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Abstract 
Improvements in understanding how to design future mesocombustors are mandatory 
for the development of propulsion and power-generation systems having a size of 
few centimeters or even smaller and able to deliver high performances (lasting, 
power and energy density).  
To advance and extend the analysis carried out by the same authors in previous 
works, the experimental investigation of a 254 mm3 non-premixed swirling 
cylindrical mesocombustor, fed by methane/air at 0.3 MPa and with air preheated up 
to 200 °C was performed. The combustion pressure was chosen based on the values 
quoted in literature for gas turbines of centimeter scale. The analysis is carried out for 
several equivalence ratios and at two pressure values (0.1 and 0.3 MPa). To this aim 
the combustor is enclosed in a  pressurized vessel. The desired pressure value inside 
the vessel is obtained by discharging a controlled mass flow rate of nitrogen through 
a sonic orifice. 
Data about the behavior and the performances of the meso-combustor (stability, 
exhaust gas composition, exhaust gas temperature, etc.) are obtained at the operating 
conditions specified above. 
The results evidenced that either the pre-heating of the combustion air or the increase 
of pressure are effective in improving the general performances (stability limits, 
chemical efficiency). Based on the measured chemical efficiency, the maximum 
power density of the meso-combustor resulted to be above 1.4 GW/m3 at 0.3 MPa, 
while the maximum exhaust gas temperature resulted to be higher than 1570 K. 
Nevertheless the maximum values of chemical efficiency, power density and exhaust 
gas temperature cannot all be achieved simultaneously. Finally the measured data 
(CO, CO2 and TUHC molar fractions, gas temperature, chemical efficiency) appear 
to be well correlated with the mean gas residence times. 
 
Introduction 
High performance small-scale power generation and propulsion systems based on 
combustion are very attractive due to the high energy density of hydrocarbon fuels 
(∼40 MJ/Kg). The development of a high efficiency small size combustor is a first 
step towards the design of devices able to convert chemical energy into mechanical 
or electrical ones. 
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In the competent literature the length scale to identify  the “mesoscale combustion 
regime” is defined in several ways [1]. Our combustor has a characteristic size of 
the order of some millimeters, being bigger than the quenching diameter of  
methane/air flames but smaller than 1 cm, it is considered to belong to the meso-
scale coherently with the definition of Maruta [2]. 
Meso-scale combustors have been extensively studied while operating at 
atmospheric pressure [1-6] and the concept of ultra-micro gas turbine to convert the 
chemical energy into mechanical one has been undertaken and demonstrated [7]. 
The aim of the present work is to investigate more realistic operating condition for 
a meso-combustor that should operate in a ultra-micro gas turbine. To this purpose, 
according to the work of Isomura et al [7], the meso-scale combustor performance 
is investigated at a relatively high, 0.3 MPa, pressure condition.  
This work advance and extend the analysis carried out by the same authors in [8]. 
 
Experimental Set-up and Procedure 
The non-premixed meso-scale combustor is shown in Fig. 1. The cylindrical 
combustion chamber is 6 mm in diameter and 9 mm in length, its volume is about 
254 mm3. Swirl is generated by tangential air injection, to improve mixing the 
gaseous methane is injected in the radial direction, at 90° with respect to the air 
flow. Both air and fuel injection orifices are 1 mm in diameter. The exit port is 2 
mm in diameter; gases exhaust in the tangential direction, see Fig. 1. 

 
Figure 1. AISI meso-scale combustor: front view (a) and cut-out section (b)  

 
An insulated N type thermocouple (1 mm in diameter), located in front of the exit 
port and at about 1 mm away from it, measures the exhaust gas temperature Texit. 
The gas temperature was not corrected for the radiative losses. A bare wire K type 
thermocouple (1 mm in diameter) is used to measure the combustor wall 
temperature, Twall. 
Ambient air is used as oxidizer while methane (99.5% purity) is the fuel. A electric 
air heater, regulated by a PID controller, is inserted into the air supply line to 
preheat the combustion air. 
Tests at pressure higher than the atmospheric one are carried out by placing the 
meso-combustor inside a pressurized vessel of about 1.5 liters in volume. To 
quench reaction outside the combustor the vessel is pressurized using nitrogen. The 
constant and desired pressure level is obtained by venting the gas through a sonic 
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orifice and by an appropriate regulation of the nitrogen mass flow rate. 
Fuel, oxidizer and N2 flow rates are controlled by thermal mass flow meters (1% 
accuracy). The operating conditions under study are: total mass flow rate between 
20.9 μg/s and 208 μg/s, overall equivalence ratio, Φ, between 0.7 and 1.0. The 
global equivalence ratio Φ is defined as the ratio between fuel and air mass flow 
rate divided by the its stoichiometric value, the latter equal to 1/17.168. The input 
thermal power, Pth, is computed by multiplying the mass flow rate of CH4 by its 
LHV (50.016 MJ/kg). 
Burned gases are sampled at the exit of the pressurized vessel for pollutant 
emissions analysis. A non-dispersive infrared (NDIR) analyzer is used to measure 
CO and CO2 concentrations, while paramagnetic technique is used for O2 
concentration. Flame ionization detector (FID) is used to measure the total 
unburned hydrocarbons (TUHC). 
To correctly compare the experimental values obtained at different operative 
conditions, the molar fraction of the generic specie i, measured

iχ , measured at the exit of 
the vessel is normalized by taking into account the pressurizing N2 flow rate, Eq. (1): 
 

 ( )2

measured
i i N tot totn n nχ χ= +  (1) 

 

where 
2Nn  is the molar flow rate of pressurizing nitrogen and ntot is the total molar 

flow rate of air and methane and iχ is the normalized molar fraction. 
The molar fraction of TUHC is measured on a wet base, ,measured wet

TUHCχ , and converted 
to a dry base, measured

TUHCχ , by assuming that each mole of CO2 and CO produces 2 
mole of H2O, Eq. (2). 
 

  ( )
2

, 1 2measured measured wet measured measured
TUHC TUHC CO COχ χ χ χ= + +⎡ ⎤⎣ ⎦  (2) 

 
 ( )

2 2c CO CO CO TUHCη χ χ χ χ= + +  (3) 
 

The value of measured
TUHCχ is normalized for N2 dilution according to Eq. (1). 

The chemical efficiency, ηc, is defined as the fraction of the fuel converted to CO2, 
its value is estimated from the dry molar fractions of CO, CO2 and total unburned 
hydrocarbon TUHC according to Eq. (3). 
The residence time, τ, of gases inside the combustor is computed according to Eq. 
(4), [3]: 
 

 ( )exitV pM m Tτ = ℜ&   (4) 
 

where V is the volume of the combustor chamber (254 mm3), p is the pressure (~300 
kPa), Texit is the measured exhaust gas temperature, M is the average molar mass of 
combustion products. From chemical equilibrium calculation the mean molar mass 
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of combustion products for lean (0.6) up to stoichiometric methane/air mixtures 
varies of less than 2%, thus M is assumed constant and equal to 28 kg/kmole. Finally 
ℜ is the universal gas constant (8314 J/kmole K) and m&  is the total mass flow rate 
computed as the sum of the air and methane mass flow rates. 
Due to the intricate flow structure originated by the whirl flow and jets impinging 
the values of τ  is a rough estimate of the mean value.  
The combined calibration, repeatability and linearity errors resulted in an 
uncertainty on measured

iχ  of about 4%. The maximum standard error of ηc at the 95% 
of confidence level is estimated to be less than 4%. 
 
Results and discussion 
The values of τ for all the investigated experimental conditions fall in a range 
between about 0.5 and 14 ms. Independently from the values of pressure and air 
temperature the gas residence time decreases by increasing the total mass flow rate. 
By operating at a fixed m&  the residence time increases by increasing the pressure.  
 

 
Figure 2. Stability limits vs. τ. Effect of pressure and air preheating. Air at ~298 K 

(left). Air at 473 K (right). Full symbol 0.1 MPa, Empty symbol 0.3 Mpa. 
 
Stability limits are investigated by using the same procedure described in [6]. 
Upper and lower stability limits were respectively defined as the minimum and the 
maximum global equivalence ratio before flame blow-out. In Fig. 2 are reported 
the results for methane-air combustion. They evidenced that by decreasing τ, i.e by 
increasing m& , the two limits (upper and lower) tend to approach each other. This 
suggests the existence of a maximum mass loading rate above which the 
combustion cannot be no longer stabilized and limits the maximum thermal power 
generated by the combustor. Tests at 0.1 and 0.3 Mpa and with air at 298 K show 
quite similar stability limits, Fig. 2(left), while when operating with air preheated at 
473 K both the upper and lower limits are improved (wider stability 
region),compare Fig. 2(left) and 2(right). Moreover data at 0.1 MPa visually appear 
as to be the continuation at shorter τ  of those obtained at 0.3 MPa, Fig. 2(right). 
These results suggest that independently from pressure level, the stability limits can 
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be described in term of equivalence ratio and gas residence time. 
The values of COχ  and of 2COχ  at 0.1-0.3 MPa and with air preheated at 473 K, 
Fig. 3, have an opposite trend respect to the gas residence time τ, i.e. CO2 
decreases by decreasing τ while the opposite is true for the CO. Below 1-2 ms the 
oxidation of CO to CO2 is significantly reduced. By increasing the equivalence 
ratio, Φ, the level of both CO2 and CO increases, see Fig. 3. This result can be 
explained by the increase in fuel concentration and of gas temperature, see Fig. 4, 
because more CO2 is produced  from fuel oxidation and at the same time more CO is 
generated from the dissociation of CO2 at higher temperature. 

 

 
Figure 3. Dry molar fractions of CO (left) and CO2 (right)  vs. τ. Air preheated at 

473 K. ER is the equivalence ratio. 
 

 
Figure 4. Exhaust gas temperatures, Texit, vs. τ, (left). Chemical efficiency, ηc, and 

power density (+) at 0.3 MPa, Φ=0.8, 473 K (right). 
 
The exhaust gas temperature, Texit, and the chemical efficiency, ηc, are shown in 
Fig. 4. Temperatures above 1570 K and chemical efficiency close to one have been 
observed. Fig. 4 shows that the highest ηc, Texit, and power density, (~ c thP Vη ), 
cannot be achieved simultaneously. Both the highest Texit and the maximum power 
density are reached when the residence time is minimum, ~1 ms, while the highest 
chemical conversion is achieved for longer τ, ≥ ~2 ms, �i.e. smaller flow rates.  
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Conclusion 
The performances of a meso-scale non premixed combustor have been investigated 
at 0.1 and 0.3 MPa and with combustion air preheated up to 473 K. The results 
evidenced that either the pre-heating of the combustion air or the increase of pressure 
are effective in improving the general performances (stability limits, chemical 
efficiency). Based on the measured chemical efficiency, the maximum power density 
of the meso-combustor resulted to be above 1.4 GW/m3 at 0.3 MPa with a maximum 
exhaust gas temperature above 1570 K. Nevertheless the maximum values of 
chemical efficiency, power density and exhaust gas temperature cannot all be 
achieved simultaneously. The measured data (CO, CO2 and TUHC molar fractions, 
gas temperature, chemical efficiency) appear to be well correlated with the mean gas 
residence times. The results obtained can be considered a dataset useful for the 
design of efficient meso-combustor or to validate CFD simulations. 
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