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Abstract

Vortex flows were utilized as a means to stabilize gaseous flames in meso-/micro-scale non-premixed
combustors for use in small-scale power and propulsion systems. Scaling studies were performed with a
series of combustors ranging in size from ~10.6 to 124 mm? (i.e., combustor diameters of 2.4-6.4 mm).
Three-dimensional modeling of reacting flows was also conducted to explore flame stabilization mechanism
and flow evolution in the chamber. Combustor performance was evaluated by analyzing the stability limit
and chemical efficiency. Both hydrogen and hydrocarbons (methane and propane) have been studied with
the chemical energy varying from 25 to 174 W. For the largest combustion volume, hydrogen and hydro-
carbons burned efficiently in air. However, for smaller volumes, oxygen enrichment in air was required to
stabilize hydrocarbon flames. Flame stabilization was achieved by a large, relatively quiescent, hot core
flow that was formed by the flow recirculation at the head- and tail-ends of the combustor. The stability
limits for hydrogen/air mixtures, in terms of the overall equivalence ratio, were found to be ~0.25 on the
lean-side and in the range of 3-6 on the rich-side. The corresponding chemical efficiency exceeded 97%. For
propane/air combustion, the stability limits ranged from ~0.25 to 2 for the 124 mm? combustor. Methane
was the most difficult fuel to stabilize the flame and required oxygen-enriched air containing 40% O, and
60% N, by volume to operate in the 10.6 mm? combustor with a chemical efficiency of more than 85%.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Meso- and micro-scale combustion has been
considered as a potential solution for many
small-volume, energy demanding systems, such
as power supplies for portable devices [1-4] and
propulsion units for small spacecraft [5-7]. With
the large energy densities of hydrocarbon fuels
(~50 MJ/kg), combustion-based micro power
devices remain surpassingly competitive with con-
temporary lithium batteries (~0.6 MJ/kg), even if
the overall efficiency is as low as 10% [8].
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As combustion volumes are reduced in size,
issues of residence time, fluid mixing, thermal
management, and wall quenching of gas-phase
reactions become increasingly more important.
The flow residence time in a small-scale combus-
tor may become less than the chemical time for
a premixed combustion system, or less than the
combined mixing and chemical times for a non-
premixed system, thus rendering complete com-
bustion in the chamber a serious challenge [8].
The increased surface-to-volume ratio of a small
combustor not only makes the heat generated
from the combustion process hard to keep pace
with the heat loss to the wall, but also enhances
the possibility of radical termination by wall reac-
tions. Such radical termination on the wall is
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chain breaking, and consequently prevents the
radical growth essential for the branching and
propagation of gas-phase reactions. On the other
hand, the increased specific area of a miniaturized
combustor makes surface-induced catalytic reac-
tions [9-12] an attractive alternative. For small-
scale combustors, extinction of confined flames
often occurs as the portion of heat lost to the com-
bustor body increases and less enthalpy is pre-
served in the combustion products. The resultant
lower combustion temperature retards chemical
reactions. To overcome this difficulty, the concept
of “excess enthalpy” [12-15] has recently been
introduced to extend the quenching limit of com-
bustion in small combustors. The idea lies in redi-
rection of hot burnt gases to preheat cold
reactants without mass exchange, such that stable
combustion can be sustained under conditions
that would normally lead to flame extinction with-
out recirculation. The catalytic and ‘‘excess
enthalpy” designs, however, suffer from catalyst
degradation and system complexity, respectively.

In the present work, vortex flows as a means to
stabilize non-premixed gaseous flames in minia-
turized combustors are investigated. A series of
meso-scale combustors with volume as small as
10.6 mm® were fabricated and characterized with
both hydrogen and hydrocarbon fuels (methane
and propane). The system is based on the concept
of asymmetric whirl combustion [16], which has
demonstrated unusual stability characteristics for
macro-scale combustors at very lean conditions.
Experimental scaling analyses are also performed.
In addition, a detailed numerical study of the
three-dimensional flow fields is carried out to
explore the flame stabilization mechanism.
Results further verify the favorable temperature
distribution and flow pattern of the asymmetric
whirl combustion concept at meso scales.

2. Combustor configuration and experimental
methods

Figure 1 shows the general configuration of a
vortex combustor. Fuel is injected perpendicular
to the tangentially injected oxidizer. The combus-
tion products exit tangentially from the opposite
end of the combustor. Intense mixing of fuel
and oxidizer occurs at the inlets because of the
direct impingement of the two streams. Such an
injection scheme also avoids the potential hazard
(e.g., flash-back) and system complexity associat-
ed with premixed systems. Compared with other
swirl combustion concepts, which have also dem-
onstrated their effectiveness in stabilizing flames in
small volumes, vortex combustors developed in
the present work have a much higher swirl num-
ber [17]. Moreover, the whirl flames should have
a relatively stagnant center, whereas swirl flames
are characterized by a vigorously burning central

Combustion Chamber
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Fig. 1. Three-dimensional view of meso-scale
combustor.

recirculation zone arising from the vortex break-
down of the swirling flow.

As the reacting flow rotates downstream
towards the exit, the centrifugal force drives the
fresh reactants to the wall, and the lighter hot flow
remains in the core. The resultant flow structure
and temperature stratification give rise to a lower
temperature regime near the wall, and thus pro-
tect the chamber from reaching a high tempera-
ture. Note that the flame temperatures of both
hydrogen and hydrocarbon combustion with air
may far exceed the melting point of the combustor
material, which is ~1700 K for Inconel.

A series of five millimeter-scale vortex combus-
tors made of Inconel were fabricated using the
electro-discharge machining (EDM) technique,
as shown in Fig. 2. The combustion volume ran-
ged from 10.6 to 107.8 mm®. The diameters of
the injection and exhaust ports were scaled with
the combustor diameter. The chamber diameter-
to-length ratio was near unity for all the combus-
tors. For comparison, a combustor similarly
scaled, but with a volume of 124 mm?>, was made
of stainless steel using conventional machining.

In experiments, the reactants were ignited by
either a glow (resistively heated platinum wire)
or a spark igniter located at the center of the com-
bustor head-end. The igniter was shut off immedi-
ately after a self-sustained flame was achieved.
The sapphire optical window on the combustor
was replaced by an end-port cap to house a
thermocouple probe when conducting internal

Fig. 2. Meso-scale vortex-stabilized combustors with
volumes from left to right of 10.6, 25.1, 49.1, 84.8, and
107.8 mm?, respectively. The corresponding diameters
were 2.38, 3.18, 3.97, 4.76, and 5.16 mm.
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temperature measurements. A water-cooled heat
exchanger was installed for experiments using
methane/oxygen-enriched air, in order to mitigate
high temperature oxidation and corrosion of the
exhaust tube. Such cooling also quenched any fur-
ther reactions outside the combustion chamber to
allow for a more accurate evaluation of the com-
bustion efficiency. The reactants (purity > 99.5%)
were regulated with commercial mass-flow con-
trollers (Hastings, HFC-202) to the desired flow
rates. The uncertainty in the flow rate measure-
ments was +2%. For experiments using oxygen-
enriched air, oxygen and nitrogen were premixed
at a desired ratio before being injected into the
combustion chamber through the oxidizer port.
Temperatures were measured with N-type ther-
mocouples with a sheath diameter of 0.254 mm
(0.01 in) (Omega, N-type). Combustor pressure
was measured with a piezo-resistive pressure
transducer (Omega, PX-176). In the present
experiments, the operating pressure was main-
tained slightly above one atmosphere.

A Fourier transform infra-red analyzer
(FT-IR) and micro gas chromatograph (GC) were
utilized for emission measurements. The FT-IR
spectrometer (ThermoNicolet, Nexus 670) had a
cell path length of 10cm and a volume of
100 cm®. The resolution of the acquired absorp-
tion spectrum was 0.5 cm™ ', In the present exper-
iments, the FT-IR analyzer was used to measure
all carbon-containing gas species as well as water
vapor. In order to obtain gas concentrations from
molecules that lack permanent dipole moments, a
gas chromatograph (Agilent, MicroGC 3000) was
used to measure hydrogen, oxygen, and nitrogen.
The GC was also employed to measure water
vapor concentrations. The GC carrier gas was
argon for both columns with their temperature
set at 130 °C. The lower detection limit for GC
measurements was 0.01% for the current configu-
ration. The exhaust gas from the combustor was
maintained above the water saturation vapor tem-
perature in both the gas-transfer line and gas ana-
lyzers, thus, the samples were analyzed without
drying.

3. Theoretical formulation and numerical methods

In parallel to experimental measurements, a
numerical analysis was conducted to provide
insights into the flow and flame evolution in the
combustors. The formulation is based on the com-
plete conservation equations for a multi-compo-
nent chemically reactive system. Full account is
taken of variable properties. Turbulence effects
are neglected, since the Reynolds number (defined
as UD/v with U being the bulk axial velocity of the
flow, D the chamber diameter, and v the fluid
kinetic viscosity) falls in the range of 50-500 for
all the conditions studied. The one-step global

kinetic schemes of Sekar and Mukunda [18] and
Westbrook and Dryer [19] are employed for
hydrogen/air and hydrocarbon/air systems,
respectively. Boundary conditions at the chamber
inlet and exit are treated by means of the method
of characteristics. In addition, both adiabatic and
isothermal conditions are considered at the wall,
along with the enforcement of the no-slip condi-
tions. A more detailed description of the formula-
tion is given in Ref. [20]. The theoretical model is
solved wusing a density-based, finite-volume
approach. The numerical challenges associated
with low-speed reacting flows are handled using
a preconditioning scheme in conjunction with a
pseudo-time iteration technique [21].

The spatial discretization employs a fourth-or-
der and a second-order central difference scheme
for convective and viscous terms, respectively.
The pseudo-time derivatives are discretized using
a four-step Runge-Kutta algorithm, with the
real-time derivatives using a second-order back-
ward difference scheme. All the calculations are
conducted based on a Message Passing Interface
(MPI) parallel computing architecture with a mul-
ti-block domain decomposition technique. The
entire computation domain is decomposed into
37 sub-domains. The total grid points exceed
one million, and the smallest grid size is 20 um.

4. Results and discussion

Extensive experiments and numerical simula-
tions have been conducted to characterize the
combustor performance and to explore the
detailed flow evolution and flame structures. In
all the combustor volumes considered herein, sta-
ble flames were achieved over a wide range of flow
rates and equivalence ratios for both hydrogen
and hydrocarbon (including methane and pro-
pane) fuels, even in the smallest volume of
10.6 mm”.

4.1. Flame structure and flow evolution

The flow development and flame structure are
illustrated with numerical results for hydrogen/
air combustion in the smallest combustor
(10.6 mm?®). Figure 3 shows the 3-D stream traces
of the reacting flow at ¢» = 0 and Uj, i = 100 m/s.
The wall temperature is fixed at 800 K, simulating
the highest inner wall temperature measured in
the combustor. Two kinds of flow recirculation
can be identified. At the head-end of the combus-
tor, the tangentially injected flow travels along the
sidewall and recirculates azimuthally in the
upstream regime before convecting downstream.
The second recirculation zone is formed by a por-
tion of the injected flow traveling directly down-
stream along the side-wall, turning backwards at
the end plate, recirculating, and then exiting
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Fig. 3. Streaklines illustrating the flow evolution in Hy/
air reacting flow at ¢ = 1.0 and Uy »ir = 100 m/s.

towards the exhaust. Consequently, the injected
flow decomposes into three groups, a main flow
and two minor branches. Figure 3 shows the
streaklines originating from three different inlet
locations. The main flow (path 1) rotates along
the chamber-wall as it spirals towards the exit,
and the two minor branches labeled as path 2
and 3 feed the upstream and down stream recircu-
lation zones, respectively, as described above.

Regions of flow reversal are important to mix-
ing and flame stabilization. To ensure efficient
combustion, fast mixing and long residence times
are required. The present combustor flow pro-
vides enhanced flame stabilization through gener-
ation of a relatively quiescent core flow. Figure 4
shows the 3-D structure of this flow reversal zone,
which is created by the recirculating flows and is
defined as the region in which the sign of the axial
velocity is negative. In this relatively large zone,
the velocity magnitude is much lower than that
outside the zone. The reduction in velocity magni-
tude is critical in overcoming the high injection
velocity and providing a region to anchor the
flame.

Figure 5 shows the contours of the water mass
fraction at cross-sections of x =0.4 and 1.7 mm
from the head-end and the 3-D iso-surface of
water mass fraction at Yy, =0.25, which
approximately locates the flame front. As a conse-
quence of the threefold bifurcation of the injected
flow at the entrance, the flame front decomposes
into three branches, each propagating together

Fig. 4. 3-D structure of the flow reversal zone.
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Fig. 5. Contours of water mass fraction at x = 0.4 and
1.7mm and 3-D isosurface of water mass fraction at
Yu,0 = 0.25 for a combustor with diameter of 2.38 mm
and operating on stoichiometric H,/air. The vertical
arrows in top figure locate the two cross-sections.
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Fig. 6. Temperature contours at x =0.4 and 1.7 mm
and the isothermal surface at 7= 1800 K for a com-
bustor with diameter of 2.38 mm and operating on
stoichiometric H,/air.

with the corresponding flow along the side-wall
to the exhaust.

Figure 6 shows the temperature fields of cross
sections at x=04 and 1.7mm from the
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head-end and the isothermal surface at
T = 1800 K. As a result of heat loss from the solid
wall, the average temperature in the combustor is
lower than that of the adiabatic flame tempera-
ture. The temperature peak reaches ~2400 K near
the flame front. Evident from Fig. 6, the quiescent
core flow not only provides a regime with
reduced-velocity magnitude, but also serves as a
high temperature source to preheat and ignite
the reactants.

4.2. Characterization of hydrogen combustion

The flammability limits for hydrogen—air mix-
tures were obtained for three different combustion
volumes of 10.6, 49.1, and 107.8 mm°. Figure 7
shows the results for the 49.1 mm? combustor as
a function of total mass flow rate. The overall
equivalence ratio at the lean blow-off limit is
around 0.25, whereas the rich limit varies from 3
to 6 depending on the reactant flow rate. The exis-
tence of the flame front was determined by tem-
perature measurements with thermocouples
located at the head-end center and exhaust port
of the combustor. Results were confirmed inde-
pendently by OH" emission measurements. The
uncertainty of the measured blow-off limits are
40.05 due to hysteresis effects in approaching
the limits, the perturbation effects on the flame
location by the presence of the thermocouple
probe, and to the low intensity of OH" emission
near extinction. It is worth noting that a piercing
humming noise took place before the flame was
blown-off.

Figure 8 shows the chemical efficiency of the
three combustors. The total mass flow rate is
0.02 g/s for each combustor. The chemical effi-
ciency for hydrogen/air combustion is defined as
the ratio of the measured water vapor concentra-
tion to the summation of unburned hydrogen and
water vapor concentrations in the product. Com-
plete combustion was achieved in all three com-
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Overall equivalence ratio
N w BN (6] » ~
. T

Lean blow-out limit
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Fig. 7. Rich and lean stability limits of the 49.1 mm®
combustor with H,/air reactants.
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Fig. 8. Combustion efficiencies of H,/air combustion in
the three meso vortex combustors with a total mass flow
rate = 0.02 g/s.

bustors when the overall equivalence ratio
exceeds 0.4. The 49.1 mm® combustor gives a
slightly larger operating space as the lean extinc-
tion limit is approached compared to the other
two combustors. In these experiments, identical
reactants flow rates were used for each combustor.
Although the residence time was highest for the
largest combustor, it also experienced the greatest
heat loss. The residence time of the 10.6 mm?
combustor was the smallest (~0.2 ms) and there-
fore least efficient in chemical conversion. Conse-
quently, the 49.1 mm® was a compromise between
the largest combustor with the greatest heat loss
and the smallest combustor with the shortest res-
idence time.

Figure 9 shows the combustion performance of
the 107.8 and 49.1 mm® combustors operating at
the same residence-time and power-density condi-
tion. The flow residence time, evaluated using the
measured temperature, is ~2 ms. The total mass
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Fig.9. Combustion efficiency and gas temperature for the
107.8 mm® combustor (total mass flow rate of 0.02 g/s)
and for the 49.1 mm?> combustor (total mass flow rate of
0.01 g/s) operating with H,/air.
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flow rates for the two combustors are 0.02 and
0.01 g/s, respectively. The two combustors have
similar chemical efficiencies as well as the temper-
atures measured inside the combustor after scal-
ing the chemical power input with the
combustion chamber volume. The temperatures
(not necessarily the maximum) were measured at
the head-end on the center-line of the combustor
approximately 0.3 diameter into the chamber.
The delivered chemical power output under the
conditions shown in Fig. 9 covers a range of
20-50 W.

Figure 10 shows the temperatures measured
for a range of equivalence ratios from 0.2 to 0.6.
The temperature for the 49.1 mm® combustor
increases from 981 to 1319 K as the overall equiv-
alence ratio increases from 0.3 to 0.5. Also includ-
ed are the adiabatic flame temperatures and the
outlet temperature of a perfectly stirred reactor
(PSR) with chamber volume of 10.6 mm?>. The lat-
ter may provide a more reasonable benchmark for
comparison since it takes into account the finite
rate combustion kinetics as well as the thermal
exchange of hot products with cold incoming
reactants. Various definitions of thermal efficiency
can be found in the literature [11,14] depending on
the way in which the generated thermal energy is
utilized. For example, for a heater and a ther-
mal-photovoltaic power generator, the usable
thermal energy is regarded as the portion that is
transferred through the wall, whereas this is gen-
erally considered as heat “loss” for applications
where high sensible energy is desired in the
exhaust gas. In the present study, the thermal effi-
ciency is defined as the ratio of the sensible energy
in the combustion products to the total chemical
power input. Such a definition is more suited for
power plants or micro propulsion systems. It can
be written mathematically in the following form:

Y onycp(Te — Ti)
_ K
L S e,

x 100%

2000 F———
1500

1000

Temperature (K)

500 +
0.2 0.3 0.4 0.5 0.6

Overall equivalence ratio

Fig. 10. Temperatures of H,/air combustion measured
in the 49.1 and 107.8 mm® combustion chambers.

where m; and /., are the mass flow rate and heat
of combustion of reactant species i, respectively,
and is the mass flow rate of species k in the prod-
uct. The constant-pressure heat capacity of species
k,cy 1s evaluated at the measured temperature,
T., and the inlet temperature 7; is set at 298 K.
The thermal efficiencies for the 49.1 mm?® combus-
tor were estimated to be 62 and 58% for ¢ =0.3
and 0.5. Their counterparts for the 107.8 mm?
combustor were 40 and 32%, respectively. No
temperature measurements were conducted in
the 10.6 mm’® volume due to the space constraints
for installing thermocouples. As mentioned
above, the measured temperatures were not neces-
sarily the combustor average temperatures. Fur-
thermore, attempts to control the thermal
efficiency were not considered, and consequently,
they were low while the chemical efficiencies were
high.

4.3. Characterization of hydrocarbon combustion

Efforts were also applied to characterize the
chemical efficiency and flame stability from hydro-
carbon air systems. Figure 1la shows the front
view of a propane/air flame with an overall equiv-
alence ratio, ¢, of 0.8. The chamber volume is
124 mm?>. The flame exhibits a luminous blue ring
with a non-luminous core. The quenching dis-
tance is approximately 0.5mm. The flame
becomes Dbluish-green for fuel-rich mixtures.
Under no conditions did the flame have a yellow
emission characteristic of soot formation. Fur-
thermore, carbon deposits were not observed on
the inside of the chamber surface. The absence
of soot formation suggests that the temperature
inside the combustion zone was under 1650 K
[22]. As inferred from the numerical calculations,
the swirling flame structure observed herein
results from the injection of fuel into the region
of the highest kinetic energy of the whirling air
flow, thereby producing rapid fuel-air mixing.

Quench Combustor 1 mm
distance —

Combustor wall

Spark Igniter

Fig. 11. Front views of the flame structure of (a)
propane/air with an overall equivalence ratio of 0.8 in
the 124 mm® combustor, (b) methane/oxygen- enriched
air combustion in the 49.1 mm® combustor with an
overall equivalence ratio of 0.3 (50% N, and 50% O, by
volume in the oxidizer stream).
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The resulting flow produces a central hot combus-
tion product core and a spinning outer flame zone.

Figure 11b shows a typical flame structure of
the methane/oxygen-enriched-air system in the
49.1 mm® combustor. The oxidizer contains 50%
nitrogen and 50% oxygen, and the overall equiva-
lence ratio is 0.3. A luminous blue swirling flame
rotating along the chamber is clearly observed.
Compared with the propane/air flame, the intense
luminous flame zone results from more vigorous
reactions of methane and oxygen-enriched air.
The two bright spots in the center are caused by
radiation from the spark igniter. Platinum glow-
igniters were melted routinely, suggesting that
the temperature at the combustor core might
exceed the melting point of platinum, which is
above 2000 K.

Combustion of hydrocarbon fuels in chamber
volumes of tens of cubic millimeters is known to
be challenging. The residence time required for
efficient energy conversion is on the order of mil-
liseconds, which is the same order as the charac-
teristic chemical time for hydrocarbon/air
combustion at room conditions. Methane and
propane combustion with air was found more dif-
ficult as the combustor volumes were reduced.
Self-sustained propane/air and methane/air
flames were successfully stabilized in the
124 mm® combustor. However, stable methane
combustion could only be achieved at atmospher-
ic pressure in the smallest 10.6 mm?® volume com-
bustor by means of oxygen enrichment.

Figure 12 shows the effect of total mass flow
rate on the lean and rich blow-off limits for the
propane/air system in the 124 mm® combustor.
The limits appear to increase with increasing flow
rate. At a total mass flow rate of 0.02 g/s, the lean
and rich blow-off limits occurred at equivalence
ratios of ~0.4 and 1.6, respectively. The corre-
sponding flammability limits for well-mixed pro-
pane in air are 0.56 and 2.7, respectively. The
difference of flammability between the present
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Fig. 12. Stability limits of propane/air combustion in
the 124 mm® combustor.
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Fig. 13. Combustion efficiency of methane and oxygen-
enriched air in the 49.1 and 10.6 mm® combustors.

combustor and a premixed system suggests that
stratification remains in the mixture during com-
bustion. The measured temperatures in the flow
core region along the centerline are ~1500 K for
an equivalence ratio of 0.75.

In the present research, only exhaust gas com-
position of the vortex combustors fueled with
methane were obtained. Measurements were con-
ducted using the FT-IR analyzer to obtain abso-
lute concentrations. Since no other carbon
containing species except CO,, CO, and unburned
CH, were observed in the FT-IR spectra under
fuel-lean conditions, the chemical efficiency of
methane combustion was defined as the ratio of
the measured concentration between carbon diox-
ide and all carbon-containing species. Figure 13
shows the chemical efficiencies of methane/air
combustion with oxygen enrichment in the 10.6
and 49.1 mm?® combustors. The oxidizer mixture
contains 40% O, and 60% N, and the total mass
flow rate remained constant at 0.02 g/s. As expect-
ed, efficiency is lower for a smaller volume due to
the shorter flow residence time. The delivered
chemical output from the 10.6 mm® combustor
ranged from =25 to 174 W. The residence time
for the flow rate evaluated at standard conditions
was ~0.6 ms. With stable combustion, the results
of Fig. 13 show that good chemical efficiencies are
attainable in the smallest combustors with hydro-
carbons which were even higher in the larger
combustors.

5. Conclusions

The concept of asymmetric injection and vor-
tex combustion has been successfully implemented
and demonstrated to stabilize flames in small vol-
umes ranging from 10.6 to 124 mm>. Both hydro-
gen and hydrocarbon (methane and propane) in
air were treated. Methane was the most difficult
to stabilize, but could be stabilized in all the com-
bustors with enrichment of the air to an oxygen
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level of 40% by volume. Chemical efficiencies were
generally high exceeding 97% for hydrogen/air
and 85% for methane/oxygen-enriched air.
Numerical analysis indicated that flame stabiliza-
tion was achieved by flow recirculation creating
a nearly quiescent region of hot combustion prod-
ucts in the combustor core.
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Derek Dunn-Rankin, University of California, Irvine,
USA. The images of the swirl combustor indicate a
glowing residual “hot-spot” at the location of the igniter
(glow wire or spark plug) even after the electrical igni-
tion source is turned off. Similarly, model airplane en-
gines use the local heat retained in a glow plug wire to
ignite the fresh mixture. Does the glowing hot spot aid
in combustion stability in your system and was a hot
spot included in the numerical simulation?

Reply. The glowing spark electrodes could have an effect
on flame stabilization, but we do not expect this effect to be
significant. The convective heat transfer from flow over the
0.254 mm O.D. spark wires is unlikely to be larger than the
direct mass and thermal exchange in the recirculation zones.
A hot spot was not included in the numerical simulation.





