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Abstract  
The experimental characterization of performances (flame stability, chemical and thermal efficiencies) and 

internal flow field of a non-premixed centimeter scale (meso-scale) swirl combustor having a cylindrical combustion 
chamber of about 254 mm3 in volume have been carried out. Methane and propane were used as fuel while air was 
used as oxidizer. Velocity measurements under isothermal and reacting conditions have been carried out by means 
of laser Doppler velocimetry. CH* chemiluminescence emission from the flame was also monitored and analyzed. 
Results evidenced that the whirl combustor allowed flame stabilization in quite wide range of operating conditions 
and showed quite high chemical efficiencies. The mean flow field evidenced that under isothermal conditions the 
highest velocity fluctuations occurred close to the fuel/air injection zone while a much less turbulent region exits in 
the central region of the combustor. Imaging of CH* chemiluminescence, revealed that light emission from the 
flame occurred somewhat irregularly and in a spiral region along the internal cylindrical wall. These results while 
being useful for validations of CFD simulation also suggest that flame stabilization could occur thanks to a central 
hot gases region originated by the whirl flow. 
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Introduction 
In the last two decade the miniaturization of 

electronics and mechanical systems triggered the need 
for the development of small-scale power generation 
and propulsion systems. The higher energy density of 
hydrocarbon fuels as compared to currently available 
top chemical batteries (~43 MJ/kg vs. ~0.6 MJ/kg) [1] 
readily focused the attention towards combustion based 
systems. Nevertheless the successful development of 
micro-power systems requires the capability to design 
very efficient small scale combustors.  

When scaling down conventional combustors to the 
size required by the meso/micro power systems several 
phenomena, often neglected or quite easily controlled at 
the macro-scale, can negatively affect combustion 
efficiency and flame stability. Surface to volume ratio 
scales as the inverse of a characteristic length of the 
combustor, thus heat losses and wall quenching could 
became an issue. Moreover the short residence time 
needed to achieve high volumetric heat release rates 
coupled with laminar or weakly turbulent flow 
conditions hamper fuel/air mixing and chemical 
reactions. A review of scaling issues involved in micro-
devices can be found in several papers [1-8]. 

The meso-combustor under investigation is based on 
use of a whirl flow to achieve high efficiency, high 
power density and wide stability limits. In whirl flow 
the injected fluid has only a tangential velocity 
component while the axial velocity component arises as 
a consequence of  mass balance. The concept of a whirl 
combustor has been originally developed by Yetter et al. 
[7], such combustor showed to posses very good 
stability characteristics being able to operate at 
equivalence ratio below 0.1.  In swirl flame the injected 
fluid has both axial and tangential velocity components; 

at high enough Reynolds number and swirl level the 
vortex breakdown takes place and central recirculation 
zone appears [9]. The recirculation zone is a vigorously-
burning region which is the main responsible for the 
high performances shown by macro-scale swirl 
combustors. On the other hand in whirl combustor the 
centrifugal forces push the cold gas towards the wall 
while confining the hot gases towards the longitudinal 
axis, this hot and quite quiescent central core stabilize 
the flame by supplying enthalpy and radical species [7]. 

The concept of a small scale whirl combustor (from 
about 124 mm3 in volume down to 10.6 mm3) has been 
experimentally validated by researchers at Penn State 
University [10-12]. Performances of a meso-scale whirl 
combustor burning H2 and CH4 have been also 
experimentally investigated by Cozzi et al. [13-14]. The 
experimental results of Cozzi et al. showed moderate 
chemical efficiency and narrow stability limits when 
burning 100% CH4 [13-14].  

While the validity of the meso-scale whirl 
combustor have been already demonstrated, there is still 
some lack of experimental data (i.e. internal flow field, 
thermal and chemical efficiencies when burning 
hydrocarbon fuels, flame structure) which could provide 
a better understanding of flame stabilization process, 
help to validate the numerical and physical model used 
in CFD simulation, and improve design capability.  

 
Specific Objectives  

The objective of the present work was to 
characterize flame stability (as a function of mass flow 
rate and equivalence ratio), combustion and thermal 
efficiencies, spatial distribution of the heat release, and 
internal flow field of a meso-scale whirl combustor 
when burning different hydrocarbon fuels. The 
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investigated meso-scale combustor is an improved 
version of the previous one [13-14]. The main 
difference between the two configurations laid in the 
location of the exit port which has been moved to a 
tangential position.  

 
Experimental Set-Up and Procedure 

The non-premixed meso-scale whirl combustor is 
shown in Fig. 1, the cylindrical combustion chamber is 
6 mm in diameter and 9 mm height and it has a volume 
of about 254 mm3. The meso-scale combustor is made 
of Inconel and it was fabricated with conventional 
machining. Tangential air injection allowed to generate 
a whirl flow, while gaseous fuel was injected in the 
radial direction at 90° respected to the air flow. Air and 
fuel injection ports had a diameter of 1 mm each. The 
exit port was 2 mm in diameter and it was located in the 
tangential direction, Fig. 1. To allow the visual 
observation of the flame, the front and the back ends of 
the cylindrical combustion chamber can be closed by 
quartz windows. 
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Fig. 1:  Photo (left) and sketch (right) of the meso-

scale combustor. 

An S type thermocouple (0.065 mm in diameter) 
inserted along the longitudinal axis and located in the 
center of the combustor measured the temperature of 
combustion gases, Tg. Another insulated K type 
thermocouple (0.5 mm in diameter) located at the exit 
port measured the exhaust gas temperature, Te. A bare 
wire K type thermocouple (1 mm in diameter ) inserted 
into a blind hole (2 mm depth) on the later side of the 
combustor measured the temperature of the combustor 
body, Ts. All thermocouples reading were not corrected 
for radiative or conductive losses. 

Thermocouples signals were amplified, sampled and 
digitized by an ADC board with 16 bit resolution at 
5000 Hz sampling frequency. The mean value of 100 
instantaneous temperature reading was recorded at a 
rate between 5-20 Hz. 

Burned gases were sampled for pollutant emissions 
analysis. A non-dispersive infrared (NDIR) analyzer 
was used to measure CO and CO2 and paramagnetic 
technique was used for O2 concentrations. All 
measurements were on a dry basis.  

Three different fuels have been used: H2 (99.995%), 
CH4 (99.5%), C3H8 (90.5%), while dry air was used as 
oxidizer. Fuels were supplied by compressed gas 
cylinder, and all mass flow rates were metered and 
regulated independently by thermal mass flow meters 
and controllers. Acquisition of thermocouple signal and 
mass flow rates control were handled by a PC through a 
specifically developed LabView program. A sketch of 
the experimental apparatus is shown in Fig. 2. 

Instantaneous two component single-point velocity 
measurements were performed in back-scattering mode 

by using a two-component component fiber optics Laser 
Doppler Velocimeter equipped with a 5 W Argon ion 
laser; a Bragg cell with 40 MHz frequency shift was 
used to remove directional ambiguity. The laser beam 
was conducted via glass fiber to a Fiber Flow probe 
with 310 mm focal length. The size of the probe volume 
based on the e-2 intensity was about 0.09*0.09*0.84 
mm-3. To compensate for the effect of velocity bias 
transit time weighting was applied to the estimation of 
both mean and RMS velocities. Alumina particle 
(diameter between 1-5 mm) dispersed into the air stream 
by means of cyclone were used as seeding. A bypass 
valve allowed to regulate seeding concentration, Fig. 3. 
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Fig. 2:  Sketch of the experimental setups used for 

temperatures and exhaust gas composition 
measurements 

 
����������	
��
���
��

����

�������

� �

	
���
������

����
��	����	
����	
�
���	�	
���
�������

��
��
��

������


���

�������	
�����

�������	
�������	������
��

���

� !

�"�

� !

�"�

���

 
Fig. 3:  Sketch of the experimental setup used for LDV 

measurements. 
Due to the quite small air flow rate and tube 

diameter a good seeding density was difficult to 
achieve. Moreover the quartz windows become dirty 
and damaged quite quickly, the situation worsen under 
reactive conditions. In the latter case windows get 
completely opaque just few minutes after seeding 
injection. All these issues hampered LDV 
measurements and strongly limited the mean data rate. 
Five thousand (5000) velocity samples were collected 
under isothermal conditions at mean data rate of 50-500 
Hz. Under reactive conditions LDV measurements were 
carried out just at two locations and only 1000 velocity 
samples were collected at each location.  

Chemiluminescence emission from CH* was 
recorded by means of a 16 bit intensified CCD camera 
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(Princeton 512x512 pixels) coupled to a macro 
objective (65mm, f/2.8). The magnification ratio of the 
systems was 78.2 pixels/mm. A band pass blue-violet 
glass filters (BG12, Schott Glass) centered at about 400 
nm allowed the detection of CH* chemiluminescence. 
Two hundred (200) instantaneous images were taken at 
each experimental condition for successive analysis. 
Exposure time was set between 100 ms and 400 ms. To 
allow CH* image comparison and after having verified 
ICCD linearity all images intensity were scaled 
according to their exposure time. 

The chemical efficiency, � c, was defined as the ratio 
between the total heat released by the combustion and 
the input thermal power, Pin. The latter was computed as 
the fuel low heating value, LHV, multiplied by the fuel 
mass flow rate, fm� . The chemical efficiency was 
estimated from the measured molar fraction of CO, YCO, 
and CO2, YCO2

, in the exhaust gas by Eq.(1): 

2 2( )c CO CO COY Y Yh = +  (1) 

Actually Eq. (1) overestimates the chemical 
efficiency when the fraction of unburned hydrocarbon 
was not negligible. To check results from Eq. (1), 
chemical efficiency was also computed as the sum of 
the thermal power in the exhaust, Pe, and the thermal 
losses from the combustor, Pl, divided by the input 
thermal power, Pin:  

( ) ( ) ( )c l e in l e fP P P P P m LHVh = + = + �  (2) 

Thermal power in the exhaust was estimated from 
measured exhaust gas composition and exhaust 
temperature. Thermal losses Pl were evaluated as the 
sum of the convective and the radiative heat losses at 
the external surface of the combustor: 

4 4( ) ( )l s amb s ambP Ah T T A T Ts e= - + -  (3) 

where A is the area of external surface, h is the 
convective heat transfer coefficient, �  is the Stefan-
Boltzmann constant (5.67·10-8 W m2 K-4), and �   is the 
total hemispherical emissivity of oxidized Inconel. The 
following values were used: A=0.0032 m2, 

� ��������	
� �� �Ts�
������  (deduced from data of Ref. 
[15]) and h=23 W m-2 K-1 (average value of data in Ref. 
[14]). 

Thermal efficiency, � t, was defined as the ratio of 
the thermal power in the exhaust, Pe, divided by the 
fraction of the chemical energy effectively released by 
combustion: 

e e e
t

in c f c e l

P P P
P m LHV P P

h
h h

= = =
+�

 (4) 

 
Results and Discussion  

A stable combustion has been achieved for all the 
gaseous fuels tested, nevertheless successful ignition 
occurred only when using pure hydrogen. Once ignited 
the hydrogen flow rate was gradually reduced to zero 
while fuel flow rate was progressively increased. Steady 
state conditions were usually reached after about 20 min 
of continuous operation. As an example, the unfiltered 

picture of a methane/air flame inside the meso-scale 
combustor was shown in Fig. 4. Generally the unfiltered 
flame imaging evidenced a apparently steady and not 
very luminous blue-violet emission located around the 
inner wall, while a weaker light emission was observed 
at the center of the chamber, Fig. 4. Neither the orange-
yellow emission characteristic of soot formation nor 
carbon deposit on the inner surfaces have been 
observed. 

 
Fig. 4: Unfiltered flame imaging, CH4/air, f =0.7 and 

total flow rate of 2.5 Nl/min.  
Stability limits were investigated by keeping the sum 

of the volumetric flow rates of air and fuel (at normal 
condition) constant, while the equivalence ratio, f , was 
slowly changed up to extinguish the flame. Extinction 
was assessed by visual observation of the flame. The 
equivalence ratio �  was evaluated as the ratio of  fuel 
and air mass flow rates divided by the stoichiometric 
fuel/air ratio. 
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Fig. 5: Stability limits of the meso scale combustor 

when burning Methane (� ) or Propane (� ). 
Lean and reach stability limits were defined 

respectively as the minimum and the maximum 
equivalence ratio before flame  extinguished. A 
peninsula shaped stability region was observed for both 
fuels, nevertheless propane allowed flame stabilization 
in a much broader range of �  as compared to methane, 
Fig. 5. The rich limit moved towards higher f  as flow 
rate increased, while above a flow rate of 1 Nl/min the 
lean limit resulted to be independent from fuels type and 
to approach a nearly constant value of about 0.55. A 
minimum flow rate at which lean and rich stability limit 
collapse to a single value was evidenced by both 
propane and methane (0.38 Nl/min and � =0.74 for CH4, 
0.46 Nl/min and � =0.89 for C3H8).  The existence of 
such minimum flow rate could be originated by thermal 
losses. As a matter of fact the value of Pl/Pin (for �� >1 

in fP m LHV f= � ) estimated at the stability limits 
increased from 0.1 to 0.7 when the total volumetric flow 

CH4 

C3H8 

Fuel 

Air  
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rate was increased from 3 Nl/min to 0.5 Nl/min, Fig. 7. 
At the minimum flow rate the equivalence ratio resulted 
to be displaced towards lean values, thus fluidynamic 
related phenomena (mixing and flame stabilization 
mechanism) could play also a role in fixing such limit. 

The measured gas temperatures, Tg, for methane/air 
combustion vs. equivalence ratio at 3 different total 
flow rate (3, 2.5 and 2 Nl/min) were shown in Fig. 6. 
Results evidenced that a high gas temperature region 
exist in the center of the meso-combustor, and that Tg 
increased by increasing ��  or by increasing the total 
flow rate. Despite being uncorrected for thermocouple 
radiative and conductive losses the measured 
temperature resulted to be higher than the adiabatic 
flame temperature at the same ��  but lower than the 
stoichiometric adiabatic flame temperature ~2210 K 
[16]. Such differences could be attributed to fuel/air 
mixture stratification.  

 
Fig. 6: Measured gas temperature, Tg. Computed 

adiabatic flame temperature (� ). 
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Fig. 7: Nondimensional thermal losses (Pl/Pin) 

computed at reach (� ) and lean (� ) stability 
limits. 

Chemical efficiency, hc, was estimated at f =0.8 for 
C3H8 and at f =0.7 for CH4, while flow rates were varied 
from 1.5 Nl/min to 3 Nl/min. Values of hc estimated 
according to Eq.(1) or either Eq.(2) resulted to be 
generally quite close to each other, discrepancy of the 
order of 10-15% between the two estimates were 
observed only for propane and at total flow rate above 2 
Nl/min, Fig. 8. When burning propane, the value of hc 
resulted to be approximately constant and higher than 
the value obtained for methane, moreover methane 
combustion showed a value of hc which  dropped from 
about 0.8 to about 0.7 as flow rate increased from 2 

Nl/min (0.031 g/s) to 3 Nl/min (0.062 g/s), Fig. 8. The 
higher chemical efficiency evidenced for the  C3H8/air 
mixture was not surprising because higher ��  implied 
higher gas temperature and thus higher chemical 
reaction rate. As a matter of fact the chemical efficiency 
(based on Eq. (1)) measured for CH4 at f = 0.8 and at a 
flow rate of 3 Nl/min was ~0.95, which was very close 
to the value measured for C3H8 (~0.96). For propane the 
maximum heat release rate was about 140 W 
corresponding to a power density of about 550 MW/m3.  
As compared to the previous configuration [13-14] the 
tangential position of the exhaust port significantly 
improved flame stability, chemical efficiency and 
maximum power density. 
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Fig. 8: Chemical efficiencies for CH4 (� =0.7) and 

C3H8 (� =0.8) estimated by Eq. (1) and  Eq. (2).  


��

#��

����

����

����

����

����

���� ���� ���� ���� ���� ����
��
���������
�����������������

(,
���

 
�
-�

 ��
��'

���

��

���
�

��
�.

"��'�����(�)��


+�
������(�)��	

 
Fig. 9: Measured exhaust gas temperatures. 

Independently from the fuel used, the thermal 
efficiency, � t, increased monotonically and almost 
linearly with flow rate. Its value raised from about 0.5 
(for both fuels) at a total flow rate of 1 Nl/min, to 0.71 
for CH4 and to 0.62 for C3H8 at a total flow rate of 3 
Nl/min. As already pointed out these results evidenced 
that relevance of thermal losses decreased by increasing 
the input thermal power (i.e. the total flow rate). The 
measured exhaust gas temperatures resulted to 
monotonically increase with total flow rate reaching a 
maximum value of ~1300 K for C3H8 and of ~1170 K 
for  CH4, Fig. 9.  

CH* imaging has been used to analyze the spatial 
distribution and temporal fluctuation of the local heat 
release. However these line of sight global 
measurements should be interpreted cautiously [17]. 
Flame imaging has been performed for CH4/air 
combustion at a flow rate of 3 Nl/min and for 3 different 
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equivalence ratios. The mean CH* images shown in Fig. 
10 evidenced that the maximum CH* intensity occurred 
opposite to the air/fuel injection zone and this banana 
shaped region moved counterclockwise (the same 
direction of whirl flow) as the equivalence ratio 
increased. The center of the meso-combustor was 
characterized by a weaker CH* emission, while the 

region of minimum intensity was located close to the 
reactant inlets. Due to flame quenching at the wall no 
CH* emission was observed close to the wall. This dark 
region became thinner as the equivalence ratio increased 
from 0.58 to 0.83. Being more fuel rich the flame 
withstood higher thermal losses and thus moved much 
closer to the wall. 

 
Fig. 10: Mean images of CH* chemiluminescence (CH4/air, at a total flow rate of 3 Nl/min). From left to right: 

� =0.58, � =0.7 and � =0.83. Arrows in the first image on the left indicate air injection point (vertical 
arrow) and exhaust port location (horizontal arrow). The internal wall is shown by the black line. 

Instantaneous filtered images evidenced a temporal 
and spatial variation of CH* emission. The zone of 
highest CH* intensity was principally located in a C 
shaped region close to combustor wall. Such region was 
sometimes observed to start more close to the axis of the 
meso-combustor and to assume a spiral like shape. The 
two images shown in Fig. 11 evidenced such shot to 
shot variation.  

The spiral/C shape of  CH* emission, the lower CH* 
intensity at the combustor center and the high gas 
temperature measured in the same region could suggest 
the existence of a (quite unsteady) central helical region 
filled by hot combustion product. The hot central region 
could stabilize the flame between the cold internal wall 
and its external boundary, giving rise to a heat release 
zone having a spiral/C like shape. 

   
Fig. 11: Instantaneous CH* chemiluminescence images 

taken at two different time instants. (CH4/air, 
total flow rate of 3 Nl/min and � =0.7).  

Isothermal time averaged flow field was measured 
by LDV at 5 different plane along the longitudinal axis 
of the meso-combustor. The measurements plane were 
locate at 2.8, 4, 5.5, 7, and 8.2 mm from the head end, 
see Fig. 12. A flow rate of 3 Nl/min of air was injected 
through the tangential injection hole, without any fuel 
injection. The air injection velocity estimated from flow 
rate and injector diameter was about 70 m/s. Due to the 
available optical access LDV measurements have been 
carried out up to a radius of 2.5 mm. For brevity only 
the mean velocity vectors superimposed on the total 

RMS value at planes 1 and 3 were shown here, Fig. 13 
and Fig. 14. 

 
Fig. 12: Cut-view of the meso-combustor showing the 

location of the five planes for LDV 
measurements.  

The isothermal flow field revealed a asymmetric 
vortex structure as a consequence of the asymmetric air 
injection. The vortex center appeared displaced from the 
geometrical center and its position changed from plane 
to plane. The highest turbulence fluctuations and mean 
velocities were both observed at a radius of ~2 mm in a 
anular region confined in the upper right sector of plane 
1, Fig. 13. In such zone the maximum RMS value was 
~8 m/s while the maximum velocity was ~20 m/s, thus 
this zone correspond to a strong turbulent region. Close 
to the center of plane 1 much lower velocity fluctuations 
were observed. At plane 3 and close to the wall the 
azimuthal velocities were still high (10-15 m/s). The 
highest RMS values were concentrated in a anular 
sector located at a radius of ~2 mm and displaced 
counterclockwise respect to plane 1. RMS values of the 
order of 1-2 m/s were observed close to the center of the 
mesocombustor.  

Under reactive conditions velocity measurements 
were carried out only at plane 1 and close to the air and 
fuel injection side at locations: (x=2.0, y=0) and (x=2.5, 
y=0). For this experimental case propane was used as 
fuel while total flow rate and �   were respectively set to 
2 Nl/min and 0.7. At point (x=2.0, y=0) the tangential 
velocity component evidenced a bi-modal velocity 
distribution, with maxima corresponding to a slow (~0 
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m/s) and a fast gas stream (~10 m/s). At the same point 
and under isothermal condition an approximately 
normal distribution having a mean value of about 10 
m/s was observed. 

 
Fig. 13: Mean (vectors) and RMS (color map, m/s) 

velocities, plane n° 1. Isothermal condition. 
The vertical arrow indicated the injected air 
flow. 

 
Fig. 14: Mean (vectors) and RMS (color map, m/s) 

velocity, plane n° 3. Isothermal condition. 
 
Conclusion  

Stability limits, efficiencies and isothermal internal 
flow field of a non-premixed meso-scale whirl 
combustor have been experimentally characterized. 
Methane and propane were used as fuels while air was 
used as oxidizer. Results evidenced that the whirl 
combustor allowed flame stabilization in quite wide 
range of operating conditions, while below a minimum 
operating mass flow the flame extinguished likely due 
to thermal losses. Measured chemical efficiencies 
ranged between 0.7 and 0.96. The isothermal flow field 
revealed a asymmetric vortex structure. The highest 
velocity fluctuations occurred close to the fuel/air 
injection zone while a much less turbulent region exits 
in the central region of the combustor. Imaging of CH* 
chemiluminescence, revealed a quite unsteady in time 
reaction zone having a spiral/C like shape. These results 
while being useful for validations of CFD simulation 
also suggest that flame stabilization could occur thanks 
to a central hot gases region originated by the whirl 
flow. 
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