the absorptive
heat flux of tube-wall) are both increasing with an increasing As. The reason is that the thermal
conduction performance towards the inlet of micro-jet tube is better for a larger As.
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Figure 4: Profiles of the heat flux via the inner wall surface (left figure) and the gas temperature
at the exit of micro-jet tube (right figure) at different thermal conductivities of tube-wall (The
negative value in Fig. 4a means that the methane is preheated by the solid wall)
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Figure 5: The total heat fluxes of the heat recirculation, heat loss to the environment, and
absorptive heat for various thermal conductivities; the proportion of heat recirculation in the total
absorptive heat of solid wall at various thermal conductivities

Therefore, it is deduced that the decrease of By from A3=2.0 to 50 W/(m-K) is mainly

caused by the worse preheating performance of solid wall and the larger heat loss amount to the
environment.

Fig. 6 shows the Ycy contours overlaid axial velocity isolines at various thermal conductiv-
ities around the exit. It is observed that the recirculation zones next to the micro-jet tube for
various thermal conductivities are very small. More importantly, the flame roots are all far away
from the recirculation zones, so the flame roots are not anchored by the recirculation zones. Fig. 6
also presents that the flow velocity magnitude is smaller for a larger thermal conductivity. This is
probably because that the thermal expansion effect of fuel in the tube is smaller for a larger Ag
due to the worse preheating effect on the fuel. As a result, the ejecting effect of the high-speed
fuel near the exit of micro-jet tube is less obvious, which is confirmed in Fig. 7.
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Figure 6: Ycy contours overlaid axial velocity (y direction) isolines at various thermal conductiv-
ities of solid wall. (a) As=2.0 W/(m-K) (b) As=50.0 W/(m-K) (¢) 1s=100.0 W/(m-K)
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Figure 7: Axial velocity profiles of the fuel at the exit of micro-jet tube (a), axial velocity profiles

near the exit of tube at y=3.0 mm (b), and the flow velocities at the flame root (c) for various
thermal conductivities of tube-wall
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3.3 Flow Field

Fig. 7a presents the axial velocity profiles of the fuel at the outlet of tube, which demon-
strates that the axial velocity is smaller in the case of a larger As. The average axial velocities
at the exit of tube in the cases of Ag=2.0, 50.0 and 100.0 W/(m-K) are 8.2, 6.7 and 6.3 m/s,
respectively. As stated above, a faster axial velocity of fuel can result in a more obvious ejecting
effect on the surrounding air (i.e., a faster flow velocity of the gaseous mixture near the fuel
outlet). Similarly, Fig. 7b indicates that the flow velocity of the gaseous mixture around the fuel
outlet is smaller at a larger Ag, and it is calculated that the average axial velocities around the exit
of micro-jet tube at Ag=2.0, 50.0 and 100.0 W/(m-K) are 0.31, 0.25 and 0.24 m/s, respectively.
Therefore, the axial velocity at the flame root decreases with an increasing As, as presented in
Fig. 7c. The axial velocities at the flame root in the cases of Ag=2.0, 50.0 and 100.0 W/(m-K) are
0.32, 0.26, and 0.25 m/s, respectively. As we know, the incoming flow can push the flame towards
the downstream direction, which is detrimental to the flame root anchoring ability. Thus, it is
deduced that a smaller local flow velocity at the flame root contributes to the slight increase of
the By from Ag=50.0 to 100.0 W/(m-K).

3.4 Strain Effect

The large strain rate is detrimental for the flame stability because it can reduce the local
flame speed for the positive Markstein length [41]. Fig. 8 presents the strain rate fields around
the micro-jet flame at various thermal conductivities, which indicates that the strain rate around
the flame is smaller for a larger As. Fig. 9 quantitatively displays the distribution characteristics
of the strain rate along the upstream boundary at various thermal conductivities of tube-wall,
which quantitatively demonstrates that the strain rate is smaller for a larger Ag. The average strain
rates at the upstream boundary for Ag=2.0, 50.0 and 100.0 W/(m-K) are 568, 459 and 445 1/s,
respectively. In other words, the strain effect in the case of a larger A is smaller, which contributes
to the micro-jet flame stability. Therefore, the decrease of the strain effect is another factor which
slightly increases the blow-off limit from A= 50.0 to 100.0 W/(m-K).
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Figure 8: Strain rate isolines overlaid the flame front at various thermal conductivities of tube-
wall. (a) Ag=2.0 W/(m-K) (b) 1s=50.0 W/(m-K) (c) As=100.0 W/(m-K)
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front at various thermal conductivities. The dimensionless length of the upstream boundary
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4 Conclusions

To provide the guideline for optimizing the solid material which is used to manufacture the
micro-jet tube, the impact of wall thermal conductivity on the By of the methane diffusion flame
is investigated in this study. It is interesting to find that, with the increase of thermal conduc-
tivity, the By sharply decreases first and subsequently increases slightly, which is the competitive
result of the thermal coupling effect, the flow filed, and the strain effect. With the increase of
thermal conductivity, the heat recirculation effect is decreasing, but the heat loss amount to the
environment and that from the flame to the tube both increase. Furthermore, the flow velocity
value at the flame root and the strain effect are both decreasing with an increasing thermal
conductivity. Therefore, it is deduced that the larger heat loss amount to the environment and
the worse preheating effect of solid wall on the unburned fuel result in the decrease of B, from
As=2.0 to 50 W/(m-K). The smaller strain effect and local flow velocity at the flame root result
in the slight increase of B, from A3=50.0 to 100.0 W/(m-K). The above results indicate that the
micro-jet combustor manufactured by the solid material with a smaller thermal conductivity has
a bigger blow-off limit.
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