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 Common techniques employed to minimize ignition 
energy of gaseous fuels in micro reactors such as 
the use of catalyst are being plagued with setbacks. 
This report demonstrates the use of electric field to 
sustain combustion, minimize heat loss and 
enhance reactant mixing in microchannels of 
varying geometries. We set two defining 
constructal parameters for serpentine and straight 
microchannels of 0.05 to 0.25 to investigate 
geometric effect on the mixing of the reactants.  
Inlet concentration of propane and oxygen was set 
at 0.15 mol/dm3 and 0.7 mol/dm3 respectively. 
Reynolds numbers 400, 470, 530, 600 and 670 
corresponding to inlet velocities of 0.06 m/s, 
0.07 m/s, 0.08 m/s, 0.09 m/s and 0.1 m/s were used 
in the straight channel to study the dependence of 
reaction rate, temperature drop and reactants 
diffusion on the combustion process. We report that 
at an inlet temperature of 500 K which was below 
the propane’s auto ignition temperature of 743 K, 
the reaction could occur in the presence of a 50 V 
applied voltage. Increasing constructual parameter 
(β) yielded an increase in reaction rate and a 
decrease in temperature drop. At the same 
constructual parameter, the serpentine geometry 
displayed a better result with the peak reaction rate 
of 894 mol/m3s. More so, increase in the Reynolds 
number and shape factor for the two geometries led 
to an increase in reaction rate and propane 
consumption. These findings could be suitably 
beneficial to provide minimal fuel requirement for 
miniaturized vehicles and micro-heat engines. 
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1 Introduction 
 
Over the past two decades, huge advancements that 
leverage on Micro-Electro-Mechanical Systems 
(MEMS) have shifted the concern of many towards 

energy utilization to meet small but high energy 
density requirement of micro machines. Micro-
combustors have been described as a potential 
solution [1]. Oxidation of hydrocarbon in minute-
sized reactors have energy density in the order being 
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two higher than the convectional lithium-ion 
batteries [2], [3].  Multiplexing the capabilities of 
micro reactors with appropriate energy conversion 
could result into a credible and reliable alternative 
for microscale devices. However, there are 
challenges that limit the utilization of the micro 
reactors. Thermal losses in the confinements of 
micro combustion is one of these limiting issues; 
this is associated with down scaling. When devices' 
dimensions are scaled down, their surface area to 
volume ratio becomes larger, resulting in larger heat 
loss rate (which scales with the surface area) relative 
to heat generation rate (which scales with the 
volume), which causes flame quenching for power 
generation [4]. To overcome this difficulty and 
establish stable heat generation in micro-scale 
combustors, thermal management, several efforts 
have being reported and numerous on-going 
endeavours on this subject. 
Fundamentally, the catalysts are ubiquitous in the 
reaction processes. In the micro scale reaction 
systems, catalytic combustion offers huge 
possibilities because the rate of transport of reacting 
species and surface area for catalysis increases 
proportionally as the size decreases. This could 
result into increased rate of reaction, stability of 
combustion processes and intensification of thermal 
energy at minimized ignition energy [5]. Hence, 
sustaining catalytic oxidation at temperatures below 
gas-phase combustion could minimize thermal 
stress and reduce heat loss [6]. A serious attempt to 
utilize catalyst supported combustion in micro 
reactors has been reported [7] and highlighted 
approaches based on packed, monolithic and wall-
coated were implemented for the catalytic process in 
micro-combustors [8]. Platinum and Rhodium was 
utilized to catalyze oxidation of propane-butane 
mixture in a slit micro reactor to achieve methane 
production. The report demonstrated high catalytic 
activity favoured the oxidation of gaseous fuels at 
low combustion temperature and reduced process 
time.  [9] reported catalysis aided combustion of 
propane under several physicochemical conditions. 
The experiment achieved the reaction temperature 
of 3250C and at a space velocity of 300NL/(hgcat), 
full propane conversion over Pt/MoOx/Al2O3 
catalyst in the slight excess of oxygen. Pt catalyst 
promoted by MoOx and WOx showed to be stable 
for over 1,000 h without any detectable degradation 
in performance for low and high temperature 
applications respectively. [10] Pd/NiCrO4 catalyst 
was utilized to achieve complete combustion of 
methane and hydrogen in a conduit at reduced 

ignition temperature. [11] showed that the catalysis 
of propane fuel in platinum coated microchannel 
investigated blowout limits under varying pressure 
conditions. Platinum nanoparticles were explored to 
catalyze multiple fuels of hydrocarbon fuels such as 
propane, butane and methane in an attempt to study 
the behaviour of reactants under the catalysis 
sustained combustion processes [12]. [13] presented 
numerical modelling of the chemical process of 
combustion based on Arrhenius assumptions, gas 
flow based on the Navier-Stokes equation and the 
Maxwell-Stefan equation was used to capture the 
concentration and temperature dependence of 
various species diffusivities. The temperature profile 
from the simulation ranged from 850 – 860 K and 
the propane concentration fell from 0.150 mol/m3 to 
0.100 mol/m3. In [14] a numerical modelling was 
performed to delineate the dynamics of flow and 
reaction in catalytically enhanced methane-air micro 
reactor. Other numerical studies from this group on 
thermal transport in microchannels have been 
reported on gravity effect on thermal distribution in 
2D microchannel [15], 3D microchannel [16] and 
variable dimensions of plain slab using vortex 
element techniques [17]. The study highlighted the 
critical role of velocity equalization for flow and 
reaction to achieve stability in these two competing 
processes. 
Meso-scale combustion systems are built on the 
premise that convenience energy conversion process 
and improved output power is achievable at micron 
scale.  However, this procedure is favoured by a 
multiple chamber arrangement or parallelization of 
micro-combustion channels.  Recently, Zou et al., 
2018 designed the first four-chamber meso-scale 
combustion chambers where numerical investigation 
was performed using hydrogen fuel [18].  The study 
reported a specified stoichiometric parameter 
required to achieve purely counter flow at uniform 
wall temperature for a given thermal conductivity of 
the chamber.   In a similar study, the effects of 
porous wall on thermal performance of hydrogen 
fuel in micro combustion chamber were investigated 
to determine its application for energy conversion in 
thermo photovoltaic systems [19].  To improve 
flame stability and energy conversion efficiency, the 
need to consider varying in geometric features of 
micro combustion channels was considered. Peng 
and co-workers reported the impact of calculated 
changes based on a construtal parameter of frontal 
cavity could support the efficiency of total energy 
conversion in a micro thermophotovoltaic (TPV) 
system [20]. Earlier, Zuo and et al. had showed that 



Engineering Review, Vol. 40, Issue 2, 47-58, 2020.  49 
________________________________________________________________________________________________________________________ 

variation of velocity, temperature and specific fields 
in micro-combustion systems could yield high 
performance for energy storage and conversion [21]. 
From this reports, it can be seen that variation in the 
geometric parameters as well the thermophysical 
properties and process conditions could yield an 
improvement in energy conversion in a micro 
combustion system.  
Channel clogging at micron-sized length scale is the 
big challenge confronting the utilization of a 
catalyst to enhance thermal transport and sustain 
combustion in micro reactors. The introduction of 
solid phase substance causes the formation of 
particulate solids along the regime of gaseous fuels 
in an elevated temperature condition [22]. These 
particles settle at the wall or the minute size reactor, 
thus reducing the hydraulic diameter for combustion 
and constituting additional resistance to thermal 
transport. The resultant of clogging is usually 
resulting into increase in ignition energy and 
possesses the likelihood of flame quenching.  Since 
clogging is often regarded as micro-specific fouling, 
several works are on-going in the attempt to combat 
clogging in micro reactors for example, the use of a 
catalyst may improve energy conversion efficiency 
in microreactors at very short residence time [23]; 
imposition of geometric features to prevent gas 
clogging was investigated [24]; Pribyl and co-
workers showed that electric field could be explored 
to control precipitation which would in turn delay 
clog formation in micro combustion capillaries [25]. 
Other techniques for combating clogging in micro 
reactors are explicitly presented in the works of 
Schoenitz and company [26]. This paper reports the 
intervention of electric field in the minimizing auto-
ignition energy and sustenance of oxidation 
processes for gaseous fuels in micrometer-sized 
confinements.  Using the established mathematical 
formulation, the present investigate delineate 
important mechanics on electric field facilitated 
multiphase processes which may provide the needed 
enhancement of combustion below auto-ignition 
temperature in micro heat engines. 
 
2 Methodology 
 
A single phase flow simply means a flow in which 
the participating species have one phase and not a 
combination of any two or more phases. For 
example, this work uses reactants and products in 
the gaseous phase. The combustion equation below 
describes further 
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The subscript (g) denotes that the specie is in the 
gaseous state. This work will use electric field in 
place of a catalyst and the effect will be measured 
across the reactor geometries. 
 
The following assumptions were made: the flow is 
steady; the flow is a single phase flow; the gases 
obey ideal gas laws; the flow is incompressible, i.e. 
density is constant throughout the channel; the flow 
is laminar with Reynolds number less than 2000; no 
slip condition was assumed at the walls; 2-D flow 
equations are used; mobility in electric field; species 
are taken to be diluted in a solvent; no diffusion 
across the boundaries. 
 
2.1 Channel geometry 
 
Two channel geometries would be used in carrying 
out the simulation- straight channel and serpentine 
channel, and a constructal parameter β1 and β2 will 
be used for the straight and serpentine channels 
respectively. It is defined below as: 
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Figure 1. Configurations of the straight channel 

reactor 
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Figure 2. Configurations of the serpentine channel 

reactor 
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2.2 Governing Equations 
 
The flow field, temperature field, concentration field 
and electric field would be modelled mathematically 
using the basic equations presented below. 
 
Continuity equation: 
 

0u v
x y
∂ ∂

+ =
∂ ∂

 (3) 

 
component of velocity in  -directionu x= ; 
component of velocity in  -directionv y=  

 
Using the following dimensionless parameters; 
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Momentum equation: 
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Defining the dimensionless parameters as: 
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Boundary conditions to be used for the flow 
modelling are given as: no slip boundary condition 
at the wall i.e. 0u = at channel wall. Normal in flow 
velocity at the inlet i.e.   . inu U= normal flow 
condition at outlet i.e. 
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Volume force to characterize for the body force 
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Energy equation:  
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Assuming constant k, Eq. (10)  can be rewritten as: 
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( )Eq. 12  becomes:  
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e
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Boundary conditions to be used: 
• no thermal insulation, i.e. the boundaries 

interact with the environment 
• inlet temperature will be specified as iT  
• outflow at the exit i.e. ( )– . 0n k T∇ =  
• radiation at the external walls i.e. 

( ) ( )4 4. sn k T T Tσε− ∇ = −  

• heat source will be specified from the heat 
of chemical reaction. 

 
Diffusion equation:  
 
A convective-dispersive model [27] describes 
migration of gaseous fuel under the imposition of 
external electric field, and the steady flow 
assumption, the Fick’s law can be modified as 
follows; 
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where Γ  is the flux of the diffusing material;i  

Applied potential ,V =
  diffusion coefficient of specie,iD =  
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charge number of specie,  iz =  
rate of reaction of specie,iR =  
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m j

Du
RT

 

velocity component.u =  
The following boundary conditions are used for the 
transport property 

• no flux at the boundaries except inlet and 
outlet. This implies that . 0 in N− =  
where  i i i iN D c wc=− ∇ + , 

• inflow condition at inlet where initial 
concentration of diffusing species are 
specified.  
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while the initial concentrations of 
steam ( )2cH O  and carbon dioxide 

( )2cCO are specified as zero (0). 
• outflow condition at the outlet i.e. 

. 0i in D c− − ∇ =  
 
Combustion equation: 
 
Using propane as the fuel for this work, the 

following chemical equation holds: 
 

3 8 2 2 2
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Arrhenius equation: 
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A is pre exponential factor, aE  is activation energy, 
R is universal gas constant, T is temperature, 

[ ]3 8 2  ; rate of reaction.rateR k C H O R= =  
 
Electric field: 
 
The electric field distribution in microchannel is 
described using a combination of Poisson-Boltzman 
with reference to zeta potential and Debye-Huckel 
parameter.  
 
Poisson-Boltzmann equation: 
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where:  Ψ electrical potential,=  

0 permittivity of vacuum andε =  
dielectric constant of medium,rε =  

0 permittivity of material,rε ε ε= =  
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The following dimensionless properties would be 
used in transforming the equation 20-21 above 
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The following boundary conditions would be 
employed in solving the equation 21 above. 
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Table 1. Geometry effect on combustion process 
 

Shape 
parameter ( )β  

Geometry 
Straight Serpentine 

Temperature drop 
( )K  

Reaction rate 
( )3mol/m s  

Temperature drop 
( )K  

Reaction rate 
( )3mol/m s  

0.05 500-431 46.2 500-420 81.1 
0.10 500-459 95.4 500-447 138 
0.15 500-470 187 500-458 286 
0.20 500-476 326 500-459 544 
0.25 500-479 492 500-459 894 

 
3 Results 
 
The mathematical expressions for velocity, 
concentration and electric fields and reaction 
specific models were computed over the geometries 
prescribed above using on Finite Element Method 
(FEM) scheme on the platform of COMSOL 
Multiphysics. Grid dependence study showed no 
significance variation in the outcome of our study. 
 
 
 
 

 
3.1 Electric field effect on mixing of gaseous fuel 
 
Two geometries used in this work as highlighted in 
the previous chapter are straight and serpentine 
geometries (Fig. 3 and Fig. 4). 
Since this work aims to maintain a laminar flow 
region, the shape parameters were used to enhance 
mixing effect, which was helpful for the achieved 
results. For each of the geometries, five shape 
parameters were used, inlet velocity of 0.3 m/s, 
applied voltage of 50 V, inlet temperature of 500 K, 
initial concentration of propane gas and oxygen 
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were set to 30.15 mol / dm  and 30.70 mol / dm  
respectively. For the straight channel, β which is the 
ratio of the channel width to the channel length was 
set to be 0.05, 0.10, 0.15, 0.20, and 0.25. For the 

serpentine channel, β  which is defined as the ratio 
of bend length to channel length was also set to be 
0.05, 0.10, 0.15, 0.20, and 0.25 (See Fig. 5 and Fig. 
6). 

 

 
 
Figure 3. Comparative profiles of temperatures and reaction rate of propane oxidation in straight channel 

(SC1) and serpentine channel (SC2) micro reactor at (a) Surface temperature SC1; (b)Surface 
rate of reaction in SC1; (c) Surface temperature in SC2; (d) Surface rate of reaction in SC2 

 

 
 
Figure 4. Rate of reaction against shape parameter 

 
 
Figure 5. Graph of temperature drop parameters 
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3.2 Effects of the Reynolds number effect on 
combustion 

 
The Reynolds number, defined as, /huDρ µ  was 
incorporated in the simulation. Various inlet 
velocities corresponding to different Reynolds 
number were used to run a parametric sweep over 
the straight channel.  The result showed that the 
reaction rate increased with increasing Reynolds 
number and increasing shape parameter (Fig. 6). 
This led to a higher propane conversion in the 
channel. The temperature drop along the channel 
length was also reduced with increasing Reynolds 
number  for as illustrated in Fig. 7 for β  = 0.05, 
0.10, 0.15, 0.20 0.25 for the respective plots in Fig. 
8-11.  
 

 
 
Figure 6. Reaction rate against the Reynolds 

number 
 

 
 
Figure. 7. Temperature drop along the channel 

length at 0.05β =  
 

 
 

Figure 8. Temperature drop along the channel 
length at 0.1β =  

 

 
 
Figure 9. Temperature drop along the channel 

length at 0.15β =  
 

 
 

Figure 10. Temperature drop along the channel 
length at 0.20β =  
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Figure 11. Temperature drop along the channel 

length at 0.25β =  
 
3.3 The effect of shape factors on concentration 

of reactants 
 
Propane and oxygen concentration drop was studied 
for 0.05,  0.10,  0.15,  0.20 and  0.25β = . Figures 12 
and 13 respectively show propane and oxygen 
concentrations at various channel lengths and 
varying shape factors. Propane concentration 
reduced from 30.15  mol/dm  at inlet to 
approximately 30.10  mol/dm at outlet for 0.05β =  

and to approximately 30  mol/dm  at outlet 
for 0.25β = . Likewise, oxygen concentration 

dropped from 30.70  mol/dm  at inlet to 
approximately 30.46 mol/dm   at outlet for 0.05β =  

and to approximately 30  mol/dm  at outlet 
for 0.25β = . It was observed that the concentration 
drop for both propane and oxygen was proportional 
to the shape factor (β). In other words, an increase in 
the concentration drop was possible due to an 
increase in the shape factor. 
 

 
 
Figure 12. Propane concentration drop along the 

channel length for different 0.10β =  
 

 
 
Figure 13. Propane concentration drop along the 

channel length for different 0.15β =  
 
3.4 The effect of the Reynolds number on 

concentration of species 
 
The Reynolds number effect on the concentration of 
the reactants (propane and oxygen) was observed in 
this work. An increase in the Reynolds number led 
to a decrease in the concentration drop (see Fig. 14-
15). This was possible because the Reynolds 
number increases the reaction speed, reduces the 
reaction time, but unfortunately reduces the 
concentration of species used up in the reaction. 
There were no observable changes in the 
concentration profiles for the respective constructal 
parameters 0.10,   0.15,   0.20,   0.25β β β β= = = =  
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Figure 14. Oxygen concentration drop along the 

channel length at 0.05β =  

 
 
Figure 15. Propane concentration drop along the 

channel length at 0.05β =  
 
4. Conclusion 
 
The limiting issues around the chemical catalytic 
based enhancement in micro-reactor have been 
reviewed. Imposition of field catalyzed effect on 
micro-reactor is presented in this work. Constructal 
variation of geometric shapes of the microchannel is 
demonstrated as a determinant to mixing efficiency 
and reaction stability. Relevant physic-chemical and 
hydrodynamic equations are computed numerically 
to determine the distribution of choice parameters 
such as shape factor, concentration and thermal 
distribution during the combustion process. The 
results obtained were properly delineated and 
showed great improvement in minimising thermal 
and enhancing auto-ignition propensity in propane-
fired micro-reactor. Prior to the imposition of 
electric field, the combustion reaction occurred at 
elevated temperatures above the propane’s auto 

ignition temperature. The impact of field catalyzed 
reaction demonstrated at an applied voltage of 50 
volts yield combustion of propane fuel at 500K 
below its auto-ignition temperature estimated as 
734K [28], [29], [30]. The thermal enhancement is 
responsible for optimization of the combustion 
process due to electric field and geometric 
alterations of the flow confinements. Quantification 
of clogging incidence, reaction time and the 
residence time of the reacting species could be 
conducted to provide time-specific illustration of 
this procedure. The enhancement of combustion 
below auto-ignition temperature of fuels could 
minimize fuel requirement and improve 
consumption efficiency in miniaturized vehicles. 
These findings on auto-ignition performance would 
benefit understanding on multiphase and multi-fuel 
reaction paradigm for bio-MEMS devices and micro 
heat engines.  
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