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Abstract —When burning fossil fuels and renewable energy
resources, greenhouse emissions (GHG) are emittedta the
atmosphere. One of the options to reduce GHG emissis is to
apply a magnetic field. The effect of a gradient maggtic field on
the gasification of renewable fuel and the combustn of volatiles
by applying the field to the bottom part of the swil flame with
recirculation is studied for the conditions of fietl-enhanced
reverse heat and mass transfer of paramagnetic flanspecies up
to the layer of wood pellets. The aim of researctotinvestigate the
magnetic field effect on swirling flame dynamics fo the
conditions of self-sustaining wood fuel combustiomand by co-
firing with propane flow.

Keywords —co-firing, magnetic field, swirling combustion,
wood pellets.

I. INTRODUCTION

For over one hundred years now it has been recednimat
electric and magnetic fields can be used to afféet

combustion processes in diffusion flames, for whitte
dominant factors influencing combustion are the gitsl
processes of diffusion and the mixing of the fuehfwith air.
Research has not been carried out on the interabgbween
the magnetic field and the swirling flame flows Hvit
recirculation that have been used for the stahitina of
combustion characteristics, reducing combustiorgtlerand
producing higher rates of mixing close to the ewtzle [8,
9]. The previous research on the combustion dyramic
renewable fuels downstream of the swirling flameaurstel
flow have shown that the swirling flame structureda
combustion efficiency of renewable fuel can be iicantly
improved and stabilized by using propane co-firevalftiles
[10, 11], increasing combustion efficiency and th&al heat
output downstream of combustor. Moreover, it isniduhat
for a fixed rate of propane co-fire, additional iopement of
combustion characteristics can be obtained usingagnetic
field control of swirl flame dynamics [12].

combustion behaviour of flames [1-6]. The AC and DC The motivation of recent research was to get meteiléd

electric field effects on combustion have receb#gn studied
extensively for different types of flames [1-3]. &de studies
show the field-enhanced improvements in combustith a
negligible energy consumption compared to the thépower
of flames. While early efforts considered that Implagy with
electric field effects on flames this interactiantte due to the
interaction between magnetic fields and ions inflime, it is
now acknowledged that the principal interactiomig to the

information about the applicability of a magnetield for
control of swirling combustion by comparing theldieeffect
on the combustion characteristics for the cond#iof self-
sustaining wood pellets burnout and for the coodgi of
propane co-fire using different rates of propandimo with
different thermal loads of the swirling flame flokrom the
results of the complex experimental research ofntlagnetic
field effect on combustion characteristics, thelgsia of the

paramagnetic and diamagnetic behaviour of the f|an{@eChanism of field effect on the combustion of weaigle fuel

compounds [4-7]: the paramagnetic flame specigsdan be
drawn toward the direction of increasing magnetieldf
strength, while diamagnetic flame species (CQ,® H, N,

(wood pellets) by co-firing with fossil fuel is aad out.

1. EXPERIMENTAL

CO,, HO, etc.) indicate a weak repulsion by magnetiodfiel e gigital image and sketch of the experimentht et-up
with ~ direct impact on the combustion conditionsyr the experimental investigations on the magriigid effect
Experimental studies and numerical modeling ofrttegnetic ,, the swirling combustion of volatiles releasedinty the
field effects on the different types of diffusiolarhes indicate p,nout of discrete doses of wood pellets (250-8)0is
that the magnetic field effect on the flame depeadsthe ghown in Figures 1.a,b. The main component parts of
volume magnetic susceptibility of paramagnetic angxperimental device are: wood fuel gasifier (1)ppgane
diamagnetic flame specie_sl’vl,_magnetic induction®) and  ,,rner (2) and combustor (5) that can be composed o
gradient (B/dz). Magnetic field effect can be mostly yifferent numbers of water-cooled sections withalomlets
attributed to the field-induced mass transfer afapsagnetic (6) and outlets (7) of cooling water flow for cafetric
oxygen (oxygen wind) towards the regions of stonNgeneasurements downstream of the flame channel fitve
magnetic fields [6,7] because of higher magnetseentibility \yater-cooled sections are separated by the didgreesttions
of paramagnetic oxyger-2*10°) in comparison witht, for  (g) wth orifices for the diagnostic tools. Fourdial air
diamagnetic species that ha¥gof order (-0,2-0,5)*18. S0 16571es (3) are used for a primary air supply befoevwood
far, the dominant experimental research of the magriield |3yer to initiate the wood fuel gasification. Thecendary
effects on combustion mostly refers to the magresittrol of swirling air supply is provided above the wood kaysing
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two tangential inlets 3 mm in diameter (4). Thenagder D of
the combustor is 60 mm, while the total length L thé
experimental device depends on the number of wateled
sections and could be increased up to 700 mm. Agm®
flame burner (2) is used to initiate gasificatioh discrete
doses of wood pellets (up to 365 g), which at tiigai stage
of the wood fuel gasification fill the gasifier wp the inlet of
the propane flame flow.

Fig. 1. The digital image (a) and sketch (b) ofilatlevice for experimental
study of the magnetic field effect on wood fuel d¢arstion.

The experimental research of the magnetic fieldcefbn the
combustion characteristics of the wood fuel by idog with
propane comprises complex research of the magdiaticeffect
on the flame dynamics, processes of heat productiod
combustion of the volatiles at different rates aigane co-fire,

1000 s after ignition of volatiles, when a moremmunced
magnetic field effect on the swirling flame flowdstected.

IIl. THE EXPERIMENTAL RESULTS AND DISCUSSION

As it is noticed above, the magnetic field effect the
formation of the swirling flame reaction zone isudiéd
experimentally for the conditions of the self-sirtay wood fuel
burnout and for the conditions, when the differeates of
propane co-fire are used to provide stabilizatibreambustion
conditions during the burnout of renewable fuel.r Rhe
conditions of self-sustaining wood fuel burnoubfpe0), a shape
of the undisturbed flame velocity profiles is irfhced by the
formation of the flame recirculation zone, extegdip to the
L/D=3-4 with a minimum value of the axial flow velocitiose to
r/R=0,7, where the recirculation of the hot productsgietely
balances the axial flow of volatiles released dythe wood fuel
gasification (Fig. 2.a). The peak swirl motion bé tundisturbed
swirling flame flow is fixed close to the channehlis (r/R=0,8)
(Fig. 2.b). The propane co-fire with an increassd of propane
supply and correlating increase of the thermal tafattie swirling
flame reaction zone disturbs a shape of the flamlecity
profiles.
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different stages of the wood fuel burnout. The lloca 228 et
measurements of the axial and tangential flamecitg) flame 2 17 / N
temperature and composition are carried out usiagliagnostic S 1' 5 ., !/

sections with orifices (8) by introducing differadiagnostic tools 'g i o /

(Pt-Pt/Rh thermocouples, gas sampling probe and take) into E 0,7 /

the flame reaction zone. The local measurementseoflame 02 4=——

velocity and composition are provided using a gedyaer Testo -0,3 E_ID EIEI .

350-XL with the time interval between measuremerntsl s,
determining the local average values from about
measurements of the flame velocity and composition.

To provide the experimental study of the magnétid feffect
on the main characteristics of the flame reactionez a wood
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fuel gasifier is placed between the poles of thenpaent magnet Fig. 2. The effect of propane supply on the fororatf the velocity profiles

(9). The permanent magnet provides a relativelykield with a

peak value of a magnetic field induction (B) u®d8 T close to
the poles at the bottom part of the permanent nhagka mean
axial field gradient up to dB/dz = 1,6-1,8 T/m. gy the wood
fuel burnout the upper part of the wood biomasshkmitbm part
of the swirling flame flow gradually slows down tams the
bottom part of the gasifier at the mean rate of @@ mm/s and
approaches the poles of the permanent magnet at &890 s-

of the flame reaction zone (L/D)=2,5.

As follows from Fig. 2.a, an increased rate of @ co-fire
restricts the recirculation and slows down the Ismiotion close
to the flame axis.

The presence of gradient magnetic field that catlmereverse
axial motion of the paramagnetic flame speciese (fo@ygen)
upstream to the wood layer results in significdrgnges of swirl
flame behaviour and flow dynamics with a direct &mpon the
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average values of flame velocity compounds. A damtifeature load of the swirling flame flow results in a moreopounced
of the magnetic field effect on the flame velodigld is the decrease of the axial flow velocity with enhancedtlsmotion
magnetic field-induced brake of the axial flow @ty (Fig. of the flame reaction zone.

3.a,c) with a field-enhanced increase of the aeexadue of the

swirl velocity and swirl number of the flame reaatizone (Fig. 1.3
4.a,b), indicating that magnetic field variatiorfsttee swirl flow a
dynamic promotes an increase of the residencedfmeactions =
(t=L/v4) with an enhanced mixing of the flame compounds. é’ L
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—— -4 prop -0, Fimin: B=0 Fig. 4. The variations of the magnetic field effect on éverage values of the
wax-3 prop. 0.7 B axial and tangential velocity compounds and switmber of the flame
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flame channel flow.
2,5
w 2 i The variations of the magnetic field effect on thew
£ T e ] dynamics at different rates of propane co-firelisely linked
%" 1.8 to the variations of combustion conditions in thanfe
= 1 reaction zone. There are several factors that shiogv
> 05 influence on combustion conditions. First, by imgiag a rate
a of propane co-fire and a thermal load of the swniliflame

flow, the field-enhanced reverse axial mass tranggfeto the
wood layer is associated with interrelated heamndfier
promoting the field-enhanced wood fuel gasificatiblext, in
accordance with the Arrhenius reaction rate eqoatiee rates
of reactions are very sensitive to the local variat of the
flame temperature and composition. Therefore, tiedd-f
Fig. 3. The magnetic field-induced variations aftepe of the flame velocity enhanced heat/mass transfer up to the wood layér figid-
fngf'Leusmigu‘:'(f;‘?rte:teBag?;ogfsf’L?ﬁi”gog?fggof;‘“em stages of the wood enhanced wood fuel gasification promotes the faster
combustion of the volatiles downstream of the sagriflame

flow. Moreover, the field-induced swirl motion proies the
enhanced mixing of the axial flow of volatiles wighreverse
axial flow of free oxygen with direct impact on thates of

1] 10 20 30
Radial digance,mm

—— vy -, prop.- 0,260 min; B=0
wax-4 prop.0.86min;B

As follows from Figures 3 and 4, the field effect the flow
dynamics is very sensitive to the variations ofganee co-fire
— an increased rate of propane co-fire and incce#sermal
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reactions. Finally, the field-enhanced variatioristt®e axial field-enhanced increase of the mass fraction at the
flow velocity show a direct impact on the resideicee of primary stage of the wood fuel gasification (t <05) and
reactions @L/v,,), completing combustion of the volatiles forreduction below 100 ppm during the field-enhanced
the conditions, when the field-enhanced flow revgrslows burnout of volatiles is observed for CO. It indieatthat
down the axial flow of volatiles. magnetic field promotes cleaner combustion of themodv

The kinetic study of the field-induced variationsasa fuel with correlating increase of the average valoé the
fraction of volatiles (H) in the products during the wood fuelvolume fraction of C@ and temperature of the flame
burnout (with appropriate estimation of the fiekfeet on the reaction zone (Fig. 6).
average values of the mass fraction of volatileshim flame The magnetic field-induced variations of the flame
reaction zone (L/D=2,5) at different thermal loadk the characteristics show the impact on the local ratedO
swirling flame flow) confirms that the field-enhatreverse formation and the average values of temperatursiteea
axial heat/mass transfer up to the wood layer tednl an thermal NO in the flame reaction zone (Fig.6). The
enhanced wood fuel gasification. The resulting fgagion is  principal source of NO formation via the Zeldovich
increasing the average values of the mass fraatiothe mechanism is the oxidation of molecular air nitroge
volatiles (H) in the flame reaction zone (Fig. 5.a), completinghrough  two-stage reactions (O3NNO+N and
combustion of the volatiles downstream of the flathannel N+O,<>NO+Q). In accordance with this mechanism, a

flow. rate of NO formation is highly limited by the firstep
reaction, determining a break-up of the nitrogeiplér

2000 bond with high energy of activation (E/R=38000) and

E . g low-rates of reactions k=Aexp(-E/RT) below 1600K3]1

= 1500 n, Moreover, it should be noted that NO formation het

= \ flame reaction zone is a result of competing

k= 1000 . thermodynamic, chemical and fluid dynamic factors,

é -\ depending on the fuel-air equivalence ratio, degode

P fuel-air premixing the inlet air temperature, thesidence

_5."_3 \ time in the flame reaction zone and flow velociBar the

= 0 . . '-: . conditions of swirl-enhanced mixing of the flame

compounds with air excess in the flame reactioneztive
o1 o015 02 025 03 main factors, determining the rate of NO formatiamd
average value of NO in the flame reaction zone the
flame temperature and the residence time in thendla
reaction zone {L/v,,). Both of these factors show the
+ HZB=0 H2 BiL=155mm influence of the average value of NO in the flareaation
zone, when the magnetic field is applied to themia
promoting the variations of the flame flow dynami&sg.

thermal load,MJ

annm . 3, 4) and flame tempt_arature (Fig. 6.). It shouldrmted
E b that for the conditions of low-temperature staged
= ROO0 combustion downstream of the flame reaction zohe, t
= peak values of NO are relative low (80 ppm) andnadd
.% 4000 i exceed acceptable limit for wood fuel combustio®Q3
= | 350 ppm).
b | Finally it should be noted that the dominant field-
@ 2000 '_;' [ E | induced increase of the average values of the main
= _‘it _ .y .-l, products and flame temperature correlates with@etese
04 ' - e of the air excess in the flame reaction zone (Big.The
1] 400 800 1200 1600 local measurements of the flame composition hawevsh
time,s that the more pronounced decrease of the air excess
—+— F=10mm,B=0,prop.0 occurs close to the channel walls, where the peskes
Hz ,R=10mm,B prop 0 of the air excess with minimum value of the flame
—e— H2 B=0:prop.0.3Umin temperature correlates with a peak value of theuwal
Hz Biprop.0.% ¥min; L=215mm magnetic susceptibility of paramagnetic oxygen and

Fig. 5. The field-enhanced variations of the average valud; in the flame magnetic force, acting on the swirling flame flow.
reaction zone and time-dependent variations ofHhenass fraction in the
products during the burnout of volatiles.

As follows from (Fig. 5.b) the mass fraction of atiles

(H,) in the products due to the field-enhanced wooel fu
burnout (t>800 s) can be reduced below 100 ppm.il&im
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IV. CONCLUSIONS

The present study has revealed that the gradieghetia
field-enhanced reverse axial mass transfer of pagaetic
oxygen results in interrelated variations of contioms
dynamics indicating that the magnetic field effemt the
swirling flame formation can be used to provideteolnof the
flow dynamics, flame temperature and compositioasdzl on
the results of experimental investigations at défe rates of
propane co-fire, the following conclusions haverbémwn:

- the field-enhanced reverse axial heat/mass transfer

paramagnetic oxygen up to the wood layer with an
increased the thermal load of the flame reactiomezir
the conditions of propane co-fire promotes the dfiel
enhanced wood fuel gasification with enhanced selez
the volatiles (CO,k) during the primary stage of the swirl
flame formation. Moreover, the magnetic field-enteah
variations of flame recirculation zone increasesask of
CO emission from 2500 ppm up to 8000 ppm andré
2500 ppm up to 10000 ppm;

the magnetic field-enhanced variations of the flame
velocity compounds with field-induced brake of tweal
flame velocity and enhanced swirl motion resultdiéfd-
induced variations of the residence time of reastiand
swirl-enhanced mixing of the flame compounds,
completing combustion of the volatiles with intesesi
releases of C& NO,. (CO, increase from 14% up t016%,
NO, from 80 ppm up to 90 ppm).
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Inese Barmina, Maija Zake, Vera KriSko, Marti n3 Gedrovis. Koksnes granulu un profana lidzsadedziaSanas procesa izmaias magretiskaja lauka

Ir veikti kompleksi nehomama magitiska lauka ietekmes gtifjumi uz kombirgtu atjaunojara kurinama (koksnes granulu) un fosilkurinama (propana)
degSanas procesiem liesmas vipbisma pie lauka konfiguicijas, kas veicina paramagiiska skabela parnesi virziea uz gazifi€éjamas biomasas virsmu.
Petijumi apvieno liesmas dinamikas, degSanas prodektypérairas un sadtva izmaihu merjjumus magatiska lauka un liesmas mijiedatins proces mainot
propana un papildus siltuma padevi liesmas vighisma ar nerki noskaidrot iesgjas izmantot magtiska lauka un liesmas mijiedatims efektus kombita
degSanas procesa kontrolei un régahai. Rtjumu rezulsta ir konstagéts, ka maggtiskais spks izraisa savstagp saisftus siltuma/masasameses procesus
virziena uz gazifi¢jamo koksnes granulu virsmu, intensifict paramaggtiska skibekla aksilo masas frnesi lauka gradienta virzienuzlabojot koksnes
granulu gazifiliciju un gaistoSo savienojumu veidoSanos degSanasega pirmaj stadip. Magretiska speka izraista virpulplismas akala atruma
samaziasaras ar vienlaitgu plismas virpla skaita palieliiSanos nodrosina pilgaku gaistoSo savienojumu sajaukSanos un sadegduin. Intensifigiot gaisa
un gaistoSo savienojumu sajaukSanos, nedaudzipadigemperatras recirkuicijas zonasargja dda, kura vérojams neliels gpelda oksdu koncenticiju
pieaugums.

Huece Bapmuna, Maiis 3ake, Bepa Kpbimiko, Maptuabmn I'enpoBuy. MU3MeHeHHs KOMOMHHPOBAHHOIO IPOLECCa TOPEHUs! APEBECHBIX IPaHyJd H
NMponaHa B MATHUTHOM HoJie

bbuti npon3sBesicHbl KOMILIEKCHBIC HCCIICIOBAHHUS O BIMSHUM HEOAHOPOJHOTO MarHWTHOTO I0JIS HAa KOMOMHMPOBAHHBIH MPOILECC TOPEHUs BO30OHOBIISIEMOTO
HCTOYHUKA SHEPrHH (JPEBECHBIX TIPaHyJI) BMECTE C HEBO30OHOBISIEMBIM HCTOYHHKOM 3Heprud (MpONaHa) B 3aKpy4CHHOM IUIAMEHH. MarHutHOe MOje
obecrieunBaeT ABIKEHHE NMApaMarHUTHOTO KHMCIOPOJa K MOBEPXHOCTH OMoMacchl. Bo BpeMst B3aUMOEHCTBUS MarHUTHOTO TIOJIS C IJIAaMEHEM, MEHss Mojady
HPOIaHa B BUXPEBOM IIOTOKE IIAMEHH, ObLIM IPOU3BEJCHBI 3aMEPhI 110 M3MEHECHHIO AMHAMMKH IIaMEHH, TEMIIEPAaTyphl M COCTaBa MPOAYKTOB ropenus. Llensb
JTAHHOTO HCCIEIOBAHHS H3yYUTh BOSMOXKHOCTH HCIONB30BaHUA d()(HEKTOB B3aUMOACHCTBHSA MATHHTHOTO IOJS C IUIAMEHEM IJISI KOHTPOJIS H PEryInpOBaHUS
KOMOMHHMPOBAHHOTO IpoLiecca ropeHns. B xoze nccienoBanns GbUIO KOHCTATHPOBAHO, YTO MAarHUTHAS CHIIA BBI3BIBACT B3aHMOCBS3aHHbIC TEIUIOBbIC/MAacCOBbIC
HPOLIECCHI TIEPEHOCa B HANPABICHUH Ta3sU(HIMPYeMOH MOBEPXHOCTH APEBECHBIX I'PaHYN, TAKUM OOPa30OM YCKOpsAS aKCHAIbHBINA MEPEHOC IapaMarHUTHOrO
KHCIIOPO/Ia B HAIIPABJICHUH ACHCTBHUS IPafAUCHTa MATHUTHOTO IIOJIA, yoydIlas Ta3u(HKanuio APEBECHBIX IPaHyI X 00pa30BaHHe JICTYYHX BEIIeCTB Ha HauaIbHOU
cTaauu ropeHus. B cBoto ouepeb, yMEHbIICHHE aKCHAIBHOH CKOPOCTH BUXPEBOTO MOTOKA C OAHOBPEMEHHBIM YBEIIMUCHHEM ITapaMeTpa 3aKpPyTKH, BEI3BAHHOE
BJIMSSHUEM MarHUTHOTO MOJs, 0OECHEYHBacT YIY4YIICHHOE CMEIIMBAHHE U TOPEHHE JIETy4YMX BEIIECTB. YCKOpss CMCIIMBAHHME BO3JIyXa M JIETYYX BEIIECTB,
HEMHOTO YBEINYHBACTCS TeMIIEpaTypa BHEIMIHEH CTOPOHBI 30HBI PELHPKYIIIHY, B XOAE YEero HAaOII0JAaeTcsl HeOOIbIIOE TIOBLIIICHNE KOHIICHTPAIUU OKCUIOB
asora.
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