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Introduction

The application of swirl combustion with high swirl intensity and toroidal
recirculation zone has been extensively used for efficient and stable combustion in
industrial furnaces, utility boilers and heat exchangers. The numerical simulation of
the premixed, non-premixed and partially premixed swirling flame flows are carried
out and analyzed [1-3] in order to determine the role of swirl on the swirling flow
field formation and its influence on combustion processes and composition of the
polluting emissions. The results of CFD have shown that the degree of premixing
controls the thermal field uniformity, flame stability limits and corresponding
emission levels.

Moreover, global flame features and combustion emission levels are highly
affected by burner geometry and operational parameters determining the swirl
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intensity and the flow field that exhibits a very complex structure with high swirl
intensity near the walls and reverse axial flow formation. The previous research effort
refers to the experimental study of the non-premixed swirling flame formation by
varying operational parameters of the swirl burner — by varying the rates of fuel and
air supply and mixing rate of the flame compounds. An enhanced fuel flow and air
swirl mixing had been achieved by increasing the swirling air supply at a constant rate
of the axial fuel supply into the burner, thus enhancing the reverse axial flow
formation, completing the fuel combustion and by limiting the rate of soot formation
downstream the fuel-rich flame core [4]. The additional control of the flame
formation had been obtained by using the electric field effects on the formation of the
swirling flame flow field with direct influence on the recirculation of the hot products,
mixing rate of the flame compounds and combustion dynamics [5].

Actually, the experimental study of the electric field effects on the non-
premixed swirling flame formation have shown that the swirl-enhanced variations of
the recirculation can be used as a tool to provide control of the mixing rate of flame
compounds and residence time of reactions by enhancing or limiting the fuel burnout.

Recent experimental study is aimed at understanding of the electric field
effects on the formation of the partially premixed swirling flame velocity, temperature
and composition fields and basic mechanisms that control the interrelated processes of
the swirling flow dynamlcs fuel combustion and processes of heat/mass transfer,
depending on the bias voltage and polarity of the
axially inserted electrode.

Experimental device

The electric field effect on the combustion
dynamics is experimentally studied using an
experimental device that is composed of the swirl
burner and water-cooled sections of total length up
to 350 mm (Fig.1). Between the water-cooled
sections are inserted sections with orifices that
allow injection of different diagnostic tools
(thermocouples, Pitot tubes, electric probes, gas
analyzer probes) into the swirling flame flow and
provide the local measurements of the flame
' velocity, temperature and composition fields. The
six orifices of Imm in diameter inside the burner
nozzle are used to provide the radial fuel supply
into the burner that rapidly mixes with the
swirling airflow, injected into the bottom part of
the burner nozzle through the eight tangential
inlets of 3mm in diameter. Because of relatively
high swirl intensity of the flame flow at the burner
outlet (S=1), the formation of a toroidal
recirculation zone close to the burner outlet (L=5-
10 mm) is observed.
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The swirling flame flow from the burner outlet issues into the channel section
(Fig.1), downstream of which is axially inserted a steel electrode. The bias voltage
and polarity of the axially inserted electrode in this study can be varied in a range
from -3 kV up to +3 kV, while the ion current is limited to 0,2 mA. The
investigations of the electric field effect on the flame dynamics and fuel combustion
involve an experimental study of the field effects on the formation of the flame
velocity, temperature and composition fields, using a Pitot tube for local
measurements of the flame velocity, Pt-Pt/Rh (10%) thermocouples for local
measurements of the flame temperature and a gas analyzer Testo-350-XL for local
measurements of the composition of polluting emissions and efficiency of the fuel
burnout. The electric field effects on the heat transfer are estimated from calorimetric
measurements of the cooling water flow. All experimental data are recorded using the
data recording system PC-20TR. A high voltage DC source provides the requested
voltages and polarity of the electrodes.

Figure 1. The digital image of the experimental device: 1- swirl burner; 2-water-
cooled channel sections; 3- diagnostic sections with orifices for diagnostic tools.

Experimental results and discussion

A series of experiments were carried out in order to examine the basic
mechanisms, which control the combustion dynamics and the formation of polluting
emissions, when the DC electric field is applied to the swirl stabilized near-premixed
propane/air flame flow by enhancing or confining the axial and radial drift motion of
the positively and negatively charged flame species, such as C3H3+, C2H4+, C2H2+,
CHO', H;0", Oy, etc. with mean density of charged flame species in a flame reaction
zone up to ne,iz1018-1019 m™. The elastic collisions between the field-enhanced the
flame ions and neutral compounds result in momentum exchange by enhancing or
confining the interrelated processes of heat/mass transfer in a field direction with
direct influence on the flame shape and size (Fig.2) and so on the flame velocity,
temperature and composition profiles, local rates of reactions and processes of
heat/mass transfer.

U=+1,8kV




Figure 2. The digital image of the electric field effect on the shape and size of the
free premixed flame.

The digital image of the near-premixed free swirling flame flow close to the
burner outlet (up to L/D=2) shows the formation of a tulip-shaped pyrolysis zone with
an intensive blue radiation of C, (A=516 nm) and CH’ radicals (A=431.2nm) and the
formation of the central reaction zone, where dominates the infrared band radiation of
the main products (CO,, CO, H,O) (Fig.2.). With the electric field applied to the free
swirling flame flow are detected the variations of the flame shape, length and
radiation intensity (Fig.2.). Moreover, for the positive bias voltage of the axially
inserted electrode the electric field enhances the reverse axial flow formation along
the outside part of the flame towards the negatively biased surface of a burner. The
less pronounced variations of the flame shape are detected for the negatively biased
central electrode (Fig.2.).

The experimental study of the dynamics of the undisturbed swirling flame
channel flow indicates the high swirl intensity of the burner outlet flow (S=2/3
Vig/Vax=1) up to L/D=1,5, determining the reverse axial flow formation close to the
flame centerline with an intensive tangential flow formation close to the channel
walls. Typical shape of the velocity profiles close to the burner outlet (L/D=0,5) is
illustrated in Figure.3. As one can see from Figure 3, the typical feature of the
partially premixed propane/air flame dynamics is the formation of the outer shear
layer of the burner outlet flow (R>5mm) with pronounced gradients of the flame
velocity compounds, determining intensive turbulent mixing of the flame compounds
and combustion dynamics.

Vax, m/s Vig, m/s
4,3 4,44

4,4 -

4,36 -

4,32

S 4,28 -
Radial distance, mm

Radial distance, mm
4 ‘ 4,24 T

0 10 20 0 10 20

o L=30mm; vax,m/s * L=30mm, vtg,m/s

Figure 3. Typical shape of the swirling flame velocity profiles close to the burner
outlet (L/D=1,5).
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At the initial stage of the swirling flame flow formation- up to L/D=2 the most
intensive heat release with the peak flame temperature (T=1550-1600K) and peak
combustion efficiency is fixed close to the flame axis (R<10 mm) with correlating
increase up to peak value the mass fraction of the main products (CO,, NOy) (Fig.4.).

Further downstream is observed the radial flame flow expansion by increasing
combustion efficiency and mass fraction of the main products along the outside part
of the swirling flame flow (R>10 mm) Fig.4.).

The dominant feature of the electric field effect on the formation of the premixed
swirling flame dynamics is the enhanced formation of the reverse axial flow, promoting a
gradual decrease of the axial flame velocity for the positive bias voltage of the axially inserted
electrode (Fig.5.) and the radial flame expansion with enhanced radial mass transfer of the
flame species. The reverse field effect on the flame axial velocity is detected for the negative
bias voltage of the axially inserted electrode, when the electric field enhances the mass
transfer of the flame species downstream the flame axis, while slightly decreases the flame
length, as it is observed for the conditions of the free swirling flame flow (Fig.2.).
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Figure 4. The formation of the undisturbed flame temperature and composition profiles
downstream the flame channel flow.
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Figure 5. The electric field effect on the axial Figure 6. The electric field-enhanced
swirling flame velocity. variations of the heat production downstream
the flame channel flow

In contrary to the electric field effect on the non-premixed swirling flame
flow, for the conditions of the premixed swirling flame flow the field effect on the
mixing and burnout of the flame compounds is less pronounced and dominates the
field-enhanced variations of the radial heat transfer from the flame reaction zone to
the channel walls (Fig.6.), promoting a cooling of the flame reaction zone with direct
influence on the temperature and composition of the products. Moreover, the field-
enhanced reverse axial mass transfer promotes penetration of the cold airflow from
surrounding into a channel with swirling flame flow dilution. For such conditions close to
the
channel outlet (L=340 mm) is fixed a slight decrease of the temperature and mass fraction of
the main products (Fig.7.). It is interesting to note that for the positive bias voltage of the
axially inserted electrode downstream the shear layer slightly increases mass fraction of NO,
in the products (Fig.7.), indicating that the electric field promotes reactions that lead to the
NO, formation, developing at the air excess in the flame reaction zone: NO+O=NO..
Actually, the local measurements of the flame composition confirm that the field-enhanced
penetration of surrounding air into the channel results in an increase of the air excess in the
flame reaction zone that finally promotes the enhanced formation of NO,.
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Figure 7. The electric field effect on the temperature and composition of the products
at the channel outlet for the positive bias voltage of the axially inserted electrode.
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Barmina 1., Turlajs D., Zake M., Liesmas virpulplismas degSanas procesa dinamika elektriska
lauka

Ir veikti eksperimentalie petijumi, lai noskaidrotu areja elektriska lauka efektu uz ieprieks
sajauktas liesmas virpulplismas dinamiku ar mérki veikt degSanas procesa un degSanas produktu
sastava kontroli. Petijumu rezultati ilustrée elektriska lauka ietekmi uz siltuma un masas parneses
procesiem, kas nosaka liesmas virpulpliismas formu un izmeru, ka art liesmas atruma, temperatiiras un
degSanas produktu sastava sadalijuma veidosanos un ir butiski atkariga no aksiali ievietota elektroda
potenciala un polaritdtes. Rezultatu analize liecina par turpmako pétijumu nepieciesamibu kaitigo
izmeSu samazinasanai apkartéja vide ar degsanas procesu optimizacijas palidzibu.

Barmina 1., Turlajs D., Zake . Electric field effects on the swirling combustion dynamics

The experimental study of the electric field effects on the swirling partially premixed flame
combustion dynamics is carried out with the aim to provide control of the combustion efficiency and
composition of the products. The results illustrate the electric field effect on the processes of heat and
mass transfer, determining the swirling flame shape, size and also the formation of the flame velocity,
temperature and composition profiles, depending on the bias voltage and polarity of the axially
inserted electrode.Analysis of present situation shows necesserity for further investigations in field of
flue gasses mitigation by means of controlled and optimal combustion processes.

bapmuna H., Typnaiic /I., 3ake M. Bnuanue 31eKmpuueckozo nojia Ha OUHAMUKY 2OPEHUA
3aKpyuenn020 nomokKa.

Dxcnepumenmanvusie UCCICO08AHUA NO  GIUAHUIO DNEKMPUYECKO20 NOJA HA  OUHAMUKY
3AKPYYEHHO20, UYACTNUYHO NEePeMEeUanHoc0 NIaMeHU NpPOoGedeHHbl C  Yelbl0 KOHMpoas 3d
agppexmusnocmslo  npoyecco8 20peHus U Ccocmasom NpoOyKmos ceopauus. Pesynemamul
UCCe008aHUsl NOKA3LIBAIOM GNUAHUE IAECKMPUUECKO20 MO HA NPOYECChl MEniomMacconepeHocd,
onpedensiioujeco opmy u pamep 3aKpyYeHHO2O NIAMEHU, d MaKdce HA pacnpedeieHue npoguiei
cKopocmu, memnepamypuvl U npoOyKmo8 c2OpaHus 8 3d6UCUMOCIU OM NOMEHYUANa U NOIAPHOCU
AKCUANLHO  YCMAHOBNEHHOZ0 — INeKMpood. AHanu3  pe3ynibmamos NpoGeOeHHblX —UCCAe008aHU
nokazvléaem HeoOXo0UMOCHb OaIbHEUWUX UCCIe008aAHUL 8 O00NACMU YMEHbUEHUS KOAUuiecmed
BDEOHBIX BLIOPOCOB C NOMOUBIO KOHMPOIUPYEMO20 U ONMUMATLHO20 NPOYECCA 2OPEHUSL.
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