Experimental study of performances and internal flow fieldof a meso-scale vortex-
combustor

F. Cozzi*, A. Coghé, Y. D’Angeld®, B. Renod, M. Boukhalfd

'Department of Energy, Politecnico di Milano, Milaritaly
2INSA-CORIA, UMR6614 CNRS, Site Universitaire du Mélét BP 12, France

Abstract

The experimental characterization of performand&sng stability, chemical and thermal efficienciem)d
internal flow field of a non-premixed centimeteake(meso-scale) swirl combustor having a cylirelreombustion
chamber of about 254 nirin volume have been carried out. Methane and prpeere used as fuel while air was
used as oxidizer. Velocity measurements under ésotal and reacting conditions have been carriecbpuheans
of laser Doppler velocimetry. CH* chemiluminescemeeission from the flame was also monitored andyaed.
Results evidenced that the whirl combustor alloflache stabilization in quite wide range of opergtoonditions
and showed quite high chemical efficiencies. Themiow field evidenced that under isothermal ctinds the
highest velocity fluctuations occurred close to fiel/air injection zone while a much less turbalesgion exits in
the central region of the combustor. Imaging of Céffemiluminescence, revealed that light emissiemfthe
flame occurred somewhat irregularly and in a spieglion along the internal cylindrical wall. Thesssults while
being useful for validations of CFD simulation alaggest that flame stabilization could occur tlatka central
hot gases region originated by the whirl flow.

Introduction at high enough Reynolds number and swirl level the
In the last two decade the miniaturization ofvortex breakdown takes place and central recirizudat
electronics and mechanical systems triggered tlegl nezone appears [9]. The recirculation zone is a dgshy-
for the development of small-scale power generatidourning region which is the main responsible foe th
and propulsion systems. The higher energy dendity bigh performances shown by macro-scale swirl
hydrocarbon fuels as compared to currently avalabtombustors. On the other hand in whirl combuster th
top chemical batteries (~43 MJ/kg vs. ~0.6 MJ/KY) [ centrifugal forces push the cold gas towards th#é wa
readily focused the attention towards combustioseda while confining the hot gases towards the longitadli
systems. Nevertheless the successful development aodis, this hot and quite quiescent central corbiliza
micro-power systems requires the capability to glesi the flame by supplying enthalpy and radical spedigs
very efficient small scale combustors. The concept of a small scale whirl combustor (from
When scaling down conventional combustors to thabout 124 mrin volume down to 10.6 miphas been
size required by the meso/micro power systems akveexperimentally validated by researchers at Pente Sta
phenomena, often neglected or quite easily coetladit University [10-12]. Performances of a meso-scalé@lwh
the macro-scale, can negatively affect combustiocombustor burning H and CH have been also
efficiency and flame stability. Surface to volumaio experimentally investigated by Cozzi et al. [13-1Phe
scales as the inverse of a characteristic lengtthef experimental results of Cozzi et al. showed moeéerat
combustor, thus heat losses and wall quenchingdcouwthemical efficiency and narrow stability limits whe
became an issue. Moreover the short residence tirharning 100% Ck[13-14].
needed to achieve high volumetric heat releases rate While the validity of the meso-scale whirl
coupled with laminar or weakly turbulent flow combustor have been already demonstrated, thet#l is
conditions hamper fuel/air mixing and chemicakome lack of experimental data (i.e. internal fligs¥d,
reactions. A review of scaling issues involved icno- thermal and chemical efficiencies when burning
devices can be found in several papers [1-8]. hydrocarbon fuels, flame structure) which couldvite
The meso-combustor under investigation is based @nbetter understanding of flame stabilization pssce
use of a whirl flow to achieve high efficiency, hig help to validate the numerical and physical modsddu
power density and wide stability limits. In whidofv  in CFD simulation, and improve design capability.
the injected fluid has only a tangential velocity
component while the axial velocity component ariaes Specific Objectives
a consequence of mass balance. The concept ofrla wh The objective of the present work was to
combustor has been originally developed by Yetted.e characterize flame stability (as a function of méss
[7], such combustor showed to posses very goadte and equivalence ratio), combustion and thermal
stability characteristics being able to operate afficiencies, spatial distribution of the heat esde, and
equivalence ratio below 0.1. In swirl flame thgeoted internal flow field of a meso-scale whirl combustor
fluid has both axial and tangential velocity comgis; when burning different hydrocarbon fuels. The
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investigated meso-scale combustor is an improvewy using a two-component component fiber opticsekas
version of the previous one [13-14]. The mairDoppler Velocimeter equipped with a 5 W Argon ion
difference between the two configurations laid e t laser; a Bragg cell with 40 MHz frequency shift was
location of the exit port which has been moved to ased to remove directional ambiguity. The lasernbea

tangential position. was conducted via glass fiber to a Fiber Flow probe
with 310 mm focal length. The size of the probeuvod
Experimental Set-Up and Procedure based on the %intensity was about 0.09*0.09*0.84

The non-premixed meso-scale whirl combustor imm?®. To compensate for the effect of velocity bias
shown in Fig. 1, the cylindrical combustion chamlger transit time weighting was applied to the estimato§
6 mm in diameter and 9 mm height and it has a velunboth mean and RMS velocities. Alumina particle
of about 254 mrh The meso-scale combustor is madgdiameter between 1+8m) dispersed into the air stream
of Inconel and it was fabricated with conventionaby means of cyclone were used as seeding. A bypass
machining. Tangential air injection allowed to gexte valve allowed to regulate seeding concentratiog, Fi

a whirl flow, while gaseous fuel was injected ireth Gas Analyzer  ["gm 11
radial direction at 90° respected to the air flé\r. and LHC. €02 CO. O N 11

Twan ==
Meso-scale
combustor

fuel injection ports had a diameter of 1 mm eadhe T
exit port was 2 mm in diameter and it was locatethe
tangential direction, Fig. 1. To allow the visual
observation of the flame, the front and the baadkseof

the cylindrical combustion chamber can be closed by
quartz windows.
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Fig. 1. Photo (leff) and sketch (right) of the mes Fig 2: Sketch of the experimental setups used for

scale combustor. temperatures and exhaust gas composition

An S type thermocouple (0.065 mm in diameter) measurements
inserted along the longitudinal axis and locatedhia
center of the combustor measured the temperature of
combustion gases,T;. Another insulated K type
thermocouple (0.5 mm in diameter) located at thi¢ ex
port measured the exhaust gas temperafiyrel bare
wire K type thermocouple (1 mm in diameter ) insdrt
into a blind hole (2 mm depth) on the later sidethaf
combustor measured the temperature of the combustg
body, Ts. All thermocouples reading were not corrected
for radiative or conductive losses. ple

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 & -
rate between 5-20 Hz. Fig. 3: Sketch of the experimental setup used-Bv

Burned gases were sampled for pollutant emissions measurements. _
analysis. A non-dispersive infrared (NDIR) analyzer Du€ to the quite small air flow rate and tube

was used to measure CO and,Cahd paramagnetic diameter a good seeding den;ity was difficult to
technique was used for ,Oconcentrations. All achieve. Moreover the quartz windows become dirty

measurements were on a dry basis and damaged quite quickly, the situation worseneund

Three different fuels have been used:(89.995%) reactive conditions. In the latter case windows get
CH, (99.5%), GHg (90.5%), while dry air was used ascompletely opaque just few minutes after seeding
oxidizer. Fuels were supplied by compressed gddection. All these issues hampered LDV
cylinder, and all mass flow rates were metered arjgeasurements and strongly limited the mean daéa rat

regulated independently by thermal mass flow metefdve thousand (5000) velocity samples were colticte
and controllers. Acquisition of thermocouple sigaati Under isothermal conditions at mean data rate e5(8D

mass flow rates control were handled by a PC thrau Hz. Under reactive conditions LDV measurements were

specifically developed LabView program. A sketch of@'Tied out just at two locations and only 1000outty

the experimental apparatus is shown in Fig. 2. samples were collected at each location. .
Instantaneous two component single-point velocity Chemiluminescence emission from  CH* was

measurements were performed in back-scattering motfForded by means of a 16 bit intensified CCD camer




(Princeton 512x512 pixels) coupled to a macrgicture of a methane/air flame inside the mesoescal
objective (65mm, f/2.8). The magnification ratiotbE  combustor was shown in Fig. 4. Generally the werid
systems was 78.2 pixels/mm. A band pass blue-violdame imaging evidenced a apparently steady and not
glass filters (BG12, Schott Glass) centered at a#60 very luminous blue-violet emission located arouhd t
nm allowed the detection of CH* chemiluminescencenner wall, while a weaker light emission was olkeer
Two hundred (200) instantaneous images were takenad the center of the chamber, Fig. 4. Neither taage-
each experimental condition for successive analysigellow emission characteristic of soot formationr no
Exposure time was set between 130and 400vs. To carbon deposit on the inner surfaces have been
allow CH* image comparison and after having vedfie observed.
ICCD linearity all images intensity were scaled
according to their exposure time.

The chemical efficiency, ;, was defined as the ratio
between the total heat released by the combustidn a
the input thermal poweR;,. The latter was computed as
the fuel low heating valud,HV, multiplied by the fuel

mass flow rate,ms . The chemical efficiency was
estimated from the measured molar fraction of @€, Fig. 4: Unfiltered flame imaging, Chir, /=0.7 and

and CQ, Yco, in the exhaust gas by Eq.(1): total flow rate of 2.5 NI/min.
_ Stability limits were investigated by keeping thers
N1e =Yea /(Yea + Yeo) @ of the volumetric flow rates of air and fuel (atrmal

Actually Eqg. (1) overestimates the chemicakondition) constant, while the equivalence rafiowas
efficiency when the fraction of unburned hydrocarboslowly changed up to extinguish the flame. Extioicti
was not negligible. To check results from Eq. (1)was assessed by visual observation of the flame. Th
chemical efficiency was also computed as the sum ghuivalence ratio was evaluated as the ratio of fuel

the thermal power in the exhau$, and the thermal and air mass flow rates divided by the stoichioinetr
losses from the combustoPR,, divided by the input fyel/air ratio.

thermal powerpP;,: 18

he=(R+R)/R=(R+R)/(m LHY @ . o
Thermal power in the exhaust was estimated from | L L 7%"'3/: 7777777777
measured exhaust gas composition and exhaLgns;iL 1 1 ///
temperature. Thermal loss& were evaluated as the § 124 - e e CH,
sum of the convective and the radiative heat losses § , | .‘r""r ! e -
the external surface of the combustor: g * e S
o084 - - -Le—_ 4
R=ANT- Tu)*s &(T- T,) @ " s, |
where A is the area of external surfach, is the ! - (il St i
convective heat transfer coefficient, is the Stefan- > 500 1000 1500 2000 2500 3000  350(
Boltzmann constant (5.67-80N n? K%, and is the Total Volumetric Flow Rate, Nmilmin
total hemispherical emissivity of oxidized Incon€he Fig. 5: Stability limits of the meso scale combusto
following values were used: A=0.0032 m, when burning Methane § or Propane ().
Ts (deduced from data of Ref. Lean and reach stability limits were defined
[15]) andh=23 W m? K (average value of data in Ref.respectively as the minimum and the maximum
[14]). equivalence ratio before flame extinguished. A

Thermal efficiency, ,, was defined as the ratio of Peninsula shaped stability region was observeddtn
the thermal power in the exhaus, divided by the fuels, nevertheless propane allowed flame stakitina
fraction of the chemical energy effectively relehdry in @ much broader range ofas compared to methane,
combustion: Fig. 5. The rich limit moved towards highéras flow
rate increased, while above a flow rate of 1 Nl/ithia

o= R _ R G (4)  lean limit resulted to be independent from fuefsetand
Pnfie  my LHVA. R+ R to approach a nearly constant value of about 0465.
minimum flow rate at which lean and rich stabilityit
Results and Discussion collapse to a single value was evidenced by both

A stable combustion has been achieved for all theropane and methane (0.38 NI/min amd).74 for CH,
gaseous fuels tested, nevertheless successfuloignity 46 Ni/min and =0.89 for GHg). The existence of
occurred only when using pure hydrogen. Once igniteg,ch minimum flow rate could be originated by thafm
the hydrogen flow rate was gradually reduced tm Z€losses. As a matter of fact the valueRoP,, (for >1

while fuel flow rate was progressively increaseiagy B . L
state conditions were usually reached after abouhi _R” =m LHV/f ) estimated at the stability I|_m|ts
of continuous operation. As an example, the umétle increased from 0.1 to 0.7 when the total volumetow/



rate was increased from 3 NI/min to 0.5 NI/min,.Fig NI/min (0.031 g/s) to 3 NI/min (0.062 g/s), Fig. Bhe
At the minimum flow rate the equivalence ratio fleesdi  higher chemical efficiency evidenced for thesHglair
to be displaced towards lean values, thus fluidynammixture was not surprising because higherimplied
related phenomena (mixing and flame stabilizationigher gas temperature and thus higher chemical
mechanism) could play also a role in fixing suchiti reaction rate. As a matter of fact the chemicatiefiicy
The measured gas temperatugs,for methane/air (pased on Eq. (1)) measured for O 7 = 0.8 and at a
combustion vs. equivalence ratio at 3 differen@ltot flow rate of 3 NI/min was ~0.95, which was very s#o
flow rate (3, 2.5 and 2 NI/min) were shown in F&. to the value measured foklds (~0.96). For propane the
Results evidenced that a high gas temperature megigyaximum heat release rate was about 140 W
exist in the center of the meso-combustor, and That corresponding to a power density of about 550 M¥W/m
increased by increasing or by increasing the total As compared to the previous configuration [13-148 t
flow rate. Despite being uncorrected for thermodeup tangential position of the exhaust port signifidgnt
radiative and conductive losses the measurdthproved flame stability, chemical efficiency and
temperature resulted to be higher than the adiabathaximum power density.
flame temperature at the same but lower than the

*
stoichiometric adiabatic flame temperature ~2210 K + ¢
[16]. Such differences could be attributed to faiel/ - .
mixture stratification. 1 ° ° o
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e ® Tg, CH47air 3 N/ s
u Tg, CH4/ air 2.5 NI/min . . .l . .
Tq, CH&/air 2 M1/ min Fig. 8: Chemical efficiencies for GH( =0.7) and
e . ‘ Adisbatic Flame Temperature CsHg ( =0.8) estimated by Eqg. (1) and Eq. (2).
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1 1 1 1 1 ’ Independently from the fuel used, the thermal

efficiency,  Iincreased monotonically and almost
linearly with flow rate. Its value raised from abdu5
(for both fuels) at a total flow rate of 1 NI/mitg 0.71
for CH, and to 0.62 for ¢Hg at a total flow rate of 3
NI/min. As already pointed out these results evideh
that relevance of thermal losses decreased byasicrg
CsHgand atf=0.7 for CH,, while flow rates were varied the input thermal power (i.e. the total flow ratghe

. . . measured exhaust gas temperatures resulted to
from 1.5 Nimin to 3 Ni/min. Values of; estimated monotonically increase with total flow rate reachia
according to Eq.(1) or either Eq.(2) resulted to be

. . maximum value of ~1300 K for £z and of ~1170 K
generally quite close to each other, discrepancthef for CH,, Fig. 9
order of 10-15% between the two estimates were CH*,imgéiﬁg has been used to analyze the spatial

obse.rved.only for propane'and at total flow ratevan2 distribution and temporal fluctuation of the lodzsgat
N/min, Fig. 8. When t_)urnlng propane, the V?'”eh@f release. However these Iline of sight global
resulted to be approximately constant and highan th oo rements should be interpreted cautiously [17].
the value obtained for methane, moreover metharr._qeame imaging has been performed for Gt

combustion showed a value 6f which dropped from ., stion at a flow rate of 3 NI/min and for 3felient
about 0.8 to about 0.7 as flow rate increased fébm

Fig. 7. Nondimensional thermal losses |/[R)
computed at reacl ) and lean( ) stability
limits.

Chemical efficiency/i, was estimated at=0.8 for



equivalence ratios. The mean CH* images showngn Firegion of minimum intensity was located close te th
10 evidenced that the maximum CH* intensity ocadirrereactant inlets. Due to flame quenching at the wall
opposite to the air/fuel injection zone and thisdz CH* emission was observed close to the wall. Tlaigkd
shaped region moved counterclockwise (the samegion became thinner as the equivalence ratieased
direction of whirl flow) as the equivalence ratiofrom 0.58 to 0.83. Being more fuel rich the flame
increased. The center of the meso-combustor wasthstood higher thermal losses and thus moved much
characterized by a weaker CH* emission, while theloser to the wall.
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Fig. 10: Mean images of CH* chemiluminescence f@if at a total flow rate of 3 NI/min). From left to hg
=0.58, =0.7 and =0.83. Arrows in the first image on the left indicate air atjen point (vertical
arrow) and exhaust port location (horizontal arrow). The internall igashown by the black line.
Instantaneous filtered images evidenced a tempofaMS value at planes 1 and 3 were shown here, Big. 1
and spatial variation of CH* emission. The zone o&nd Fig. 14.
highest CH* intensity was principally located inG
shaped region close to combustor wall. Such regias
sometimes observed to start more close to thecfxise
meso-combustor and to assume a spiral like shdpe. T
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 Meso-combustor, cut-view

temperature measured in the same region could stiggeig. 12: Cut-view of the meso-combustor showing the
the existence of a (quite unsteady) central heliegion location of the five planes for LDV
filled by hot combustion product. The hot centeion measurements.

could stabilize the flame between the cold intermall The isothermal flow field revealed a asymmetric

and its external boundary, giving rise to a heldase vortex structure as a consequence of the asymnagtric

zone having a spiral/C like shape. injection. The vortex center appeared displacenh fitoe

geometrical center and its position changed froemel

to plane. The highest turbulence fluctuations arghm

velocities were both observed at a radius of ~2immn

anular region confined in the upper right sectoplahe

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 regtiose

to the center of plane 1 much lower velocity flattans

Fig. 11: Instantaneous CH* chemiluminescence image¥ere observed. At plane 3 and close to the wall the
taken at two d|fferent t|me instants_ (ga.lr’ aZ|mutha| Ve|OCItIeS were St|” h|gh (10'15 m/S)heT
total flow rate of 3 Nl/min and=0.7). highest RMS values were concentrated in a anular

Isothermal time averaged flow field was measure§€Ctor located at a radius of ~2 mm and displaced
by LDV at 5 different plane along the longitudireadis counterclockwise respect to plane 1. RMS valuethef
of the meso-combustor. The measurements plane w&f@er of 1-2 m/s were observed close to the caittre
locate at 2.8, 4, 5.5, 7, and 8.2 mm from the head| MeSOCOMbustor. o _
see Fig. 12. A flow rate of 3 Nl/min of air wasénjed Under_ reactive conditions velocity measurements
through the tangential injection hole, without dgl WEre carried out only at plane 1 and close to thara
injection. The air injection velocity estimatedrindlow ~ [U€! injection side at locations: (x=2.0, y=0) ape2.5,
rate and injector diameter was about 70 m/s. Dubego Y=0)- For this experimental case propane was used a
available optical access LDV measurements have beli¢! while total flow rate and were respectively set to
carried out up to a radius of 2.5 mm. For brevilyyo 2 NI/min and 0.7. At point (x=2.0, y=0) the tangehti

the mean velocity vectors superimposed on the tot4locity component evidenced a bi-modal velocity
distribution, with maxima corresponding to a slovd (




m/s) and a fast gas stream (~10 m/s). At the sauime p
and under isothermal condition an approximatelcknowledgements
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