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a b s t r a c t 

This study investigates the flow structure and chemical reaction around a perforation of a stainless steel–

platinum catalytic partition reactor. The small-scale catalytic combustor was partitioned by the com- 

bined stainless steel–platinum plate into two channels. Hydrogen/air and methane/air mixtures were in- 

dividually injected into each channel. The gap provided not only a low-velocity region to stabilize the 

catalytically-stabilized premixed flame but also a space to exchange the species and radicals diffusing or 

flowing from both channels, and this led to the inception of gas reaction. The simulation results of the flat 

catalyst combustor (FCC) and the flat catalytic combustor with a percolated gap (FCG) were compared; 

the methane/air combustion efficiency of the FCG was found to be much higher than that of the FCC. The 

reaction around the perforation provided thermal energy and sufficient oxidation radicals to sustain the 

methane/air flame in the upper channel and further influenced the combustion efficiency and combus- 

tion stabilization mechanism. The results indicated that the flame features of the hydrogen/air mixture 

in the lower channel would affect the flame stabilization mechanism and combustion efficiency of the 

methane/air mixture in the upper channel. This is due to the imbalance of the temperature and velocity 

gradients around the perforation. 

© 2021 Elsevier Ltd. All rights reserved. 

1

h

o

i

a

e

T

e

b

l

h

h

w

h

a

t

i

s

c  

t

c

i

m

n

t

b

o

b

h

r

n

m

o

a

q

t

i

c

h

0

. Introduction 

The development of microelectromechanical systems (MEMSs) 

as rapidly progressed in recent years due to the culmination 

f high-precision fabrication techniques [1] . Microelectromechan- 

cal systems enable the miniaturization of mechanical structures 

nd assembly and reduce the overall mass and volume. Gen- 

rally, MEMSs incorporate microelectronics and micromechanics. 

hey have been intensively applied in portable commodities and 

lectronic gadgets. Nevertheless, the conventional electrochemical 

atteries, including zinc–air batteries, lithium batteries, and alka- 

ine batteries, feature burdensome weight, low operational life, and 

igh unit cost, leading to the development of high-power-density, 

ydrocarbon-fueled power sources. Conventional hydrocarbon fuel, 

ith specific energies exceeding 45 MJ/kg, is easily transported, 

ighly safe to use, and relatively cheap. The commercially avail- 

ble lithium/thionyl chloride primary batteries have been reported 

o have the highest energy density, ~2.6 MJ/kg [2] . 

The high energy density of hydrocarbon fuels, limited recharg- 

ng cycles, and long life spans have made microcombustion-based 

ystems more attractive; examples of such systems include mi- 
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rothrusters [ 3 , 4 ], microengines [5] , and microreactors [ 6 , 7 ]. At-

aining a prolonged flame stabilization in microscale combustors is 

hallenging because of the high surface-area-to-volume ratio. Ow- 

ng to the smaller size of the combustor, issues regarding the ther- 

al quenching and radical quenching of the flame in a small chan- 

el emerge, resulting in increased heat loss and reduced residence 

ime of reactants. However, low combustion efficiency and com- 

ustion instability are still two significant challenges in the design 

f microscale combustors. 

These quenching issues are associated with the reduced com- 

ustor size. When the heat loss on the wall is greater than the 

eat generated by flames, the temperature of the reaction zone is 

educed, which eventually leads to the retardation or even termi- 

ation of the overall reaction; this phenomenon is called “ther- 

al quenching” [8] . When some of the highly active molecules 

r atoms from combustion products collide with the wall, the re- 

ction might be terminated; this phenomenon is called “radical 

uenching” [9] . The residence time of the reactants must be higher 

han the time required for the chemical reaction to occur. The res- 

dence time of the reactant is proportional to the square of the 

ombustor length. Moreover, the reduced wall temperature, driven 

y increased heat loss in the microscale combustors, increases the 

ime required for the chemical reactions to complete. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121418
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.121418&domain=pdf
mailto:yueheng@mail.ncku.edu.tw
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121418
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Nomenclature 

CFD Computational Fluid Dynamics 

ER Equivalence ratio, dimensionless 

FCC Flat catalyst combustor 

FCG Flat catalyst combustor with a percolated gap 

h Natural convection heat transfer coefficient, 

W/(m 

2 K) 

MEMs Microelectromechanical system 

q ∞ 

Heat flux loss to the environment, W 

Re Reynolds number, dimensionless 

TPV Thermophotovoltaic 

T w 

The surface temperature of the outer wall, K 

T ∞ 

The temperature of the surrounding, K 

�
 u Perpendicular velocity component, m/s 

�
 v Axial velocity, m/s 

V Inlet velocity of fuel and air mixture, m/s 

˙ v Volume flow rate, m 

3 /s 

Y outlet , C O 2 
CO 2 mole concentration at the outlet, dimension- 

less 

Y inlet , C H 4 
CH 4 mole concentration at the inlet, dimensionless 

Greek 

ε Emissivity, dimensionless 

σ Stefan-Boltzmann constant 5.67 ×10 -8 , W/(m 

2 K 

4 ) 

η Combustion efficiency, dimensionless 

Subscript 

w Outer wall 

∞ Environment 

Numerous popular and competent combustors have been pro- 

osed to extend the flame stability limits based on the imple- 

entation of flow and heat recirculation techniques; such com- 

ustors include the Swiss-roll combustor [ 10 , 11 ], bluff-body com- 

ustor [12–16] , porous medium combustor [17–19] , swirl combus- 

or [ 20 , 21 ], and heat recirculation combustor [ 15 , 16 , 22 ]. The afore-

entioned fashions can prolong residence time and preheat the 

nlet gas, enhancing combustion efficiency [23] . Catalytic combus- 

ion is another possible method to sustain flames in small combus- 

ion channels by diminishing the chemical reaction time [24–26] . 

uch combustion can be realized by coating the inner wall of the 

ombustion channel with a thin platinum film [27] or utilizing a 

latinum-made combustion channel [28] . Kim et al . [29] adopted 

arious configurations of the Swiss-roll combustor and assessed 

he influence of different design parameters on the improvement 

f flame stabilization, such as the combustor diameter, top plate 

hickness, channel size, and combustor material. They found that 

our kinds of coin-sized combustors could successfully sustain a 

table flame; moreover, their study demonstrated the feasibility 

f heat regeneration using a smaller Swiss-roll combustor. Wang 

t al . [30] designed a novel miniature Swiss-roll combustor for 

on-premixed combustion. The flame could remain stable within 

 larger range of the equivalence ratio compared with the case 

f the conventional Swiss-roll combustors, which were prone to 

ashback at a large equivalence ratio. Wang et al . [31] filled a 

icro-planar combustor with a porous medium to improve ther- 

al performance, which resulted in a higher flame temperature 

nd lower heat loss on the outer wall. The heat loss power was 

0.6 W less than that of the free flame combustor at an inlet veloc-

ty of 0.6 m/s. Aiming to provide a high and uniform temperature 

istribution along the combustor walls, Yang et al . [32] inserted 

iC porous medium foam into a micro-combustor to augment com- 

ustion. The wall temperature could increase by at least 90K. The 

ncrease in the wall temperature significantly enhanced the radi- 
2 
tion energy emitted from the combustor, which is beneficial for 

lectricity generation. He et al . [33] proposed a micro-combustor 

ontaining a separating cylinder and compared it with the con- 

entional micro-combustor. They found that the existence of the 

ylinder holder could significantly enhance combustion efficiency. 

he holder inside the combustor could provide a relatively-low- 

elocity zone and thus prolong the fuel residence time to improve 

he combustion efficiency. Through a numerical investigation, Wan 

t al . [34] found that the design of cavities can provide a flow re-

irculation zone, as well as stabilize the flame and prolong the res- 

dence time of the fuel/air mixture. 

Applying coating catalysts in the micro-combustion system is a 

romising method for reducing the thermal and radical quenching 

nd enhancing the reaction to mitigate the radical depletion on the 

all [ 35 , 36 ]. Li et al . [ 27 , 37 ] proposed a design concept of catalyst

egmentation and cavities; here, a low-velocity region is formed, 

hich extends the fuel residence time. Chen et al. [38] applied 

wo parallel plates coated with platinum catalysts. The numeri- 

al results demonstrated that the hydrogen addition could cause 

atalytic self-ignition in the micro-channels without startup de- 

ices. Wu and Li [37] proposed a conceptual design for the com- 

ustion chamber to mitigate critical heat loss and flame instabil- 

ty in a micro-thermophotovoltaic power system [39] . In this de- 

ign, a platinum tube was employed as a catalyst reactor, and the 

ing of the percolated hole array on the tube functioned as a fluid- 

xchange region, providing a channel for fluid exchange between 

he inner and outer streams. The percolated holes also provided 

 low-velocity region to increase the fluid residence time. Li and 

ong [40] experimentally and numerically examined the flame sta- 

ilization mechanism of a platinum reactor with a ring of perco- 

ated hole array. The results showed that a hydrogen/air mixture 

as released in the inner chamber of the platinum reactor; the 

ixture sustained catalytic combustion inside the chamber and 

nduced the reaction of methane/air mixture in the outer cham- 

er. The numerical results proved that the percolated holes in the 

ombustor could be applied to improve the flammability extension 

nd flame stabilization. Furthermore, hydrogen branched-chain re- 

ctions produced enormous amounts of O, H, and OH radicals. 

hese radicals promoted the progressive dehydrogenation of CH 4 

o CH 3 and CH 3 O, then CH 2 O and HCO, and finally, the oxidation 

f CO to CO 2 . The mixture exchange mechanism is that thermal 

xpansion from the surface reaction in the outer chamber propels 

he mixture toward the inner chamber owing to the nonequilib- 

ium cross-sections of the inner and outer chambers. 

Based on a previous study [40] , a microreactor was made by 

nly platinum, and the platinum-made microreactor doubled as 

he emitter for the micro-thermophotovoltaic ( μ-TPV) power sys- 

em [41–44] . The results indicated that the majority of the plat- 

num surface was used for emitting radiation instead of sustaining 

ames in a microtube. However, platinum is regarded as one of 

recious metals, and the price of the platinum is too expensive to 

nly use for the emitter of μ-TPV systems. Thus, in the current 

tudy, a combined stainless steel–platinum catalytic reactor is pro- 

osed to stabilize a micro-flame in a confined space. Here, stainless 

teel is used to partially replace platinum to reduce material cost 

ithout sacrificing combustion efficiency. In addition, employing a 

atalyst with a perforated gap in the micro-combustor could im- 

rove fuel adaptability and operation maneuverability. Understand- 

ng the flame stabilization mechanism of the proposed system and 

ptimizing the operational and design parameters are essential. 

. Numerical simulation 

Owing to the difficulty of measuring the combustion of the 

icro-combustor, CFD STARCCM + software was employed to as- 

ess and elucidate the combustion characteristics and flame sta- 
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Fig. 1. Dimension of the segmented stainless steel–platinum reactor: (a) without 

perforated gap; (b) with a perforated gap (unit: mm). 
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Fig. 2. Mesh independence result. 
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ilization mechanism in the proposed micro-combustion system. 

he mass, energy, and momentum equations were applied to de- 

elop a two-dimensional (2D) and steady-state simulation model. 

he continuous model and no-slip conditions were acceptable be- 

ause the Knudsen number was less than 10 −5 [45] . Moreover, due 

o the low Reynolds number (Re < 500), the system was regarded 

s a laminar model. The mixture density was determined by using 

deal gas law. Velocity-inlet and pressure-outlet were selected for 

he boundary condition. The simulation was considered as conver- 

ence when the residuals were smaller than 10 -5 . 

To discuss whether the existence of the perforated gap would 

ffect the simulation result, two different segmented stainless 

teel–platinum combustion systems were employed in this study. 

ne was a combustion chamber partitioned by a catalytic plate 

ithout a perforated gap, which was named flat catalytic combus- 

or (FCC). The other was a combustion chamber partitioned by a 

atalytic plate with a perforated gap, which was named FCC with 

 percolated gap (FCG). The design of a step-like structure between 

he stainless steel (AISI 316) and platinum was to make the struc- 

ure firm. The total length of the combustor was 45 mm, and the 

all thickness was 1 mm. The dimension of the perforated gap 

as 2 mm, and the gap center was 10 mm from the combustor 

asement. The schematic of the combined stainless steel–platinum 

atalytic partition reactor, comprising three transversally infinite 

arallel slabs placed with equidistance of 2.5 mm, is shown in 

ig. 1 . The heat transfer condition over the combustion wall was 

oncerned with thermal convection and radiation. The methane/air 

nd the hydrogen/air mixtures are injected into the upper and 

ower channels, respectively. The boundaries of the inlets and out- 

ets are set to the pressure outlet, and the pressure was fixed 

t 101,325 Pa. The gray blocks indicate the stainless-steel-made 

ombustion wall and the stainless steel portion of the partition- 

ng plate, and the beige blocks present the platinum portion of the 

artitioning plate in Fig. 1 . The heat flux loss ( q ∞ 

) to the environ-

ent on the combustion wall can be calculated through Eq. (1) : 

 ∞ 

= h ( T w 

− T ∞ 

) + εσ (T 4 w 

− T 4 ∞ 

) (1) 

here h is the natural convection heat transfer coefficient, 20 

/(m 

2 K) [46] ; T w 

is the surface temperature of the outer wall; 

 ∞ 

is the temperature of the surroundings, 300 K; ε is the surface 
3 
missivity (stainless-steel: 0.75 [47] and platinum: 0.05 [48] ); and 

is the Stefan–Boltzmann constant, 5.67 ×10 −8 W/(m 

2 K 

4 ). In ad- 

ition, the thermal conductivities for stainless steel and platinum 

re 16 and 69.1 W/(m K), respectively; the heat capacities for stain- 

ess steel and platinum are 502 and 134 J/(kg K), respectively, and 

he density for stainless steel and platinum are 8,0 0 0 kg/m 

3 and 

1,450 kg/m 

3 , respectively. 

To describe a detailed homogeneous reaction for the hydro- 

en/methane/air combustion, the Warnatz gas-phase mechanism 

49] was adopted, which consists of 25 species and 108 reaction 

teps, and the mechanism has been validated in the literature 

 50 , 51 ]. The surface chemistry mechanism over platinum is used 

y Deutschmann [52] . The simulation includes 11 surface species 

H(s), O(s), OH(s), H 2 O(s), C(s), CO(s), CO 2 (s), CH 3 (s), CH 2 (s), CH(s),

t(s)] and 7 gaseous species [CH 4 , O 2 , H 2 , H 2 O, CO, CO 2 , N 2 ] as

ell as 3 radicals [O, OH, H], where nitrogen is a chemically in- 

rt species, and 24 reaction steps. Reinke et al. [51] used the above 

echanism to evaluate the homogeneous ignition point and com- 

ared the experimental and numerical results. It appears that the 

umerical results were consistent with the experimental results. In 

ddition, the selected gas and surface mechanisms have been in- 

ensively employed in the study of the combustion behavior of mi- 

roreactors [35,37,53–55] . In the current study, the chemical mech- 

nism was employed to simulate the hydrogen/methane premixed 

ame in the catalytic combustion system. 

For the simulation accuracy, a grid-independent test was per- 

ormed before the analysis. Three meshes of different sizes were 

ested: 0.05 mm, 0.1 mm, and 0.2 mm. Fig. 2 shows the mesh 

ndependence result. According to the temperature distribution at 

he centerline of the lower channel, the rougher the grid size, the 

arger the deviation. However, the temperature distributions of the 

rid size 0.05 mm and 0.1 mm followed a similar trend. When 

he base size of the mesh was reduced to 0.05 mm, more com- 

utational time was required, and the result was hard to converge. 

herefore, a 0.1 mm grid was adopted in this study. 

. Studying system operating parameters of the catalytic 

artition reactor 

.1. Effect of the perforation presence 

The perforation in the catalyst is intended to provide a rela- 

ively low location to anchor flames by trading off thermal en- 

rgy and radicals between two channels. To scrutinize the effect 

f the perforation presence on flame stabilization and combus- 

ion efficiency, FCC and FCG conducted the simulation with iden- 

ical flow conditions, which are 5 m/s of the methane/air mixture 

n the upper channel and 10 m/s of the hydrogen/air mixture in 
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Fig. 3. Mole fraction of (a, b) OH mole fraction, (c, d) temperature distribution, (e, f) CH 4 mole fraction distribution in the FCC and FCG cases. 
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he lower channel, respectively. The overall equivalence ratios in 

wo channels were set to 0.8. The material of the combustor wall 

as stainless steel, and the heat transfer coefficient was 20 W/(m 

2 

). Fig. 3 (a, b) displays the OH mole fraction, (c, d) displays the 

emperature distribution, and (e, f) displays the CH 4 mole frac- 

ion distribution along the combustor for FCC and FCG. In Fig. 3 (a, 

), this proves that the hydrogen/air mixture is prone to ignition 

n the lower channel, and the hydrogen/air premixed jet flame is 

nchored in the upstream region in both FCC and FCG cases. In 

he upper channel, no OH mole fraction is distributed in the FCC 

ase. Arguably, no gas reaction occurred in the upper channel in 

he FCC case. Nonetheless, in the FCG case, OH mole fraction an- 

horing can be observed in the perforation and trailing towards 

he downstream region. Evidence suggests that the gas reaction 

f the methane/air mixture was sustained in the upper channel 

n Fig. 3 (b). Comparing the temperature distribution on combined 

tainless steel–platinum partitioning plate in Fig. 3 (c, d), the result 

ignifies that the platinum plate inherited the thermal energy from 

he exothermicity of both hydrogen/air homogeneous and hetero- 

eneous reactions. However, the heated platinum plate could not 

nduce the gas reaction of the methane/air mixture in the counter- 

art channel in the FCC case. One can infer from the methane mole 

raction in Fig. 3 (e) that methane was slightly consumed at the 
4 
latinum section, and this methane consumption can be attributed 

o the surface reaction of methane. For the FCG case, methane 

as not only consumed at platinum surfaces but also enormously 

epleted in the vicinity of the perforation and the downstream 

tainless-steel section, as illustrated in Fig. 3 (f). The numerical re- 

ults illustrate that the perforation helps to induce catalytically sta- 

ilized combustion in the methane/air channel, which elevates the 

ombustion efficiency of the methane/air mixture. 

Fig. 4 illustrates the velocity distribution along the upper and 

ower surfaces of the catalytic partitioning plate. The positive ve- 

ocity magnitude denotes that the velocity flows in the y + direc- 

ion, and the negative value denotes the velocity flowing in the 

 

− direction. The gray areas denote the locations of catalytic sur- 

ace segmentation. Fig. 4 (a) illustrates a negative velocity � v in the 

CG case, indicating the penetration of gas mixture from the upper 

hannel to the lower channel through the perforation. The velocity 

  distribution in the FCC case near the upper surface of the cat- 

lytic partitioning plate is zero because the system has no gap on 

he partitioning plate and no intervening inflow stream from the 

ounterpart channel. In addition, a small peak located at the front 

dge of the second platinum plate could be caused by the recircu- 

ating flow of the outbound methane/air mixture or the combus- 

ion product of the lower channel penetrating the upper channel. 
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Fig. 4. Distribution of the velocity � v with (a) upper and (b) lower surfaces of the partitioning plate. 

Fig. 5. Temperature distribution along with (a) upper and (b) lower surfaces of the 

catalytic partitioning plate. 
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Fig. 6. Fuel and radical mole fractions with (a) upper and (b) lower surfaces of the 

partitioning plate for V CH4/air = 5 m/s and V H2/air = 10 m/s. 
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ig. 4 (b) illustrates the two significant negative peaks of the veloc- 

ty � v distribution in the FCG case. Evidence indicates that the gas 

ixture in the perforation flows into the lower channel. Compared 

ith the results of the FCC case, the FCG case has a high interac- 

ion between the two partition channels and the perforation. The 

ow interdependency between the two partitioning channels is es- 

ential to maintain the flame stabilization in the confined space. 

Fig. 5 illustrates the temperature distribution along the upper 

nd lower surfaces of the catalytic partitioning plate. The results 

rove similar temperature distributions in the first stainless steel- 

latinum sections (anterior to the perforation) of the FCC and FCG 

ases, but not in the second stainless steel-platinum section (poste- 

ior to the perforation). It appears that the heterogeneous reaction 

ver the platinum in both FCC and FCG cases commences. How- 

ver, the ensuing homogeneous reaction only sustains itself in the 

CG case, but not in the FCC case. The gradual increase of the tem- 

erature in the FCG case explains the presence of an induced ho- 

ogeneous reaction of the methane/air mixture sustained near the 

artitioning plate. 

Fig. 6 illustrates the species and radical mole fractions along the 

xial direction close to the upper and lower surfaces of the reactor 

or V CH4/air = 5 m/s and V H2/air = 10 m/s. For the upstream re-

ion of the lower channel, Fig. 6 (b) illustrates the onset of hydro- 

en consumption and radical hydroxyl production on the surface of 

he first stainless-steel section. This implies that the gas reaction 

s induced and anchored on the first stainless-steel surface of the 
5 
ower channel. This is because the surface reaction on the follow- 

ng platinum provides thermal energy to the upstream stainless- 

teel section and sustains the gas reaction. In the perforation, hy- 

rogen is completely consumed. The produced carbon monoxide 

nd carbon dioxide are present in the perforation. The methane or 

ydrocarbon species in the upper channel penetrates to the lower 

hannel and induces the gas reaction, leading to the production of 

O and CO 2 . In Fig. 6 (a), the heterogeneous reaction of methane 

ommences on the first platinum surface and fully consumes itself 

n the vicinity of the perforation. Furthermore, the hydroxyl mole 

raction is obvious in the perforation of the upper channel, as il- 

ustrated in Fig. 6 (a). This implies the existence of gas reaction of 

he methane/air mixture, tailing towards the downstream region of 

he upper channel. Behind the second platinum section, the system 

as OH, H 2 , CO, and CO 2 mole fraction distributions. The resulting 

 2 is the intermediate species of the methane/air gas reaction and 

s not diffused from the lower channel. It is because that an oxida- 

ion radial (O, H, OH) pool was sustained in the perforation. These 

adicals facilitate the progressive dehydrogenation of CH 4 to CH 3 

nd CH 3 O, then to CH 2 O, HCO, and finally oxidation of CO to CO 2 

n the upper channel. 

.2. The effect of the catalyst layout and fuel/air deployment 

The result above showed that the perforation in the catalyst 

rovides a relatively low location to anchor flames by trading off
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Fig. 7. Mole fraction of (a, b) OH mole fraction, (c, d) temperature distribution, (e, f) CH 4 mole fraction distribution in the two different fuel/air mixture deployments. 
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hermal energy and radicals between two channels. The hydro- 

en/air flame anchored on the first stainless steel section of the 

artitioning plate due to the onset of catalytic combustion over 

he ensuing platinum section of the partitioning plate. Presumably, 

he platinum length plays an important role in a flame anchoring 

osition. In order to examine the effect of catalyst length on the 

ame anchoring position of the hydrogen/air and methane/air mix- 

ure, the fuel/air deployment was rearranged accordingly. That is to 

ay, the hydrogen/air mixture was injected into the upper section, 

hereas the methane/–air mixture was injected into the lower sec- 

ion. 

Fig. 7 illustrates OH mole fraction, temperature distribution, 

nd methane mole fraction distribution in two different fuel/air 

eployments. The flow velocity conditions were 5 m/s for the 

ethane/air mixture and 10 m/s for the hydrogen/air mixture. The 

verall equivalence ratios in two channels were set to 0.8. Fig. 7 (a, 

, e) represents the condition of the hydrogen/air mixture injected 

nto the lower section and the methane/air mixture injected into 

he upper section. On the contrary, the hydrogen/air mixture was 

njected into the upper section, and the methane/air mixture in- 

ected into the lower section for Fig. 7 (b, d, f). The effective plat-
6 
num length facing toward the mainstream in the upper channel 

s 9 mm, and the effective platinum length in the lower section 

s 15 mm. Fig. 7 (a, b) demonstrates the significant difference of 

H mole fraction distribution for the hydrogen/air mixture and the 

ethane/air mixture. In Fig. 7 (b), the flame potential cone of the 

ydrogen/air mixture is asymmetrical, and the flame anchoring po- 

ition on the combustion chamber would recede toward the down- 

tream due to the thermal quenching and heat loss on the wall. 

owever, the flame potential cone of the hydrogen/air mixture in 

ig. 7 (a) is more symmetrical. For the methane/air mixture, the 

ame anchoring position anchors on the perforation in two cases. 

n Fig. 7 (b), the asymmetrical flame cone promotes the penetra- 

ion of gas mixture from the upper section into the lower section, 

eading to a recirculation zone adhered to the platinum section of 

he second partitioning plate (hereafter referred to as the second 

latinum plate). It is like a boundary layer premixed flame sta- 

ilized over a surface in the lower section of Fig. 7 (b). In addi-

ion, regarding temperature distribution, it is obvious to discover 

hat the high-temperature zone in the upper channel of the hydro- 

en/air mixture in Fig. 7 (d) shrinks compared to the lower channel 

f the hydrogen/air mixture in Fig. 7 (c). Basically, the quantity of 
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Table 1 

The combustion efficiency values of the methane/air mixture with respect to var- 

ious inlet ratios in FCC and FCG conditions. 

FCC FCG FCC FCG FCC FCG 

V CH4/air (m/s) � V H2/air (m/s) 5/10 6/12 7/14 

ηC H 4 / air (%) 7.5 91.6 6.58 81.3 5.68 62.3 
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Fig. 8. Temperature distribution overlaid with OH mole fraction and velocity vector 

for (a) V CH4/air = 5 m/s and V H2/air = 10 m/s, (b) V CH4/air = 6 m/s and V H2/air = 12 

m/s, (c) V CH4/air = 7 m/s and V H2/air = 14 m/s. 
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ydrogen/air injection is identical in two cases, and all hydrogen 

s entirely consumed. Consequently, the temperature distribution 

f the hydrogen/air mixture is supposed to be similar in Fig. 7 (c, 

). However, the fact of the distinct temperature distribution in 

he combustion channel of the hydrogen/air mixture in these two 

ases implies the flow interaction of the fuel/air mixture through 

he perforation. The change of flame anchoring mode deteriorates 

he methane conversion in the counterpart channel in Fig. 7 (f). Ap- 

arently, there is a certain unburnt methane mixture remaining in 

he lower section. It is anticipated that the flame anchoring mech- 

nism is associated with the flame behavior patterns of the fuel/air 

ixture presented in two channels. 

The numerical results reveal that the hydrogen/air mixture is 

rone to undergo complete combustion in the combustion channel, 

nlike the methane/air mixture. Therefore, to examine the com- 

ustion efficiency of the methane/air mixture is an iconic indica- 

or to assess the overall combustion efficiency with regard to var- 

ous operational conditions. The combustion efficiency ( η) of the 

ethane/air mixture can be determined by using Eq. (2) , which is 

he ratio of the volumetric flow rate of produced carbon dioxide at 

he outlet to the volumetric flow rate of injected methane at the 

nlet. 

C H 4 / air = 

˙ V outlet × Y outlet , C O 2 

˙ V inlet × Y inlet , C H 4 

, (2) 

here ηC H 4 / air is the combustion efficiency of the methane/air 

ixture, Y outlet , C O 2 
is the produced CO 2 mole concentration at the 

utlet, Y inlet , C H 4 
is the CH 4 mole concentration at the inlet, and 

˙ V 
s the volumetric flow rate of the inlet and outlet. Therefore, the 

ηC H 4 / air for the hydrogen/air mixture in the lower section and the 

ethane/air mixture in the upper channel is 91.6%. On the con- 

rary, the ηC H 4 / air for the hydrogen/air mixture in the upper chan- 

el, and the methane/air mixture in the lower channel is 58.8%. 

.3. The inlet velocity effect of the methane/air and hydrogen/air 

ixture 

A hydrocarbon–air mixture is difficult to sustain in the micro- 

ombustor due to the low residence time and high heat loss on 

he wall. Increasing the inlet velocity of the fuel tends likewise 

o increase the overall quantity of fuel injection. The inlet velocity 

f the fuel/air mixture affects the residence time, and the result- 

ng fuel concentration influences the chemical reaction time in the 

icro-combustor. Furthermore, the velocity gradient in the vicin- 

ty of the perforation would affect the fluid dynamic interdepen- 

ency of the flow streams in the two parallel channels. To ex- 

mine the underlying issue, such as the correlation between the 

ame stabilizing position and the flow velocity in the two chan- 

els, three flow velocity sets of the methane/air mixture and hy- 

rogen/air mixture were designed, namely 5 m/s and 10 m/s, 6 

/s and 12 m/s, as well as 7 m/s and 14 m/s. The velocity ratio

f the methane/air mixture to the hydrogen/air mixture was fixed. 

able 1 presents the combustion efficiency of the methane/air mix- 

ure with respect to various ratios in the FCC and FCG cases. 

he combustion efficiencies of the methane/air mixture for all FCC 

ases are certainly low, and the resulting values are less than 

0%. This implies no commencement of the methane/air gas re- 

ction in the upper channel. However, the combustion efficiencies 
7 
f the methane/air mixture in all FCG cases gradually decreased 

rom 91.6% for V CH4/air = 5 m/s and V H2/air = 10 m/s to 62.3% for

 CH4/air = 7 m/s and V H2/air = 14 m/s, as listed in Table 1 . 

In general, the combustion efficiency of the methane/air mix- 

ure decreases with the increase of the fuel/air flow velocity. Fig. 8 

llustrates the temperature distribution overlaid with the OH mole 

raction and velocity vector under different inlet velocity condi- 

ions when the equivalence ratio for the methane/air and hy- 

rogen/air mixtures is 0.8. The results indicated that the flame 

one of the hydrogen/air mixture does not significantly change in 

hree flow velocities of the fuel/air mixture. On the contrary, the 

ame basement of the methane/air mixture anchors on the up- 

er wall and in the perforation in the case of V CH4/air = 5 m/s

nd V H2/air = 10 m/s. Depending upon the increasing flow veloc- 

ty of the fuel/air mixture, the flame anchoring position of the 

ethane/air mixture appears to stand still in the perforation, but 

he flame anchoring position on the upper wall tends to recede to 

he channel exit when the flow velocity reaches V CH4/air = 7 m/s 

nd V H2/air = 14 m/s. 

Fig. 9 presents an enlarged image to illustrate the flow direc- 

ion in the area of the perforation. Owing to the high velocity dis- 

ributed in the vicinity of the perforation near the lower surface of 

he partitioning plate, the gas mixture in the upper channel would 

ow into the lower section. The streamline of the gas mixture in 

he upper channel clearly trespasses towards the lower section in 

he case of V CH4/air = 5 m/s and V H2/air = 10 m/s. The flame anchor-

ng position of the methane/air mixture leashes in the perforation. 

he details of the flame stabilizing mechanism with various inlet 

elocity conditions are discussed in Section 4 . The corresponding 

alue of ηC H 4 / air reached 91.6%, as listed in Table 1 . 
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Fig. 9. Temperature distribution overlaid with velocity vector and streamline for 

V CH4/air = 5 m/s and V H2/air = 10 m/s around the perforation. 

Fig. 10. Temperature distribution overlaid with velocity vector and streamline for 

V CH4/air = 6 m/s and V H2/air = 12 m/s around the perforation. 
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Fig. 11. Fuel and radical mole fractions with (a) upper and (b) lower surfaces of the 

catalytic partitioning plate for V CH4/air = 6 m/s and V H2/air = 12 m/s. 

Fig. 12. Temperature distribution overlaid with velocity vector and streamline for 

V CH4/air = 7 m/s and V H2/air = 14 m/s around the perforation. 

z

t  

u

V  

t

l

l

a

t

r

t

c

f

p

p

o

n

t

l

i

p

t

When the fuel/air flow velocities reach V CH4/air = 6 m/s and 

 H2/air = 12 m/s, the methane/air mixture would flow into the 

erforation but does not penetrate the lower channel. The inflow 

tream from the upper channel would enter the perforation and 

equentially turn back instead, as illustrated in Fig. 10 . It seems 

hat the increase of the hydrogen/air inlet velocity increases hy- 

rogen injection quantity in the lower channel. The increasing hy- 

rogen concentration enhances the chemical reaction of hydrogen 

ombustion. The hydrogen/air premixed flame would gradually in- 

rease and expand in the vicinity of the perforation in the lower 

hannel. The growth of the hydrogen/air premixed flame would ac- 

elerate the flow velocity of the gas mixture and increase the lo- 

alized pressure nearby the perforation in the lower channel. This 

ould lead to barricading against the penetration of the gas mix- 

ure from the upper channel. This phenomenon resembles fluid 

owing into a cavity, as illustrated in Fig. 10 . 

Fig. 11 illustrates fuel and radical mole fractions along with 

he upper and lower surfaces of the catalytic partitioning plate for 

 CH4/air = 6 m/s and V H2/air = 12 m/s. Due to the different flow

irections, the gas mixture in the perforation returns to the upper 

hannel. The peak value of CO 2 mole fraction in the lower channel 

s two times smaller than that for V CH4/air = 5 m/s and V H2/air = 10

/s. The quantities of CO and CO 2 in the lower surface of the cat-

lytic partitioning plate are smaller than those for V CH4/air = 5 m/s 

nd V H2/air = 10 m/s. This happens because the flow velocity in the 

pper channel increases and the residence time in the perforation 

educes, leading to a lower ηC H 4 / air . The ηC H 4 / air for the case of 6 

/s V CH4/air and 12 m/s V H2/air drops to 81.3% compared with that 

or V CH4/air = 5 m/s and V H2/air = 10 m/s. 

However, when the fuel/air condition reaches V CH4/air = 7 m/s 

nd V H2/air = 14 m/s, the gas mixture in the lower section flows 

nto the perforation and then penetrates the upper channel, as il- 

ustrated in Fig. 12 . Owing to the increase of inlet hydrogen in- 

ection quantity in the lower section, the hydrogen/air premixed 

ame expands and forces the gas mixture into the upper chan- 

el through the perforation. The interaction between the two gas 

treams from the upper and lower channels forms a circulation 
8 
one that is sustained on the second platinum plate. The circula- 

ion zone can be observed on the second platinum plate in Fig. 12 .

Fig. 13 illustrates the fuel and radical mole fractions with the 

pper and lower surfaces of the catalytic partitioning plate for 

 CH4/air = 7 m/s and V H2/air = 14 m/s. The CO and CO 2 mole frac-

ions in the upper surface of the catalytic partitioning plate are 

ow compared with those of Fig. 13 (a). The existence of the circu- 

ation zone in the second platinum plate defers the homogeneous 

nd heterogeneous reaction of CO. Fig. 14 also illustrates the spa- 

ial distribution of CO mole fraction in the vicinity of the perfo- 

ation. The results indicate the resulting CO detours, which follow 

he boundary of the recirculating bubble and are homogeneously 

onsumed in the downstream region of the upper channel. There- 

ore, the product CO 2 mole fraction in the vicinity of the second 

latinum plate is low. 

Fig. 15 illustrates the velocity � u distribution along with the up- 

er surface of the catalytic partitioning plate. Along with the sec- 

nd platinum section, it appears that the quantity of velocity � u is 

egative. The reattachment point can be found at velocity � u equal 

o zero, that is , located at x = 15 mm. Therefore, the reattachment 

ength, also known as the overall length of the recirculating bubble, 

s 4 mm, covering the major area of the second platinum plate. The 

resence of the recirculating bubble anchoring not only obstructs 

he mixing ability of two streams from the upper and lower chan- 
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Fig. 13. Fuel and radical mole fractions with (a) upper and (b) lower surfaces of 

the catalytic partitioning plate for V CH4/air = 7 m/s and V H2/air = 14 m/s. 

Fig. 14. CO mole fraction overlaid with velocity vector and streamline for 

V CH4/air = 7 m/s and V H2/air = 14 m/s around the perforation. 

Fig. 15. Distribution of the velocity � u along with the upper surface of the catalytic 

partitioning plate. 
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9 
els but also diminishes the probability of heterogeneous reaction 

f derived hydrocarbon species over the second platinum plate. 

onsequently, the ηC H 4 / air of this case with 7m/s V CH4/air and 14 

/s V H2/air is only 62.3%. 

.4. The equivalence ratio effect of the methane/air and hydrogen/air 

ixture 

Fig. 16 shows the CO mole fraction distribution overlaid with 

H mole fraction contours in different equivalence ratios when 

he inlet velocities of the methane-air mixture in the upper chan- 

el and the hydrogen/air mixture in the lower section are 6 and 

2 m/s, respectively. It can be seen that, as the equivalent ra- 

io of the hydrogen/air mixture decreases, the flame phenomenon 

hanges significantly, especially the flame anchoring position of 

he methane-air mixture in the upper channel. For example, the 

quivalence ratio of the methane-air mixture is fixed 0.8; the gas 

ixture from the upper section would flow into the perforation 

nd penetrate the lower section as the stoichiometric condition 

f the hydrogen/air mixture. At present, the ηC H 4 / air of this con- 

ition achieves 85.8%. But when the equivalence ratio of the hy- 

rogen/air mixture reduces to 0.6, the gas mixture from the lower 

ection would reversely flow into the perforated gap and penetrate 

he upper channel. There is an evident recirculation bubble laid on 

he second platinum plate. The corresponding ηC H 4 / air reduces to 

0.9%. Based on the previous speculation, the presence of the re- 

irculation bubble would deteriorate the ηC H 4 / air . Especially when 

R H2/air = 0.6, the recirculation bubbles emerge for all ER CH4/air . 

Fig.17 displays the distribution of the velocity � u along with the 

pper surface of the catalytic partitioning plate. It is convenient 

o determine the reattachment length of three conditions, namely, 

5.78 mm for ER CH4/air = 1.0, 16.20 mm for ER CH4/air = 0.8, 16.65 

m for ER CH4/air . The corresponding ηC H 4 / air present 60.8% mm for 

R CH4/air = 1.0, 50.9% mm for ER CH4/air = 0.8, 36.3% mm for ER CH4/air 

 0.6. It confirms that the larger reattachment length of the recir- 

ulation bubble is associated with the lower combustion efficiency 

f the methane-air mixture. 

. Flame stabilizing mechanism 

.1. The flow penetration of methane/air derived gas mixture 

As aforementioned, the variation of inlet velocity and fuel/air 

quivalence ratio would influence the flow structure inside the 

ercolated gap. However, different flow structures would result 

n different flame stabilizing positions of the methane/air mix- 

ure. In general, two distinct flame stabilization mechanisms op- 

rated according to the coupled flow structures between the two 

treams from the upper and lower channels. Typically, some pre- 

equisites are required to sustain the flame anchoring basement of 

he fuel/air premixed flame, such as a provision of a regime with 

 relatively low flow velocity but a high-temperature field, along 

ith the support of a sufficient fuel/air mixture and oxidizing rad- 

cal species. Accordingly, the first flame stabilization mechanism of 

he methane/air mixture emerges when the gas mixture penetrates 

rom the upper channel (the channel filled with the methane/air 

ixture) to the lower channel (the other channel filled with the 

ydrogen/air mixture). This flame stabilization mechanism features 

he unburnt hydrocarbon species and the fuel-derived radicals 

e.g., CH 3 , CH 2 , and CH) congregating in the asylum-like perfora- 

ion to support a catalytically-induced gas reaction with the help of 

atalyst facilitation and the thermal provision from the nearby ox- 

dation of the hydrogen–air mixture. The first type of flame stabi- 

izing mechanism can be observed when inlet velocity condition of 

he methane/air mixture is equal to 5 m/s, and that of the hydro- 

en/air mixture is equal to 10 m/s. The equivalence ratios in two 
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Fig. 16. CO mole fraction distribution overlaid with OH mole fraction for different inlet equivalence ratios. 

Fig. 17. Distribution of the velocity � u with the upper surface of the catalytic parti- 

tioning plate. 
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Fig. 18. Heat release overlaid with velocity vectors and OH mole fraction contours 

around the perforation. 
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hannels are fixed at 0.8, the wall material of the combustor wall 

s stainless steel, and the heat transfer coefficient is 20 W/(m 

2 K). 

ig. 18 illustrates the heat release overlaid with the velocity vector 

nd OH mole fraction in the vicinity of the perforation. The figure 

hows that a high heat release region, denoted by a white and red 

inary color legend, was capped on the top surface of the perfo- 

ation. The velocity vectors imply that the gas mixture in the up- 

er channel flows into the perforation. Moreover, the inflow stream 

arries unburned hydrocarbon fuels and fuel-derived radicals into 

he perforation. However, the catalyst wall on the two side walls 

f the perforation can effectively facilitate the catalytically induced 

as reaction. A significant heat release appears close to the cata- 

yst sidewalls of the perforation. The dashed line contours denote 

H mole fraction distributions and reveal the location of gas re- 
10 
ction occurrence in the perforation. In addition, most hydroxyls 

re diffused from the lower channel, which is provided by the gas 

eaction of the hydrogen–air mixture. Generally, the first platinum 

late initiates the degradation of the inflow methane, leading to 

he yield of fuel-derived species and radicals. Those fuel-derived 

pecies and radicals were carried into the perforation and reacted 

n situ with oxidizing radicals diffused from the lower channel. A 

ortion of inflow fuel-derived species and radicals penetrate into 

he lower channel and then reacted in the lower channel. Conse- 

uently, the flame basement of the methane/air mixture extended 

o the perforation and the lower channel. This flame stabilization 

echanism was undoubtedly stable and accompanied by a high 

ηC H 4 / air of the methane/air mixture. The heat release region in the 

pstream zone indicated that the hydrogen/air mixture reacted in 

he upstream zone. 
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Fig. 19. Heat release overlaid with velocity vector and OH mole fraction around the 

perforation. 
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Fig. 20. CO mole fraction overlaid with streamlines around the perforation. 
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.2. The flow penetration of hydrogen/air derived gas mixture 

The second flame stabilizing mechanism of the methane/air 

ixture emerges in consequence of the gas mixture penetrating 

rom the lower channel (the channel filled with the hydrogen/air 

ixture) to the upper channel (the other channel filled with the 

ethane/air mixture). In this flame stabilization mechanism, the 

ame sheet of the methane/air mixture was elevated due to the 

nception of the recirculation bubble sustained in the second plat- 

num plate. However, the presence of the recirculation bubble 

ould defer the entrance of unburned hydrocarbon fuel towards 

he second platinum plate and jeopardize the catalytic reaction in 

he upper channel. The unburned hydrocarbon species and fuel- 

erived radicals could not access the second platinum plate and 

ere accelerated by the outer boundary of the recirculation zone. 

he elevated velocity vectors revealed that the unburned hydrocar- 

on species and fuel-derived radicals were accelerated, leaving the 

latinum section. This resulted in flame instability and low com- 

ustion efficiency for the methane/air mixture. The second type 

f flame stabilizing mechanism can be observed with the velocity 

ondition of the methane/air mixture equal to 7 m/s and that of 

he hydrogen/air mixture equal to 14 m/s. The equivalence ratios 

n two channels are fixed at 0.8. Fig. 19 illustrates the heat release 

verlaid with the velocity vector and OH mole fraction around the 

erforation. Compared with Fig. 18 , the main difference is the ap- 

earance of a high heat release region in the lower channel. This 

as because the high hydrogen concentration injected into the 

ower channel intensified the gas reaction of the hydrogen/air mix- 

ure. The flame sheet of the hydrogen/air flame was extended, and 

t barricaded against the penetration of the gas mixture from the 

pper channel. Instead, the gas mixture from the lower channel 

as pushed to enter into the perforation and the upper channel. 

he interaction between the incoming flow streams from the up- 

er and lower channel formed a recirculation bubble, which was 

ustained in the second platinum plate. The onset of the recircu- 

ation bubble was associated with the flow structure alternation in 

he perforation. 

Fig. 20 illustrates the CO mole fraction overlaid with stream- 

ine around the perforation. The presence of the recirculating bub- 

le not only obstructed the mixing ability of two streams from the 

pper and lower channels but also diminished the probability of 

 heterogeneous reaction of derived hydrocarbon species over the 

econd platinum plate. Furthermore, the reattachment length of 

he recirculation bubble was pertinent to the hydrogen inlet con- 

entration and equivalence ratio of the hydrogen/air mixture in the 

hannel. 
11 
. Approaches to improve flame stabilization and combustion 

fficiency 

The parameters, such as inlet velocity and equivalence ratio, af- 

ected the flame stabilizing mechanism and the overall combus- 

ion efficiency. However, the flame stabilizing mechanism is rele- 

ant to the flow structure within the perforation. The imbalance 

f the thermal gradient and velocity gradient on the peripheral 

ide of the perforation causes the alternation of the flame stabiliz- 

ng mechanism and affects the ηC H 4 / air . Therefore, two implemen- 

ations can curtail the effect of the presence of the perforation on 

he flow structure and combustion behavior. First, the location of 

he perforation moves towards the downstream region. The per- 

oration was placed in the upstream region close to the anchoring 

osition of the methane/air mixture. The fluctuations in flow veloc- 

ty, temperature, and pressure near the perforation would deterio- 

ate and undermine the flame stabilization of the methane/air mix- 

ure, leading to a reduction in ηC H 4 / air . Consequently, relocating the 

erforation position in the downstream is a plausible approach to 

meliorate the low combustion efficiency. Second, reducing the di- 

ension of the perforated gap could retard the sensitivity of veloc- 

ty fluctuations to the flame stabilization of the methane/air mix- 

ure. To examine these two implementations, the effects of the per- 

oration position and dimension on the combustion behavior of the 

ethane/air mixture were investigated. 

Fig. 21 illustrates the temperature distribution overlaid with OH 

ole fraction and velocity vector in different perforation positions 

x = 10, 20, 30 mm) when the inlet velocities of the methane/air 

ixture and hydrogen/air mixture are 6 and 12 m/s, respectively. 

he equivalence ratios for all fuel/air mixtures are 0.8, and the heat 

ransfer coefficient is 20 W/(m 

2 K). A distinct difference in the 

ombustion phenomenon was observed when the location of the 

erforation moves to the middle stream or downstream. 

When the perforation position is at x = 10 mm, the flame sta- 

ilization of the methane/air mixture anchoring is easy to identify 

n the perforation, as illustrated in Fig. 21 (a). The corresponding 

ηC H 4 / air reached 81.3%, as listed in Temperature distribution over- 

aid with OH mole fraction and velocity vectors in different perfo- 

ation positions: (a) 10 mm, (b) 20 mm, (c) 30 mm.. Nonetheless, 

hen the perforation position was moved to the middle stream 

r downstream sections at x = 20 and 30 mm, respectively, the 

ame anchoring position of the methane/air mixture stabilized on 

he first stainless-steel section, as illustrated in Fig. 21 (b, c). The 

ηC H 4 / air increased to 99.8% for the perforation position of 20 mm 

nd 97.1% for the perforation position of 30 mm. Placing the per- 

oration position in the midstream and downstream sections of 

he catalytic partitioning plate may improve flame stability and 

ηC H 4 / air . Regarding the flame stabilizing mechanism for the per- 

oration locating at 20 mm and 30 mm, one may speculate that 

he catalytically induced gas reaction of the methane/air mixture 

nitiates and sustains a reaction in the vicinity of the perforated 

all. For some time, the wall temperature of the first stainless- 
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Fig. 21. Temperature distribution overlaid with OH mole fraction and velocity vec- 

tors in different perforation positions: (a) 10 mm, (b) 20 mm, (c) 30 mm. 

Fig. 22. CO mole fraction distribution overlaid with streamline fraction in different 

perforation positions: (a) 10 mm, (b) 20 mm, (c) 30 mm. 
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Fig. 23. Temperature distribution overlaid with OH mole fraction and velocity vec- 

tor for different perforation dimensions: (a) 1 mm, (b) 2 mm. 
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teel section increased due to the exothermicity of the homoge- 

eous and heterogeneous reaction absorbed by the catalytic par- 

itioning plate. The incoming methane/air mixture would be pre- 

eated by the heated wall, leading to increased flame speed. Con- 

equently, the flame anchoring position of the methane/air mixture 

ould flashback to the upstream stainless-steel section, as illus- 

rated in Fig. 21 (b, c). 

Fig. 22 displays CO mole fraction distribution overlaid with 

treamline fraction in different perforation positions. When the 

erforation position is at x = 10 mm, the streamline presents the 

as mixture from the upper channel penetrating into the lower 

hannel, and the resulting CO is carried by the intervening flow 

nd congregated in the perforation. In this consequence, the pres- 

nce of the perforation is strongly associated with the flame stabi- 

ization of the methane/air mixture in the upper channel. There- 

ore, the interaction in the perforation is kinetically controlled. 

hen the perforation position moves to 20 and 30 mm, the flow 

nteraction in the perforation significantly diminishes, and the CO 
12 
oncentration is barely diffused into the perforation, as illustrated 

n Fig. 22 (b, c). The presence of the perforation in the middle and 

ownstream would not arouse the disturbance in the flow fields, 

nd the resulting CO in the perforation is attributed to mass dif- 

usion. In this situation, the interaction in the perforation is con- 

rolled through diffusion. 

Table 2 

Second, the effects of the perforation dimension reduction on 

he flame stabilization and ηC H 4 / air are examined. Fig. 23 illus- 

rates the temperature distribution overlaid with OH mole fraction 
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Table 2 

The combustion efficiency of the methane–air mixture 

with different perforation positions. 

Perforation position (mm) 10 20 30 

ηC H 4 / air (%) 81.3 99.8 97.1 

Table 3 

The combustion efficiency of the 

methane/air mixture for different 

perforation dimensions. 

Perforation size (mm) 1 2 

ηC H 4 / air (%) 96.1 81.3 
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nd velocity vector for different perforation dimensions (d = 1, 

 mm) when the inlet velocity of the methane/air mixture and 

ydrogen/air mixture are 6 and 12 m/s, respectively. The equiva- 

ence ratios for these two fuel/air mixtures are 0.8, and the heat 

ransfer coefficient is 20 W/(m 

2 K). The perforation position is at 

 = 10 mm, and the material of the combustor wall is stainless 

teel. The results in Fig. 23 reveal that the anchoring position of 

he catalytically induced methane/air mixture combustion moves 

oward the first stainless-steel section when the dimension of the 

erforation shrinks to 1 mm. It appears that the decrease of the 

erforation dimension could alleviate the imbalance of the tem- 

erature and velocity gradients around the percolated gap. Table 3 

ists the ηC H 4 / air results for different perforation dimensions. The 

esults illustrate a slight change in ηC H 4 / air as the perforation di- 

ensions become smaller. When the dimension of the perforated 

ap reduces from 2 mm to 1 mm, ηC H 4 / air increases from 81.3% to 

6.1%, resulting into 18.2% improvement in ηC H 4 / air . 

. Conclusions 

The concept of the proposed combined steel-platinum catalytic 

artition reactor with a percolated gap was numerically exam- 

ned in this study. In order to reduce the material cost, stainless 

teel was chosen to replace platinum in the microreactor fabrica- 

ion partially. The strategy of fuel deployment and the presence 

f a perforated gap on the micro combustor can effectively stabi- 

ize the flame inside the combustion chamber, resulting in a rea- 

onable fuel conversion rate. The results demonstrate that the two 

ifferent flame stabilization mechanisms appear in this research. 

ventually, two approaches can curtail the effect of the presence 

f the perforation on the flow structure and combustion behavior, 

nd they can further improve the ηC H 4 / air . The most relevant re- 

ults are listed as follow: 

1. The simulation results demonstrated that the methane/air mix- 

ture could be effectively stabilized in the FCG compared to FCC. 

The methane/air flame can be anchored in the FCG in all veloc- 

ity and equivalence ratio conditions due to the perforation pres- 

ence. The first flame stabilization mechanism shows that the 

heat release region appears on the top of the perforated gap. 

The gas mixture from the upper channel has been penetrated 

the perforated gap to the lower channel. The second platinum 

plate in the lower channel converts CO to CO 2 . 

2. In the high inlet velocity of the hydrogen/air mixture and low 

equivalence ratio of hydrogen/air mixture condition, the hy- 

drogen/air flame sheet extends to the bottom surface of the 

perforation. The high heat release of the flame sheet pushes 

the gas mixture in the lower channel penetrates the perfo- 

rated gap. The flame sheet extends to the bottom surface of 

the perforated gap, resulting in pushing the gas mixture in- 

ward the perforated gap and then penetrating the upper chan- 

nel and generating a recirculation zone sustained in the lead- 
13 
ing edge of the second platinum plate. The second flame stabi- 

lization mechanism shows that the formation of the recircula- 

tion zone diminished the probability of a heterogeneous reac- 

tion of derived hydrocarbon species over the second platinum 

plate. 

3. Two approaches were proposed to contain the effect of the 

presence of the perforation on the flow structure and combus- 

tion behavior. First approach is to move the location of the per- 

foration towards the downstream region and the second ap- 

proach is to reduce the diameter of the perforated gap to retard 

the sensitivity of velocity fluctuations to the flame stabilization 

of the methane/air mixture. Ultimately, the resulting ηC H 4 / air 

has significantly improved in these two implementations. 
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