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Abstract— A review of micro-combustion and micro-power 

generation with a special account of swiss roll configuration 

combustor is presented here. The basic concept of micro-

combustion is put forth and its characteristics and scaling 

issues are discussed. Flame quenching is identified as the 

most important issue to deal with on the first hand with 

regard to micro-combustion. Then some strategies are 

discussed to overcome it. The heat recirculation concept is 

pursued further in this context and it leads to the study of the 

swiss roll configuration combustor. Thermal design of such 

a combustor is discussed. And the factors that affect the heat 

transfer characteristics are discussed. 

Key words:  Microcombustion, Flame Quenching, Heat 
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I. INTRODUCTION 

The research in micro-combustion is being pursued since 

two decades expecting to develop miniaturized power 

sources. The research in the field of MEMS has soared sky-

high these days. And to cater the need for these devices, a 

miniaturized power source is of prime importance. When 

hydrogen and hydrocarbon fuel is used in power system, we 

get higher energy density as compared to other systems. So, 

there have been many attempts to develop a power source 

that can convert hydrocarbon fuel electrical power on small 

scale which can be used instead of batteries. As we know, at 

small scales, internal combustion engines are seldom easy to 

employ. So, an alternative approach has been proposed by 

many researchers to avoid moving parts using heat 

recirculating combustors. Among different kinds of heat 

recirculating combustors, Swiss Roll combustor is 

considered to be one of the most efficient affair. So, a 

discussion on micro-combustion considering a special 

account on Swiss Roll Configuration is presented here. 

A. Small Scale Power Generation: 

Small scale power generation efforts employing combustion 

of hydrogen and hydrocarbon fuels can in general be divided 

into three different categories. Miniaturizing the existing 

conventional macro-scale heat engines (gas turbines, 

Wankel engines etc.) powered by the evolution of 

micromachining and fabrication technologies belong to the 

first category. Second group consists of novel engine 

technologies investigated for the first time for small scale 

power generation (for e.g. engines employing phase change 

of a working fluid). Third group comprises of small scale 

electrical power generators which convert chemical energy 

from the fuel directly into electricity. These are again 

subdivided into thermoelectric and thermo-photovoltaic 

power systems. 

B. Small Scale Propulsion System: 

Chemical rocket thrusters powered by micro-combustion are 

of great interest in the propulsion of small satellites. 

Chemical thrusters stand out amongst other micro-

propulsion options due to their capability of generating 

much higher thrust values. Chemical rocket thrusters, which 

use combustion for chemical energy release, belong to two 

different classes; solid propellant rockets and liquid 

bipropellant rockets. 

C. Small Scale Fuel Reformers: 

Miniaturization trends in proton exchange membrane (PEM) 

fuel cell research have generated interest for small-scale fuel 

reformers. The aim is to develop a micro power generation 

device that consists of a fuel processor, which acts as a 

hydrogen source, coupled with a proton exchange 

membrane (PEM) fuel cell. Hydrogen production can be 

achieved through a number of methods. Usually it is 

produced from hydrocarbons or alcohols through steam 

reforming, partial oxidation or auto-thermal reforming. 

Cracking of ammonia can also yield hydrogen. Except for 

partial oxidation, all the aforementioned hydrogen 

production routes are endothermic. Therefore, energy must 

be supplied via an exothermic reaction, such as combustion. 

One of the important aspects of developing such a 

multifunctional micro-device is the thermal coupling 

between the micro-combustor and fuel reformer. 

II. MICRO-COMBUSTION: CHARACTERISTICS AND SCALING 

ISSUES 

Combustion at small scale has very different characteristics 

when compared with conventional scale combustion. The 

surface to volume ratio is the critical aspect when deciding 

the scale of combustion. As the size of combustion chamber 

is reduced, the surface to volume ratio is increases. This 

leads to increase in the effects of some interface phenomena 

like heat transfer and surface reactions. These phenomena 

are very closely related to surface area and volume of 

combustion chamber. Energy released in combustion is 

proportional to the volume of combustor and heat losses are 

proportional to the surface area of combustor and heat losses 

are proportional to the surface area of combustor. A 

dimension which goes down to micro level in the context of 

the quenching distance is called the characteristic length of 

the micro-combustor. The surface to volume ratio is 

inversely proportional to this characteristic length. 

The behavior of combustion according to the 

changes made in this characteristic dimension is studied 

here. The way to do this is by normalizing the conservation 

equation [1] and presenting them in terms of non-

dimensional numbers Re, Pe, Le, Da. 
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L= length ; t = time V =velocity; P= pressure ;  = density; 

w = reaction rate ;  = thermal diffusion ; D = mass diffusion 

coefficient ;   = viscosity  
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  = characteristic mass fraction of species i 

Q = heat of reaction.  

In conventional length combustion, the Re and Pe 

are large because L is large. The flows are in turbulent 

regime. Viscous and diffusive effects are smaller compared 

to convective effects. In smaller scale combustion, Re and 

Pe are small and therefore flows are laminar or might be 

transitional and accordingly viscous and diffusive effects are 

experienced more. Also, for small characteristic length, 

small residence time is observed for high flow rates. This 

affects the Damkohler number in such way that it may 

become unity or less than unity. This leads to quenching. 

The characteristic length is of three kinds: Macro-

scale, meso-scale and micro-scale. Macro scale is related to 

characteristic dimension of above centimeter scale. Meso-

scale is related to characteristic dimension of the scale one 

millimeter to one centimeter. And micro-scale is anything 

below millimeter scale. 

A. Flame Quenching: 

Flame quenching is the failure of flame propagation in the 

presence of combustible substances. Sir Humphry Davy in 

1817 first put forth the concept of flame quenching. He 

observed that flame propagation can be stopped by fine wire 

gauze, when he was working on preventing explosions in 

coal mines. Then hundred years later, Wheeller and payman 

studied the propagation of flames through small diameter 

tubes[2]. 

Holm performed experimental studies on flame 

quenching and introduced the concept of quenching distance 

and quenching diameters [3]. Extensive investigation on 

flame quenching has been performed since then. These 

studies suggest that a flame can not pass through gaps of 

less than millimeter scale. 

Jarosinki et al [4, 5] performed series of 

experiments on premixed fuel flames quenched by cold 

walls. The premixed fuels include propane-air and methane-

air mixtures. These studies show that quenching distance is 

actually a function of fuel-air equivalence ratio. And the 

study also shows that Peclet number has near constant value 

of quenching conditions. 

  Vosen and Grief [6] measured heat flux from flame 

to the combustor wall in case of flame quenching. This 

research concluded that flame quenching occurs when ratio 

of heat loss to heat generation is greater than 0.3. Effect of 

walls on quenching distance has also been studied. These 

studies state that there is negligible effect on quenching 

distance as the nature of wall material changes [7, 8]. But 

some studies showed a small effect of the properties of wall 

on quenching distance [9]. This effect is considered to be 

due to the residual catalytic activity of wall surface [10].  

Some theories on flame quenching by walls have 

also been developed. Zel‟dovich [11-13] has contributed a 

great deal in this. He formulated the following relations 
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        and         = quenching limit and max value of limit 

flame temp respectively. 

  
  and     = quenching limit and limit flame temperature 

and adiabatic condition respectively. 

b = a parameter that characterizes heat losses. 

R= universal gas constant. 

E = activation energy. 

Some theories were developed by considering the 

energy conservation equation for the flame. These theories 

were developed to estimate quenching distance [14-18]. The 

heat loss term was added by Spalding [18] to the one 

dimensional energy equation. He suggested that for 

estimating the quenching limits, radiation and combustion 

losses both are important. But it‟s well known that as the 

combustor size decreases, conductive heat losses become 

more dominant. Mayer [15] studied effect of convection 

heat loss. He presented an expression for quenching 

diameter. He also presented Peclet number. Some other 

models are also been developed that dealt with heat loss 

induced quenching where the expression of quenching 

distances are given [17-19]. 

Several numerical simulations have also been 

performed. Karman and Milan [20], Westbrook [21] and 

Baum and Popp [22] are some of them who gave results 

close to the experimental values. Aly et al [23] used the two 

dimensional governing equations and simulated the 

quenching distance of the propane-air flame between two 

parallel plates. Hackert [24] studied the wall thermal 

conditions leading to flame quenching. Dou and Matalon 

[25] developed a diffusive thermal model to examine the 

effects of conductive heat loss to the walls. The propagation 

of premixed flames was studied for this by employing a two 

dimensional model. 

 As we can see here, all this research has been 

carried out studying the thermal quenching mechanism. 

Flame quenching by chemical quenching or radical 

quenching mechanism is not given much importance yet. In 

this mechanism, the surface reaction causes the flame to 

destabilize. Masel et al [26] studied these surface reactions 

and their effects on quenching. 

From this discussion, we can summarize that 

quenching distance depends on many factors and it can be 

brought to a much smaller scale than conventional. 

1) Strategies to Overcome Quenching Issue: 

There are three different ways to tackle the quenching 

issue.[27] They are: 

1) Catalytic combustion- although the increase of the 

surface-to-volume ratio of the combustor presents a 

problem for gas-phase combustion, it favors 

catalytic combustion.  

2) Homogeneous charge compression ignition- HCCI 

is an alternative combustion mode in which a fuel-

air mixture is compressed until it explodes. Ignition 

occurs at several locations in the combustion 

chamber. HCCI is essentially limited by kinetics. 

Traditional flame propagation is absent. Since it is 

possible to burn the fresh charge without flame 

propagation, the flame-quenching problem is 

circumvented.  

3) Preheating of the reactants through heat 

recirculation-Studies have shown that quenching 

issue can be effectively dealt with through 

recirculation of thermal energy from the products 

to preheat the reactants without recirculating 

combustion products themselves. They employed a 

Swiss-roll design utilized by Weinberg et al. [28] 

for heat recirculation. This is the method which is 
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employed in this dissertation for combustion inside 

meso-scale volumes. 

B. Residence Time: 

Residence time is the time available for the reactants to 

combust. This time we are talking about is the physical time. 

This physical time should be larger than chemical reaction 

time and diffusion time for stable combustion. This is the 

basic requirement to achieve stable combustion. If this 

requirement is not fulfilled, then it will give us incomplete 

combustion. And also reduced efficiency comes along. 

Damkohler number is the dimensionless parameter that is 

used to represent this time constraint in combustion. The Da 

is the ratio of residence time of the reactants to the chemical 

reaction time. Complete combustion is achieved if the Da is 

greater than unity. The residence time of reactants decreases 

with combustor size for given feed rate of reactants. This 

clearly means that the Da may decrease such that it goes 

below unity as the size of combustor decreases, now we 

have to think of way that is favorable. 

We can find two such ways: 

1) Maintaining high combustion temperatures thereby 

decreasing the chemical times. High temperatures 

can be maintained by 

I. Preheating the reactants. 

II. Using high energy fuels. 

III. Minimizing heat losses. 

2) Inducing flow recirculation within the combustor 

body. It increases the residence time of the 

reactants effectively. This can be achieved by 

employing geometric flame holders, dump 

combustion or swirl injection [27]. 

C. Flame Dynamics and Combustion Instability: 

Flame instability is a serious problem to the operation of 

system that leads to serious consequences. It is very 

disadvantageous aspect of combustion. The instability can 

be generally classified as Intrinsic and thermo-acoustic. The 

intrinsic stabilities refer to the instabilities that are intrinsic 

to the combustion process. These instabilities do not depend 

on the combustion surrounding interaction. Some examples 

of intrinsic instabilities are: 

 Darrieus-Landau hydrodynamic instability of 

premixed flame fronts. 

 Thermo-diffusive instabilities because of variation 

of Lewis number from unity. 

Thermo-acoustic instabilities consider the duo-combustion 

and acoustic of the system. They are of two kinds: 

1) The instabilities characterized by low frequency 

oscillations. They arise due to the coupling 

between combustion and the resonant modes whose 

wavelength is comparable with total system 

longitudinal dimension. 

2) The instabilities characterized by high frequency 

oscillation. In this, the coupling take place between 

combustion and resonant in transverse direction. 

III. SWISS ROLL CONFIGURATION 

 

Fig. 1: Schematics of Excess Enthalpy Combustors. Left: 

Linear Device Rolled Up Into A "Two Dimensional" Swiss 

Roll Combustor; Right: Cutaway View Of "Three-

Dimensional” Toroidal Swiss Roll Device. 

IV. HEAT RECIRCULATION 

The characteristics of the swiss roll combustor resemble the 

counterflow spiral flow heat exchanger. The hot fluid i.e. the 

combustion products flow from centre of the unit to 

outward. The cold fluid i.e. the charge enters at the 

periphery and flows towards the centre. Thus true 

countercurrent is achieved and the heat transfer occurs 

between layers. The design method which combines LMTD 

and ε-NTU method is described as follows: 

For a counter-flow heat exchanger, the heat transfer 

rate between hot and cold flows can be expressed as: 

q= mccc(Tc1-Tc2)-mhch(Th1-Th2)-UAF∆Tm 

Where, U= Universal heat transfer co-efficient, F= 

Correction Factor, ∆Tm= Log Mean Temperature Difference 

The subscripts c and h represent the cold and hot channels, 

respectively. Since the effectiveness of the heat exchanger is 

defined as the ratio of the actual heat transfer over the 

maximum possible heat transfer [qmax= mcmin(Th1-Tc2)], the 

effectiveness is expressed as: 

ε=mhch(Th1-Th2)/mcmin(Th1-Tc2) 

or 

ε=mccc(Tc1-Tc2)/mcmin(Th1-Tc2) 

mcmin=smaller heat capacity= mccc 

Therefore ε=(Tc1-Tc2)/(Th1-Tc2) 

If NTU=UA/mcmin 

ε=F×NTU×∆Tm/(Th1-Tc2) 

Since swiss roll combustor resembles the spiral 

plate heat exchanger, the correction factor for counterflow 

spiral plate heat exchanger is used here for the swiss roll 

combustor. 

If R= mccc/ mhch 

For R=1, F≈n.tanh(NTU/n)/(n/NTU) 

For R≠1, F≈[ln (1+(1-R)(εi-1))]/[(1-R)(NTU/n)] 

Where, εi=1-exp[-(1+R)NTU/n]/1+R 

Therefore, for effectiveness ε with given Th1 and 

Tc2, pairs of n and NTU can be found out to satisfy the 

equation of ε. Once number of turns and NTU is determined, 

width of channels can be derived using a new analytical 

approximation for F as: 

F=z ln[1+(1/z+x)] 

Where, 

x=y
2
/(1+2y) 

y=ri/[n(∆rc+∆rh)] 

z=1+2y/[(NTU/n)
2
R] 
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The parameter y = (core radius of Swiss-roll 

combustor ri / the total width of the double spiral pack of 2n 

channels, with the channel width ∆rc and ∆rh for the cold 

and hot channels, respectively). Therefore, for certain 

effectiveness, the number of turns, corresponding number of 

transfer unit and the channel width of the swiss roll 

combustor can be estimated with this basic design method. 

A. Effect of the External Heat Transfer Coefficient: 

For a given inlet Reynolds number the heat transfer 

characteristics (exit temperatures, heat transfer rates) show 

similar trends with respect to the heat transfer coefficient. In 

general, the cold flow exit temperature decreases 

asymptotically with increase in heat transfer coefficient. The 

same is true for the hot flow exit temperature. These trends 

are easy to understand if the heat transfer rates are plot. As 

the heat transfer coefficient increases the total heat loss rate 

of the hot flow increases. The heat lost from the hot flow is 

distributed to the cold flow and the surroundings in an 

unequal manner as the heat transfer coefficient increases. 

Clearly, ambient heat loss increases with heat transfer 

coefficient because increase in heat transfer coefficient is 

analogous to reduction in the resistance to the heat transfer 

to the surroundings. Therefore with an increase in heat 

transfer coefficient, the percentage of ambient heat loss rate 

increases and that of cold flow heat gain decreases. 

B. Effect of the Inlet Reynolds Number: 

The inlet Reynolds number has a wide effect on the heat 

transfer characteristics (exit temperatures, heat transfer 

rates) over different heat transfer coefficients. For the 

adiabatic boundary wall condition, the cold flow exit 

temperature decreases with inlet Reynolds number. But as 

the heat transfer coefficient increases the temperatures 

gradually start to increase with Reynolds number. Hot flow 

exit temperatures increase with Reynolds numbers for all the 

heat transfer coefficients. The percentage of hot flow heat 

loss rate decreases with increase in Reynolds number. The 

same is the case for the ambient heat loss rate percentage. 

But the cold flow heat gain rate percentage increases with 

increase in Reynolds number for all cases except for the 

adiabatic case. It could be inferred that in general the 

percentage heat transfer rate from the hot flow to the cold 

flow and the surroundings decreases with increase in 

Reynolds number. This is due to the higher mass flow rate at 

higher Reynolds numbers which causes comparatively 

smaller decrease in hot flow exit temperature. The decrease 

in percentage heat loss rate from the hot flow is directly 

responsible for the decrease in percentage heat loss rate to 

the ambient. But the ambient heat loss rate decreases at a 

much faster rate than the hot flow heat loss rate with 

increase in Reynolds number. This results in an increase in 

percentage heat gain rate of the cold flow with increase in 

Reynolds number for non-adiabatic cases. 

C. Effect of Heat Exchanger Geometry: 

Considering all the parameters of the heat exchanger, we 

observe that geometry has surprisingly low effect on the 

heat transfer characteristics. The effect of geometry is more 

at near adiabatic conditions and higher Reynolds numbers. 

1) Diameter of the Combustor: 

As the combustor diameter is increased, the radial length for 

mass diffuser also increases. As a result the temperature at 

the centerline zone of the larger combustor is more 

controlled by axial convection than radial diffusion. Another 

factor that needs to be considered is that heat recirculation 

through the combustor wall is more significant in the 

smaller micro-combustors. 

2) Wall Thickness in the Multichannel Combustor: 

Theoretically heat transfer between two channels with finite 

temperature difference is inversely proportional to the 

thickness „w‟ of the middle wall. Thus it implies that 

increase in „w‟ will result in decrease of flame stability 

range. 

However experimental results show a reverse trend. 

With the increase in „w‟ the flame stability conditions are 

widened. The heat transfer in channel due to radiation 

affects the expansion of flame stability conditions 

significantly. Considering the longitudinal heat transfer 

affecting the net heat recirculation levels, a thick middle 

wall can be preferred over a thin one. 

D. Effect of Material Thermal Conductivity: 

The effect of material thermal conductivity is observed to be 

significant on the heat exchanger performance. The effect is 

more substantial at higher Reynolds numbers. 

V. CONCLUSIONS 

1) High energy density of hydrocarbon fuels create a 

great opportunity to develop combustion based 

micro-power generation systems to meet increasing 

demand of portable power devices and other 

sophisticated portable devices. 

2) Heat recirculation is the best promising way to 

overcome quenching problem in micro-combustors. 

3) Swiss roll configuration is the best way to achieve 

the heat recirculation. Swiss roll combustor when 

studied from thermal design point of view shows 

significantly smaller external heat loss and greater 

NTU, both of which benefit performance 

substantially. 

4) High thermal efficiencies, calculated with regard to 

overall heat loss and exhaust enthalpy, can be 

achieved for a wide range of inlet conditions, and 

that the geometry can be tailored to achieve the 

desired performance. 

5) Thermal conductivity of the combustor material 

and flow recirculation in the combustion chamber 

is of pivotal importance in meso-scale heat 

recirculating combustors. Using a lower thermal 

conductivity material for combustor fabrication 

increases the amount of heat recirculation to the 

reactants and decreases the amount of heat losses 

from the central chamber. This in turn helps to 

obtain self-sustained combustion for a wide range 

of Reynolds numbers and equivalence ratios. 

However, overall heat loss from the combustor is 

very high to result in very low enthalpy of the 

products at the exhaust. This is due to the fact that 

we are still far from the optimum design. The 

optimum design should have very low thermal 

conductivity so as to further reduce the overall heat 

loss. The combustor geometry should also be 

optimized to allow sufficient heat conduction such 
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that enough heat recirculation occurs even at very 

low thermal conductivities. 

VI. REFERENCES 

[1] Fernandez-Pello, A.C, “Micro-Power Generation 

using Combustion: issues and approaches” 29th Int. 

Symposium on Combustion, The Combustion 

Institute, Pittsburgh, PA, 2002, pp. 1–45  

[2] Payman, W. and Wheeler, R.V. “The Propagation 

of Flame Through Tubes of Small Diameter” J. 

Chem. Soc., 113: 656, 1918Holm, J.M. “On the 

Initiation of Gaseous Explosions by Small Flames” 

Phil. Mag.. 1932, 14, pp. 18-56 

[3] Holm, J.M., On the initiation of gaseous explosions 

by small flames, Phil. Mag., 14: 8, 1932; ibid. 15: 

329, 1933  

[4] Jarosinski, J. “Flame Quenching by a Cold Wall” 

Combust. Flame, 1983, 50, pp.167-190  

[5] Jarosinski J., Podfilipski J., and Fodemski T. 

“Properties of Flames Propagating in Propane-air 

Mixtures near Flammability and Quenching 

Limits” Combust. Sci. Tech. 2002, pp.167-174  

[6] Vosen, S.R., Greif, R. and Westbrook C.K., 

“Unsteady Heat Transfer during Laminar Flame 

Quenching”, Proc. Combust. Inst. 1984, 20, pp. 

75–83  

[7] Friedman, R. “The Quenching of Laminar Oxy-

hydrogen Flames by Solid Surfaces” Proc. Comb. 

Inst., 1949, 3, pp. 110-210  

[8] Lewis, B. and von Elbe, G. “Stability and structure 
of burner flames” J. Chem. Phys., 11: 75, 1943  

[9] Potter, A.E., Jr., and Anagnostou, E. “Reaction 
Order in the Hydrogen-bromine Flame from the 

Pressure Dependence of Quenching Diameter” 

Proc. Comb. Inst. 1959, 7, pp. 347-360  

[10] Lafitte, P. and Pannetier, G. “The Inflammability of 

Mixtures of Cyanogen and Air; the Influence of 

Humidity” Proc. Comb. Inst., 3: 210, 1949  

[11] Zel‟dovich, Ya.B. “Theory of Limit Propagation of 

Slow Flame” Zhur. Eksp. Teor. Fiz., 11: 159, 1941  

[12]  Zel‟dovich, Ya.B. “Theory of Combustion and 

Gas Detonation” Akad. Nauk SSSR, Moscow, 

1944  

[13] Zel‟dovich, Ya.B., Barenblatt, G.I., Librovich, 

V.B., and Makhviladze, G.M. “The Mathematical 

Theory of Combustion and Explosion” Nauka 

Publishing House, Moscow, 1980  

[14] Von Elbe, G. and Lewis, B. “Theory of Ignition, 
Quenching and Stabilization of Fl ames of 

Nonturbulent Gas Mixtures” Proc. Comb. Inst., 3: 

68, 1949  

[15] Mayer, E. “A theory of Flame Propagation Limits 

due to Heat loss” Combust. Flame, 1: 438, 1957  

[16] Spalding, D.B. “A theory of Flammability Limits 

and Flame Quenching” Proc. Roy. Soc., A240: 83, 

1957  

[17] Kuo, K.K. “Principles of Combustion”. , John 

Wiley, New York, 1986  

[18] Williams, F.A. “Combustion Theory” , Benjamin 

Cummings, Menlo Park, CA 1985  

[19] Turns, S. R. “An Introduction to Combustion” 

Concepts and Applications, , McGraw Hill, New 

York, 1996, pp. 291–297  

[20] Karman,V.T, and Millan. G, “Theoretical and 

Experimental Studies on Laminar Combustion and 

Detonation Waves” 4th Symposium on 

Combustion, 1952, pp.173-177  

[21] Westbrook, C. K., Adamczyk, A. A. and Lavoie, G. 

A. “A Numerical Study of Laminar Flame Wall 

Quenching,” Combust. Flame, 1981,40, pp. 81-101  

[22] Popp, P. and Baum, M. “Analysis of Wall Heat 

Fluxes, Reaction Mechanisms, and Unburnt 

Hydrocarbons during the Head-on Quenching of a 

Laminar Methane flame”, Combust. Flame, 1997, 

108, pp. 327–348  

[23] Aly, S L, Simpson, R B, and Hermance, C E 

“Numerical solution of the two-dimensional 

premixed laminar flame equations”, AIAA Journal. 

1979, 17, pp. 56-63  

[24] Hackert C L, Ellzey J L and Ezekoye O A. “Effects 
of Thermal Boundary Conditions on Flame Shape 

and Quenching in Ducts” Combust. Flame. 1998, 

112, pp. 73–84  

[25] Daou, J., Matalon, M.: “Influence of Conductive 

Heat-losses on the Propagation of Premixed Flames 

in Channels”. Combustion and Flame. 2001,128, 

pp. 321–339  

[26] Miesse C. M., Masel R. I., Jensen C. D., Shannon 

M. A., and Short M. “Submillimeter-scale 

Combustion” AIChE J. 2004, 50, pp. 3206-14  

[27] Vineeth Vijayan, “combustion and heat transfer in 

meso-scale heat recirculating combustors”, 2010 

[28] Weinberg F.J, Jones A.R, Lloyd, S.A. “Combustion 

in heat exchangers.” Proc. Roy. Soc. London. 1978, 

A360, pp. 97-115  

[29] Lars Sitzki, Kevin Borer, Ewald Schuster and Paul 

D. Ronney. “Combustion in Microscale Heat-

Recirculating Burners” The Third Asia-Pacific 

Conference on Combustion June 24-27, 2001, 

Seoul, Korea. 

[30] C.Y.H. Chao, K.S. Hui, W. Kong. “Analytical and 

experimental study of premixed methane-air flame 

propagation in narrow channels”. International 

Journal of Heat and Mass Transfer, 2007, pp. 1302-

1313 


