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Abstract— Within recent years, there has been increase in
amount of interest in utilizing high energy densities of
hydrocarbon fuels at small scale. The reason behind this is
primarily generation of electrical and mechanical energy
through the heat released by combustion process. With this
in mind many schemes addressing the fundamental thermal
challenges associated with small scale combustion have
been studied and relevant suggestions are proposed to solve
problems. This review will focus on experimental work that
has been conducted on heat recirculating ‘Swiss Roll’
combustors and studying the impact of geometry, material,
catalysts, and scale on thermal performance, flame
extinction criteria and flame stability and dynamics.
Additionally, many applications of this type of combustor
technology have also been mentioned.
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I. INTRODUCTION

Energy has recently become a topic of major concern due to
various reasons like high price of crude oil, high emissions
and increase in energy consumption. This large demand in
energy directly affects the limited supply of available
energy. This demand can be met by developing technologies
that produce and utilize energy more efficiently [2].

This paper provides a comprehensive review of the
various experimental works that have been conducted in
small scale combustion which has gained much interest
mostly due to the recent development of MEMS (micro
electro mechanical systems) technology and need to provide
power to small scale systems [4]. With the recent
development of small scale mechanical systems, the
importance of small energy source has grown. There is also
been the need to replace batteries with hydrocarbon based
fuels due to their higher energy density. Hydrogen has been
described as the cleanest fuel with no carbon emissions. It
burns with much higher efficiency (up to 70%) [1].

A combustion based heater has much better energy
efficiency than an electric heater because it uses energy in
the fuel to heat objects directly rather than using electric
power. If an easily controllable small combustor can be
developed it could be applied in many energy consuming
areas. Studies have found that the key problem in
developing these small scale combustors is to overcome the
quenching limits [3]. Another obstacle according to various
studies is the difficulty of flame stabilization due to
increased heat loss by a large surface to volume ratio.

Issues addressed for small scale combustors are
related to the effects of scale and geometry of combustion
on the thermal efficiency of combustor. With regard to
scale, combustors can be categorized into the following:
macro, meso and micro-scale. Macro scale systems cover
geometry more than 1.0 cm; meso scale covers dimensions
between 1.0 cm and 1.0 mm while micro scale covers
dimensions below 1.0 mm. The surface to volume ratio
increases as the combustor scale decreases and the

combustion depends on the configuration of the combustor
[4]. Hence, estimating the effects of design parameters is of
great importance in the development of a small scale
combustor.

For practical application of small scale combustor
the following characteristics are necessary: conditions with
greater flammability via heat recirculation, an achievable
exhaust gas composition and reasonable combustion
efficiency. Many trials have been conducted and various
small heat recirculation combustors have been developed.
The most representative of these is the ‘Swiss roll
combustor’ which consists of a combustion space at the
centre and one or more channels for heat recirculation [1].
Jones et al. described various combustors which use
recirculated heat from burned gases and this heat is given to
the unburned air fuel mixture entering the combustor
through input channel. The heat is recirculated by using heat
transfer phenomena through a thermally conducting wall.
Recently, even though small Swiss roll combustors have
been successfully fabricated, stabilizing a flame has been
difficult and the propagation of flame has also posed a
challenge due to quenching phenomena. The stabilization of
self-sustaining flame has been found to be difficult without
using recirculated heat of combustion [3].

This review is primarily focussed on the
experimental work that has been conducted on heat
recirculating ‘Swiss Roll’ type combustors. The review
covers the effects of heat exchanger combustion chamber
geometry on the flame extinction limits and thermal
performance of the combustor. The effects of material
thermal conductivity on the extinction limits are also
discussed. Additionally, a discussion on the flame stability
and flame dynamics is also presented. Finally some
applications of this technology are mentioned in this review.

Il. CHALLENGES

Small scale combustion differs from large scale combustion.
As size decreases surface area to volume ratio increases, this
result in higher heat losses. The problem of flame
propagation dates back to work done by Davy. When flames
are put in narrow channels they do not propagate through,
when the gap size less than the extinction limit called the
quenching distance. Thus flame quenching becomes a
problem. The consequence is incomplete combustion of
hydrocarbon fuels.

Studies have found that flame extinction occurs
when the heat of combustion is less than the heat loss to the
environment from surrounding walls. This can be reduced
by using proper insulation. Flame has been found to be
unstable near the walls and relatively stable at the centre.
Blowout occurs when flame gets swept out of the combustor
at high flow rates. Several studies have been conducted and
many small swiss roll geometries have been successfully
fabricated [3].

The major challenge faced is the stabilization of the
flame. Only flame stabilization using a catalytic reaction and
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hydrogen mixture has been recorded. The combustion is
strongly affected by the wall close to the flame when size of
combustor gradually becomes smaller. The stabilization of
flame has been found to be difficult without using the
recirculated heat [4]. Experiments show that by holding
combustion at the end of a thermally conductive tube
through which reactants pass and are preheated by the
middle tube wall, combustion can be sustained under
conditions (specifically tube size less than quenching
distance) that could not sustain combustion without heat
recirculation [10].Another challenge faced in fabrication of
these small scale combustors is that despite having a high
energy density, these combustion systems have the
drawback of requiring auxiliary equipment such as flow
control valves, fuel and air pumping valves. This increases
the cost of the project.

I1l. FABRICATION

MEMS fabrication of microburners has employed various
materials including semiconductors, ceramics, and metals.
The last two are capable of withstanding high temperatures,
enabling exploration of microburner applications. Ceramics
have been the most popular materials of construction due to
their high thermal and chemical resistance. Steel, titanium,
insulators, such as quartz or sapphire, as well as silicon,
silicon carbide, Yttria stabilized Zirconia (YSZ), have also
been reported [2].

The University of Illinois at Urbana-Champaign
(UIUC) [2] group designed and tested various materials for
homogeneous

Fig. 1: Vespel Polymer Swiss-Roll Catalytic Combustor
Fabricated Using CNC Milling [2].

Fig. 2: Norton Ceramic Micro-Burner [2].

Micro-combustion. They found ceramic materials

to be best for flame stabilization, due to minimizing thermal
and radical quenching.
Knitter and Norton [2] reviewed methods for manufacturing
ceramic microreactors using rapid prototyping and moulding
as shown in Fig. 2. Stereo-lithography has been used to
generate intricate 3D structures from various materials.
Vican et al. fabricated a ceramic “Swiss-Roll” microburner
using this technique to obtain the resulting 12.5x12.5x5 mm
microburner with the desired 3D structure.

Polymer-based microburners have also been
designed using techniques such as CNC milling as shown in
Fig. 1. A catalyst is placed in the center of the burner, which
allows the combustion zone to be anchored there and thus
thermally isolated from the ambient. Metallic microburners
have been designed using Electro- Discharge Machining
(EDM). Although EDM is limited to conducting materials
(metals), it can generate shapes with high precision [2].

IV. DESIGN OF COMBUSTOR

Damkholer number d is the quantity that represent ratio of
the channel’s height hl and thermal flame thickness DT/SL.
It is shown that with heat recirculation combustion can be
achieved to very small hl but still combustion is not
possible below the minimum value of damkholer number
[9]. The Damkohler number must be greater than one to
have complete combustion. A new term has been proposed
known as Superadiabatic combustion to increase the
Damkohler number as well as heat transfer. It has been
showed that superadiabatic combustion gives higher burning
rates, increased flame stability, and prolonged residence
time because of combined effects of conduction, radiation,
and surface convection [10]. Superadiabatic combustion
gives strong overheating of the reaction zone, where the
temperature far exceeds the thermodynamic combustion
temperature.

It is also known that Reynolds number (Re) scales
as Re ~ L, where L is the characteristic length of the
combustor. Reynolds number, therefore, decreases as the
size of combustor decreases. In a micro scale combustor
Reynolds number is usually much smaller than 2000, at
which only laminar flow is possible [10].

Fuel chamber
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Fig. 3: Size Details of the Micro-Combustor [11].
As shown in Fig. 3 the size of combustion chamber
is Wmm x L mm x H mm in order to have a larger size
than the quenching distance of fuel. On the contrary, the
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antiflameback channel has width which is much smaller
than the quenching distance in order to protect the flame
from going against the current of fuel [11].

V. FLAME PROPAGATION AND STABILIZATION

The major problem faced in these small scale combustion
systems is of flame propagation and flame stabilization.
Flames are required to pass through the narrow channels of
the combustor and the flame is to be stabilized at the centre
of the combustor. But the problem of quenching distance
and flame extinction arises. Various studies have been
conducted and experiments carried out to overcome these
problems. The effects of various parameters on flame
propagation and stabilization as well as thermal performance
have been discussed henceforth.

A. Quenching Mechanism:

There are two mechanisms for loss of flame stability: 1.
Thermal quenching 2. Radical quenching. The thermal
quenching refers to heat loss from the burner walls and
gases by radiation and convection. Radical quenching refers
to diffusion of radicals from the flame to the wall followed
by their recombination on the walls to produce stable
molecules. Radical recombination thus leads to flame
retardation [10]. Quenching distances vary with fuel,
pressure (as ~1/p) and temperature (as ~1/T0.9). Results
have shown that in mesoscale range (i.e. radius 1mm and
above) radical quenching plays a secondary role. Below this
range radical quenching dominates thermal quenching
[2].Miesse performed a series of microcombustion
experiments to determine quenching distance with various
wall materials (quartz, stainless steel, copper, yttria-
stabilized zirconia (YSZ), and alumina) at different inside
wall temperatures. They concluded that thermal quenching
dominates at low temperature (500 K), whereas the radical
quenching plays a dominant role at higher temperature
(1000 K) [20].

B. Effect of Wall:

Norton and Vlachos [2] illustrated stability diagram for
critical heat loss coefficient vs. material conductivity. They
found out that an inverted bell like curve was formed. High
conductivity walls dissipate heat to the environment causing
the entire burner surfaces to be hot. Due to fast heat transfer
in transverse and longitudinal directions the burner is nearly
isothermal with small temperature gradient. As heat losses
increase the flame temperature drops to fuel extinction
temperature and thermal quenching takes place. Whereas in
low thermal conductivity materials, heat losses are
minimized in transverse directions, at the same time they do
not allow for fast heat transfer needed for upstream fuel
ignition. As a result, the mixture has insufficient time to be
preheated and blowout occurs [2].
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Fig. 4: Stability Map In Terms Of Critical External Heat
Loss Coefficient vs. Wall Thermal Conductivity for
Methane/Air and Propane/Air Mixtures Using 2D Elliptic
CFD Simulations [2].

C. Flow Velocity Profile:

Kumar [6] have studied mixture flow velocity profiles in
axial and transverse direction as shown in fig.5 and fig. 6.
Flow velocity decreases linearly along axis of channel and
remains constant in transverse direction except at the

extreme ends due to wall effects.
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Fig. 5: Axial Flow Velocity Distribution at 1.0 M/S Inlet
Mixture Velocity for a 150 Channel [6].
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Fig. 6: Distribution of Flow Velocity Profile in the
Transverse Direction for Uinlet = 1.0 M/S For A 150

Channel [6].

D. Effect of Flow Velocity on Flame Quenching:

Experimental results for single channel (SC) and heat
recirculating (HR) are shown in effect of flow velocity vs.
wall thermal conductivity. At low flow velocity the power
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input is low, the burner temperatures are low hence
extinction is the dominant quenching mechanism. At high
flow velocities the power input is high but the residence
time is low as a result blowout is the dominant quenching
mechanism resulting in maximum heat loss coefficient.
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Fig. 7: Critical Velocity vs. Wall Thermal Conductivity For
Single Channel (SC) And Heat Recirculating (HR) [2].

The region between two curves denotes stable
combustion while the regions above and below the curve
denote non-sustainable combustion. The horizontal dashed
line indicates a laminar flame velocity. It is clear that flame
can be stabilised for much higher flow velocities than the
laminar flame speed.

E. Flame Patterns in Diverging Channels:

=
Gl

Fig. 8: (A) Planar Flame B) Negatively Stretched Flame C)
Positively Stretched Flame [6].

Kumar et al. [6] performed experimental studies on
dynamics of methane-air premixed flame in meso-scale
diverging channels of 50, 100, 150. They observed different
flame propagation such as planar flames, negatively
stretched flame and positively stretched flame. Flame
propagation mode with flat shape, concave shape and
convex shape are termed as planar, negatively stretched and
positively stretched flame respectively as shown in Fig. 8.
Kumar et al. [6] have studied mixture flow velocity profiles
in axial and transverse direction as shown in Fig. 8. Flow
velocity decreases linearly along axis of channel and
remains constant in transverse direction except at the
extreme ends due to wall effects.
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F. Effect of Middle Wall Thickness:

Theoretically, heat transfer between two channels with a
finite temperature difference is inversely proportional to the
thickness of the middle wall. Thus, it was expected that an
increase of middle wall thickness should decrease the flame
stabilization range [1].

However, experimental results showed a reverse
trend. With the increase of middle wall thickness, the flame
stabilization conditions were expanded. It was thus
concluded that heat transfer in the channel due to radiation
significantly affects the expansion of flame stabilization
conditions [1]. In terms of longitudinal heat transfer
affecting the net heat recirculation levels, a thick wall was
concluded to be more preferable than a thin middle wall.
Also, in terms of stabilization of flame, a thick middle wall
can support flame holding when coupled with a proper
combustion space height [3].

G. Effect of Combustion Space Height

Studies have found that in most cases, the flame is stabilized
at the centre of the combustion space. Thus the size of the
combustion space is important from the viewpoints of flame
quenching and flame stabilization. N.I Kim et al found that
wide combustion space enhances flow recirculation near the
inlet to combustion space, and thus the mean velocity within
the combustion space becomes smaller. This enhances flame
stabilization as well [3].

Another experiment conducted by M.J. Lee et al to
examine the effects of combustion space height on the flame
stabilization condition. They concluded that, contrary to
flashback condition in which flashback is governed by
channel gap, flame stabilization condition in the combustion
space is governed by the combustion space height rather
than thickness of the wall [1] [4].

H. Effect of Catalyst:

Sustaining combustion at small scales is challenging due to
large heat loss caused by large surface to volume ratio. It is
also required to minimize thermal and radical quenching for
successful combustion. Catalytic combustion, which is
generally avoided at larger scale, overcomes these problems
associated with small scale combustion and gives higher
combustion efficiency at small scales [8].

Stability of flame is lost due to large heat losses
compared to the heat generated by combustion. In blowout,
quenching occurs due to high flow velocity resulting in
incomplete fuel conversion [7].

Many noble metals like palladium and platinum
have been found as the most effective for hydrocarbon
combustion. The advantage of these catalysts is that they
have high thermal and chemical stability at high
temperatures (600-10000C). The disadvantage of these
catalysts is high cost, volatility [8].

VI. APPLICATIONS

The recent interest in small-scale combustion devices has
been driven in part to develop Swiss-Roll combustor. The
applications for this type of combustion system includes:
replacement of batteries in portable electronics for military,
cellular phones, laptops, night vision goggles, GPS,
unmanned aerial vehicles (UAVS), micro-propulsion, etc.

2.
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VII. CONCLUSION

Many research papers have been studied to understand and
develop knowledge of heat recirculating Swiss Roll
combustor. Studies on heat recirculating combustors have
shown that high thermal efficiency with regard to overall
heat loss can be achieved for different conditions.
Additionally, the use of catalyst materials can extend the
extinction limits. A study on flame stability and flame
propagation has also been done and the effect of various
parameters on flame stability has been studied.
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