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Abstract

Assessing the feasibility of combustion in minis&ead combustors (volume less than ks a key
point for the development of micro gas turbinesisTgaper presents the results obtained with a first
combustion chamber, with a hydrogen-air mixtureted in a laboratory especially built for the study
of micro-combustors. We obtained a stable combnstiibh a combustion power of between 100 W to
1200 W, in a range of air mass flow of betweent0.0.5 g/s, an equivalence ratio of between 0.3 to
0.7. These results are based on the temperatursunegaby means of thermocouples and the optical
diagnostic spontaneous Raman scattering technique.

NOMENCLATURE
Subscripts

h Heat transfer coefficient (W/m#/K) a ambient
LHV  Lower Heating Value (J/kg) C thermocouple (exhausttgagperature)
m Mass flow (g/s) ch  chemical
P Power (W) e external surfat¢éhe combustor
S Surface (m2) g hot gases
t Time (S) net net power
T Temperature (K) th thermal

w wall

Greek symbols

€ Emissivity
O] Equivalence ratio
n Efficiency

1. Introduction

To reduce the size and weight of power generatiaohimes for autonomous devices, several alternatisgems to
the currently used heavy batteries are investigatatiwide. As micro gas turbines are expectedfterdhe highest
power density, several research groups have ladnotograms to develop ultra micro gas turbinesptahg in the
footsteps of the MIT group [1].

At ONERA, a research program is under developm2htyjith the support of the Ministry of Defence (B{&M
AERO), in order to develop a demonstrator of thermigas turbine engine type delivering 10 to 100tt8Vaf
electrical power. The main application of this terygine is micro-drone propulsion (15 cm length aimgspan).

Due to the small volume of the device (about 8)crinere are many problems to tackle; the manufagof the

rotating and static parts, the gas journal andsthbearings (rotating speed up to 1 million rpngmbustion in a
small volume, the micro electromechanical converter
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Taking into account these physical and technolégitellenges led ONERA to develop and test somerawic
combustors. The first one is a small cylinder, 2@ miameter and 2.7 mm high, corresponding to anaelwf
850 mmi. It is fed with an air-hydrogen mixture (air mafisw of between 0.1 g/s to 0.5 g/s). A very stable
combustion has been obtained for a large ranggu¥alence ratios (0.3 to 0.7). The wall tempemiimeasured by
means of thermocouples and with a two-color infiigugrometer) does not exceed 1350 K for an equiegleatio
of 0.7. Recording the temperature profile of thdlsvduring transient sequences of heating or cgodind the exit
gas temperature at the outlet of the micro-comugteeasured by means of a small thermocouple - b
diameter) allow us to determine the overall efficig of the micro combustor. The values obtainedéiaveen 0.45
and 0.8, depending on the equivalence ratio (fr@3d @ up to 0.7) and the mass flow. In order tdaxatand micro-
combustion phenomena better, laser-based measuefspontaneous Raman scattering) have been pedomm
addition to classical thermal measurements. Then@erical simulations are also carried out in otdecompare
with the experimental results. In the near futusease planning to test other combustor geometspsaally in the
non-premixed case.

2. Constraintsfor the micro combustors

Regardless of the final size expected for this enigas turbine, scaling down a classical gas turborabustion

chamber obviously generates specific problemstiage to be overcome [1], [2], [3], [4]. In factetiow Reynolds

number flow (laminar zone) induces a poor mixingha chamber on the one hand, between fuel andrarpn the

other hand between cold and hot gases. Moreoweretfuction of the size of the combustion chamleerehses the
gas residence time which approaches the reactin th the same way, the external heat lossesagerdue to the
high surface/volume ratio of the combustion chamber

The potential performance of a micro gas turbine lieen determined with the software called “Hotdnit[2], [5].
The results of this software, developed at ONER#An{ed out the necessity to have a combustion poarprised
of between 300 W to 1000 W in order to obtain, raflectrical conversion [2], a net power equal éwmeen 20 W
and 100 W.

In the references [2], [6] and [7], some calculasi@f the minimum reaction time of the air/hydrogeixture, in a
perfectly stirred reactor, have been carried odtwae obtained a value of around 0.1 ms (with 9G#4te chemical
efficiency and 90 % for the thermal efficiencyrom these values, it becomes possible to deterthmeninimum
volume of the micro combustor, in order to have plate combustion.

With this first chamber, in addition to the wallmperature and the exit gas temperature measuremetits
thermocouples, spontaneous Raman scattering te@hriigs been used. This method allows us to evathate
concentrations, the gas main species and the tatoperat the outlet of the chamber. The objectve iobtain some
complementary information on the chemical efficignc

3. Experimental set up

A specific laboratory has been established at Sedai ONERA Center and a first micro-combustor leentiested
[2]. This first combustor is presented on Figurdt has a very simple geometry: a cylinder of 20 aiameter and
2.7 mm high. This volume of 850 mirhas been determined according to the nominal saloethe combustion
power (500 W), the mass flow rate (0.4 g/s) anddbenkhdler number (the ratio between the residénoe and the
characteristic chemical reaction time =10).

The air hydrogen mixture (premixing case) enteesabimbustor through a water cooled tube liner w2 diameter.
As shown on the picture, a porous cylinder is addetlupstream of the inlet of the actual combusiagliminate the
possibility of flashback. A thin layer of zircon deposited on the upper face of the micro combustarder to
reduce the conductive heat transfer towards themaioled support. The combustion gases are radiglieezed
through 24 holes of 0.5 mm diameter. For the ignitiwe use an electric discharge between the erdtafigsten
wire (0.2 mm diameter) and the wall of the micrantwistor (in stainless steel). This igniter was thioyl the firm
Thermocoax.

To measure the wall temperature of various zortes,combustor is equipped with 4 thermocouples (Qrb
diameter for the sheath - type K). In addition afnared two-color pyrometer (wavelengths of 1.58 4r64 pum) is
used. The location of the thermocouples is presemtethe Figure 1 (Twl to Tw4).



J. Guidez, F. Grisch COMBUSTION IN MINIATURIZED COMBUSTRO

Air + fuel

l Porous cylinder

Igniter

—] . 2,7 mm

Exhaust
24 holes : 0,5 mm

Line of sight
IR two-color pyrometer

20 mm diameter

Figure 1: Cross-section of the first micro combustiad its position in the pressurized vessel.

For the tests, this micro combustor is placed pressurized vessel (Figure 1). The vessel is iatgricooled by
nitrogen and the mixture of nitrogen and combusfiozducts is exhausted through an adjustable v&lliea port-
holes allow us to visualize the combustor. Optigeasurements; infrared pyrometer, IR camera, speatss
Raman scattering are also possible through thesgowis.

4. Thermal measurements

The experimental conditions are recapitulated Hiereair mass flow rate 0.1 to 0.5 g/s and eqeineé ratio 0.3 to
0.7; the inlet gas temperature is 300 K. The mawmbustor in operation is presented on Figure 2hikicase, the
air mass flow rate is 0.5 g/s and the equivaleatie rs 0.5.

Figure 2: Firing micro combustor.

4.1 Steady state results

The mean wall temperatures of the micro-combusteduced from the thermocouples, are shown on Figfwe the
range of mass flow rates and equivalence ratioscéviesee that the mean wall temperature is directiyected to
the equivalence ratio. The pressure in the comtrustiamber is 2 bars.
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Figure 3: Mean wall temperature for the range arapng conditions.
4.2 Evaluation of the combustor efficiency

The combustion poweP{,p, calculated by the equation:

Pcomb: rnHZ |:I]'HVHZ
is comprised of between 108 W and 1200 W (FigureT8g combustion power of around 500 W mandatory fo
ONERA'’s micro gas turbine engine [5] is obtained #éime required level is in the middle of the expemtal range
presented on Figure 3. The wall temperature, foequvalence ratio less than 0.7, is below the &atpre limit of
stainless steel (X8CrNi25-21/AISI310S).
To calculate the thermal efficiency of the microntustor, an evaluation of the heat losses is requifhese losses
are calculated as follows:

Rh :he Se (Tw _Ta) + 6086 (ij _Ta4)

The two unknown factors, the external heat transtefficient around the combustdr and the emissivityg) of
the wall, can be determined using a method baseithenvall temperature transients [8], after cuttthg air and
hydrogen mass flows supplying the combustor. Frioese results, for several experimental conditiansexternal
heat transfer coefficient of about 60 W/m2/K andeanissivity of around 0.8 are inferred. The emisgideduced
from the two-color infrared pyrometer is also ngdl8. With these values, it is now possible taukte the heat
losses.

The combustion net power can be calculated witretheations [3]:

I:)net = I:)comb - Pth - I:)ch =,7overall I:)comb =,7ch ,7th I:)comb

whereP, (chemical losses) are due to the mass flow ofvireth is not burnt. Consequently, the overallaéfncy
of the micro combustor can be written as follows:

P, P, _P

— -1 _ th  _ h — t

,70verall - ,7ch ,7th =1 = Pne

comb comb comb
The chemical and the thermal efficiencies are amitis:
,7 - I:)comb_ I:)ch ,7 - I:)net - I:)net
ch th

I:zzomb I:3:omb_ I:3:h I7ch I:zzomb
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To obtain the overall efficiency of the micro comsbar, and consequently the chemical efficiencis itecessary to
determine the exit gas temperature [3], [9]. F@s,thve have used a small thermocouple, 0.25 mmaetnmwhich is

located in front of the exhaust hole, at 1 mm frihis exit, as presented on Figure 4 (left). Thalltesobtained for

the nominal air mass flow rate 0.4 g/s are alssgred on Figure 4 (right). On this figure, theabditic gas

temperature is drawn in red. The exit gas temperaneasured with the thermocouple (in green onrEigd must

be corrected in order to eliminate the radiativesés and the conductive losses in the wires ofhiienocouple.

Concerning the radiative transfer, a screen isgalaround the thermocouple (see Figure 4) in aweeduce this

loss. The temperature of the screen is measurddthét pyrometer. The values obtained fgrafe represented in
black. From the results obtained in the case ofpémectly stirred reactor [6], [7], we can caldelahe different

efficiencies (Figure 5).
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Figure 4: Exit gas temperature measured by theromleq0.25 mm diameter) - Mass flow rate 0.4 g/s.

We observe that the overall efficiency is nearlypstant, around 0.8, for a range of equivalenc® fagitween 0.4
and 0.6. The thermal efficiency decreases slowly {alue clearly depends on the wall temperatung) @n the
contrary, the chemical efficiency increases shafgiyan equivalence ratio of between 0.3 and 0.4.

The residence time of the flow in the micro combusbr the nominal mass flow rate, 0.4 g/s°, isselto 1 ms.
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Figure 5: Overall, thermal and chemical efficiesciersus equivalence ratio - Air mass flow raté:ds.
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5. Species concentrations and temperature measurements using Rayleigh and
Raman scattering technique

1D imaging Rayleigh and Raman scattering has bppliea for measuring temperature and the conceotraff the
major species (N O,, H,0, H,) at the outlet of a fired micro-combustor opergtimith a H/air mixture (Figure 6 -
left). A frequency-tripled output of an Nd:YAG lasat 355 nm, with a pulse energy of 70 mJ and 10dpetition
rate is focused 2 mm beside the micro-combustaniaxhaust gases stream.
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Figure 6: Experimental set-up and spatial proffl®aman and Rayleigh signals across the jet ofttgases for an
air mass flow rate of 0.1g/s and equivalence m@iti@.35.

A half waveplate is mounted in front of the focusgilens, either to select Raman and Rayleigh ssgrad

background noise (blackbody radiation, speciesrdisicence, etc..). The scattered signal is colleloyed first lens

and then focused by a second lens onto the entrsliicef a grating spectrometer (Spex270M) conrgdte an

intensified CCD camera (576 x 384 pixels). A higisp Schott filter (WG345) is used to set Rayleigh Raman

signals to the same amplitude. This optical setllpwvs us to record the spatial profile of Raylegihd Raman
signals along the laser beam, over a distancemfmacross the jet of burnt gases. Analysis of tleegerimental

data allows us to determine the expansion of theojgether with the diffusion of the different specin the

surrounding atmosphere {Nand to quantify the combustion efficiency of thcro-combustor. Typical signal
evolution is shown in figure 6 (right) for an acaulation of 2000 single shots.

Temperature information is obtained from the depewe of the Rayleigh scattering upon density nunaet

species Rayleigh cross sections. Species condensatre measured by analysing the shape of theaRapectrum
of the different species. This method requiresbcation curves for different temperatures and fwhespecies. This
calibration was performed in a flat flame operativith a H/air mixture, for various equivalence ratios.
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Figure 7: Radial profiles of molar fractions in thernt gases jet (air mass flow rate: 0.1 @'s0.4).
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The main difficulty for optical measurements at thatlet of the micro-combustor comes from the biacky

radiation of the chamber which dramatically incesagith equivalence ratio and air mass flow rates Tadiation
interferes with Raman signals and may become premiiwhen the temperature of the combustor incredsus

makes it difficult to properly quantify Raman si¢géor large equivalence ratio and air mass flote.ra

The first series of measurements were performefl wit air mass flow rate of 0.1 g/s and equivalaat® of

between 0.3 and 0.7 (Figure 7).

The width of the burnt gases jet at half the peofitight can be evaluated as 1 mm while the dianoétide outlet
hole is 0.5 mm, which confirms jet expansion anifudion of species in the surroundings of the @wmbustion
processes in the chamber can be estimated as derapie, therefore, combustion efficiency is clasé (0.92 with
the thermocouple — Figure 5). Indeed, the ratiovbeh oxygen and water molar fractions is very clws¢hat

obtained with numerical simulations of complete baoistion, and no hydrogen residuals can be foumdast cases.
A summary of 0.1 g/s air flow measurements carobed in Figure 8.
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Figure 8: Molar fractions and temperatuseE.R. for 0.1 g/s air mass flow rate.

With larger air mass flow rates comes the problémiackbody radiation interfering with Raman signalherefore,
measurements performed with air mass flow ratgs.4fand 0.5 g/s were restricted to a low equivaentio (i.e.
@ < 0.5). As can be seen in Figure 9, there are lyragesiduals with a typical molar fraction of andul % for
@ [0.35. This indicates that combustion is incompletethis operating condition and combustion effiag is
reduced compared to the cases with lower air massrhte. Such results can explain the oscillatiobserved for
the temperature of the combustor walls with thigraging condition. Indeed, it is possible that timisomplete
combustion leads to instabilities in the chambed, aherefore, to variations of heat transfer to wedls. No
hydrogen residuals were observed for a larger edgiice ratio.
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Figure 9: Radial profiles of molar fractions in thernt gases jet (air mass flow rate: 0.4 g¢s0.35).

The chemical efficiency is about 0.87 in this caBeis value is greater than those obtained withttieemocouple
measurement for the exit gas temperature (0.7 ur&iS).
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6. Concluding remarks

For the development of a micro gas turbine engitehhle combustion is mandatory. The experimentatimmducted
with a first simple geometry micro combustor, ire tbase of air/hydrogen premixture, are satisfactdfg have
obtained the net power of between 150 W and 95@tich is necessary to provide a net power of 20WG0 W
of electrical power with a micro gas turbine engiriehe combustion is very stable for a large raofgair mass flow
rates (0.1 g/s to 0.5 g/s) and equivalence rafi@stp 0.7).

Fuel

Temperature %

probe \

Igniter

Premixing
zone

Air inlet
Exhaust
hot gases

Combustion zone

Figure 10: Second micro-combustor — Non-premixesca

The tests will continue with the spontaneous Raseattering technique with an air/hydrogen mixtund also with
a propane/air mixture.

In the near future, we will test other combustidrambers, the second one is a non-premixed airffa@mber
(Figure 10) and the third one is a two-stage coitibushamber, directly linked to the new architeetof a micro
gas turbine engine (ONERA patent — see paper nuBzerEUCASS 2007).
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