THE MAGNETIC FIELD EFFECT ON THE SWIRLING COMBUSTION OF THE RENEWABLE FUEL 

Magnētiskā Lauka Ietekme uz Atjaunojamo energoresursu DeGŠANAS PROCESIEM VIRPUĻPLŪSMĀ

I. Barmina, I. Bucenieks, M. Gedrovics, V. Krishko, M. Zake 

Keywords: co-firing, emission reduction, magnetic field, swirling combustion, wood biomass
Introduction

The global debates on climate change and global warming that can be related to an increased rate of the consumption of energy from fossil fuel [1] have challenged nations to develop both alternative and carbon-neutral sources of energy. Renewable fuels are therefore becoming attractive to many governments, who are beginning to see sustainable energy independence as a valuable asset. In this account, with the aim to provide cleaner and more effective heat energy production, the recent research relates to the experimental study of combustion of renewable fuel (wood biomass), using the propane co-fire and swirl-induced stabilization of the flame reaction zone. For the additional control of the formation of the flame reaction zone a non-uniform downstream decreasing magnetic field effect on the swirling flame dynamics, mixing rate of combustion species, heat production rate and composition of polluting emissions has been thoroughly investigated. Much research on this interaction has taken place in Japan and results from these studies suggest a new way to control combustion [2-4]. These researchers have found that the presence of magnetic fields have caused significant changes in diffusion flame behavior, such as changes in radiative emissions from the flame, changes in flame shapes and sizes.

The experimental study of the diffusion flame response to the magnetic field has shown that the application of the gradient magnetic field indicates a way to induce greater entrainment of oxidizer towards the flame and so provide a 

means to control combustion behavior. The flame structure and its luminosity were found to be influenced and the flame length decreased with the application of the vertically decreasing gradient magnetic field [5] that produces the magnetic force (fmagn), acting on the paramagnetic flame species, such as O2, NOx that are drawn towards higher magnetic field strengths. Nitrogen, carbon dioxide and most hydrocarbon fuels are examples of diamagnetic substances and are repelled by stronger magnetic fields. Thus, the behavior of these gases in the magnetic field suggests a new scientific method of analysis and separation in gases, using the magnetic field.  At present magnetic control of air flow and combustion (magneto aerodynamics or magneto combustion respectively) with application to the different types of the flames is a new research area, and requires further detailed analysis. The focus of the resent research on the magnetic support of combustion relates to the detailed study of the magnetic field effect on swirling flame flows of the renewable fuel –wood pellets to better understand the mechanism of interaction between the swirling flames and non-uniform magnetic field. 
Experimental 

The experimental study of the magnetic field effect on the swirling flow dynamics and composition of the products is carried out, using the experimental device that is composed of the stainless gasifier (1) and water-cooled sections of the combustor (2), downstream of which the swirling flow field is developing (Fig.1) [6]. The discrete doses of the wood pellets (up to 320 g) are inserted into the gasificator up to the inlet port of the propane flame flow (3) that is used to initiate the wood fuel gasification and complete the burnout of the volatiles. A height of the wood pellets in the gasificator at the initial stage of the flame formation is about 150 mm. Both the primary and secondary airflows were supplied by a compressor and were injected by tangential inlets. The primary air at a rate 38 l/min is supplied below the wood fuel layer (4) with the aim to initiate the wood fuel gasification, while the secondary air swirl at a flow rate up to 70 l/min is supplied above the inlet port of the propane flame flow (5), providing the gradual mixing of the swirling air flow with the flow of volatiles and gradual burnout of the volatiles. 

The upper part of the gasifier was inserted into a transversal magnetic field (6) that was created by the two pairs of permanent magnets, producing a non-uniform, downstream decreasing magnetic field along the flame reaction zone with mean axial magnetic field gradient dB/dz ≈ 0,8-1T/m (Fig.1,2).
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Fig.1. The experimental device with magnetic field applied to the upper part of the wood fuel gasifier
1 – wood pellets gasifier; 2 – water-cooled sections of the combustor; 3 – inlet port of propane flame flow; 4 – primary air supply; 5 – secondary air supply; 6 – permanent magnets, producing a non-uniform, downstream decreasing magnetic field; 7 – diagnostic sections

The magnetic field effect on the flame formation and fuel burnout was estimated, providing the complex measurements of the combustion and emission characteristics at the different stages of the swirling flame flow formation, providing the comparison of the flame characteristics for B=0 and for the conditions, when the transverse magnetic field was applied at the bottom of the flame axis. The complex measurements of the flame characteristics include the local measurements of the flame temperature, using [image: image1.png]


the Pt/Pt-Rh thermocouples, flame composition and velocity, using the gas analyzer Testo -350X/454 and the rate of heat production with continuous data monitoring and recording, using the date recording plate PC-20. The combustion and emission characteristics are recorded with time interval of 1 second between the measurements. 

Fig.2. Axial and radial distribution of the magnetic field

The experimental results and discussion

Combustion of the wood pellets starts with wood fuel gasification and ignition of the volatiles that is excited by the additional heat supply with propane flame flow into the upper part of the wood fuel, completing combustion of the volatiles and increasing combustion efficiency (Fig.3). The enhanced burnout of the volatiles for the conditions of the propane co-fire at rate of 30% (0,83 l/min) from the total heat value released during the biomass co-fire results in a decrease of the average value of CO in the products from 420 ppm with no propane co-fire below 300 ppm, increasing the total amount of produced heat during the burnout of the volatiles from 1,6 up to 2,4 MJ. The relatively negligible effect of propane co-fire is observed on the rate of NOx formation, increasing the mass fraction of NOx in the flame reaction zone from 53 ppm up to 58 ppm.
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Fig.3. The effect of propane co-fire on the flame composition and combustion efficiency

Combustion dynamics of the swirling flame of the volatiles is highly influenced by the swirling air supply above the layer of the wood fuel, determining the shape of the flame velocity profiles and the rate of the mixing of swirling airflow with the axial flow of volatiles, released during the wood fuel gasification. Typical shape of the velocity profiles for the cold conditions close to the air nozzle (L/D ≈ 0,5, where L – length of experimental device, D – diameter of experimental device) indicates the formation of the high axial and tangential flow rates close to the channel walls (R = 30 mm, where R – radius of experimental device) with minimum value of the axial flow and tangential flow rates close to the flame axis (R ≈ 10 mm). The swirling flame formation after ignition of the volatiles results in the variations of the flame velocity profiles (Fig.4-a-d). By analogy with the formation of the flow velocity profiles for the cold conditions, at the initial stage of the swirling flame channel flow formation (up to L/D = 1) the peak value of the axial and tangential velocity compound is fixed close to the channel walls (Fig.4-a, b). The measurements of the formation of the flame velocity profiles at different distances from the air nozzle have shown that the swirling flow field formation is influenced by the recirculation of the flame compounds, resulting in a gradual decrease to the minimum value of the axial flame velocity. The minimum value of the axial flow velocity close to the flame centerline is fixed at the distance L/D ≈ 2 from the air nozzle. Further downstream (L/D>2) the axial and tangential flame velocity compounds close to the flame axis starts to increase with radial expansion of the flame reaction zone and correlating decrease of the axial and tangential flow velocity compounds along the airside part of the swirling flame flow (Fig.4-c,d).
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Fig.4. The formation of the swirling flame velocity profiles at the different stages of the wood fuel burnout and distances from the air nozzle

(2: 500-700s; 3: 700-900s; 4: 900-1100s; 5: 1100-1300s; 6: 1300-1500s)

In accordance with [5] the magnetic force, acting on the paramagnetic flame compounds for the conditions, when the upstream increasing magnetic field is applied to the flame, depends on the magnetic field gradient (dB/dz) and can be approximately estimated as:
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Here: μ0 is the permeability of free space and Χi is the magnetic susceptibility of paramagnetic flame species.

The species that have no unpaired electrons generally have negative values of susceptibility χi and are diamagnetic in nature. Whereas, elements with unpaired electrons have positive values of susceptibility and are paramagnetic in nature. The highest magnetic susceptibility χox=2,09*10-6 is fixed for the paramagnetic oxygen. Therefore, the dominant magnetic field effect on the combustion dynamics can be related to the field-induced mass transfer of the free oxygen. Moreover, for the paramagnetic flame species B*dB/dz must be comparable with dynamic pressure of the convective flow – must be of order 100vax2 [5]. Here, it can be noticed that the magnetic field effect on the paramagnetic and diamagnetic flame species can most likely be observed for low velocity flows. 
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Fig.5. The magnetic field induced variations of the flame velocity profiles at different stages of the wood fuel burnout

 (4: 800-1000s, 5: 1000-1200s)

The experimental study of the magnetic field effects on the swirling flame formation and combustion characteristics of the wood fuel confirm that the most pronounced magnetic field effect on the flame velocity profiles is detected close to the flame recirculation zone (L/D ≈ 2), where the axial flow velocity approaches to the minimum value, promoting the field-enhanced reverse axial mass transfer of the flame species towards the higher magnetic field induction- upstream to the surface of the wood layer and the radial mass transfer to the water-cooled channel walls with dominant mass transfer of the paramagnetic oxygen. The field-enhanced radial and reverse axial mass transfer of the paramagnetic oxygen disturbs the shape of the flame velocity profiles, decreasing the axial and tangential flow velocity compounds (Fig.5,a-d). As one can see from Figure 5, the most pronounced magnetic field effect on the shape of the flame velocity profiles is detected close to the airside part of the swirling flame, where the volume fraction of the free oxygen for the undisturbed flame flow approaches to the peak value with correlating increase of the magnetic susceptibility of the volume fraction of oxygen, while decreases the flame temperature, so decreasing the effect of the flame temperature on the paramagnetic properties of the free oxygen:  χox ≈ C/T (C-Curie constant) (Fig.6).
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Fig.6.  Typical shape of the flame composition and temperature profiles during the wood fuel burnout

(3: 800-1000s, 4: 1000-1200s)

The field-enhanced reverse axial and radial mass transfer of the paramagnetic flame species results in a an enhanced mixing of the reverse mass flow of oxygen with the axial flow of volatiles, released during the wood fuel gasification, so completing combustion of the volatiles at the initial stage of the swirling flame formation. Consequently, the results show that the field-enhanced wood fuel combustion correlates with an increased rate of CO2 production and combustion efficiency with radial expansion of the flame reaction zone and the formation of increased air excess close to the channel walls. The relative variations of the shape of the flame composition profiles and combustion efficiency have shown that the most pronounced variations are detected along the airside part of the swirling flame flow – in a range from R = 10 mm up R = 25 mm (Fig.7). 

Moreover, the field-induced increase of the rate of CO2 production correlates with a decrease of the average mass fraction of CO and H2 in the products during the wood fuel burnout, decreasing the average mass fraction of CO from 300 ppm for the conditions of undisturbed flame flow below 220 ppm (at about 28-30%), the average mass fraction of free hydrogen decreases from 180 ppm for B=0 to 115 ppm for the conditions, while slightly increases the flame temperature (at about 3%) and average mass fraction of NOx (at about 7%) that is produced during the burnout of the wood fuel for the conditions, when the magnetic force acts on the flame. In addition, the measurements of the heat energy (Q) produced up to distance 265mm from the air nozzle show the field-enhanced increase of the Q from 1,6 MJ for B = 0 up to 2,38 MJ for the conditions of the field-enhanced reverse axial mass transfer of the free oxygen up to the surface of the wood pellets.
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Fig.7. The magnetic field effect on the variations of profiles of flame composition and combustion efficiency

Hence, the results show that the magnetic field effect on the flame characteristics can be used to provide the additional control of the combustion dynamics of swirling flame, promoting the interrelated variations of the flow dynamics, process of heat/ mass transfer and the rate of the burnout of the wood fuel species. It should be noticed that the magnetic field promotes a slight increase of the rate of NOx production downstream of the swirling flame flow that can be related to the field-induced variations of the flame temperature and local variations of the free oxygen. The results show that for the conditions of strongly swirled airflow (S = 0,8-1,5) at the nozzle outlet a gradual mixing of the flame components downstream the swirling flame channel flow low-temperature results in low temperature staged combustion by limiting a rate of the temperature-sensitive NO production.  Therefore, the average mass fraction of NOx in the flame reaction zone does not exceed 60-70 ppm (≈150 mg/m3) that is quite acceptable value for the wood fuel burnout.

Conclusions

The most pronounced magnetic field and flame interaction is observed mainly in flame recirculation zone, where formation of the recirculating flow generates decrement of flame velocity and axial dynamic pressure, intensifying paramagnetic oxygen transfer and changing the dynamics of the flame - tangential and axial velocity distribution of the flame burning area with completing combustion of volatiles.

The field-enhanced mixing of the flame compounds and combustion of the volatiles promotes a radial expansion of the flame reaction zone, decreasing CO and H2 mass concentration and increasing the CO2 volume concentration and total amount of produced heat.
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I.Barmina, I.Bucenieks, M.Gedrovics, V.Krishko, M.Zake, Magnētiskā lauka ietekme uz atjaunojamo energoresursu degšanas procesiem virpuļplūsmā. Ir veikti eksperimentālie pētījumi, lai noskaidrotu magnētiskā lauka ietekmi uz degšanas procesa dinamiku, siltuma/ masas pārnesi un degšanas produktu veidošanos liesmas virpuļplūsmā kombinētā propāna un koksnes granulu veidošanās procesā. Pētījumu rezultātā ir konstatēts, ka magnētiskā lauka un liesmas mijiedarbības rezultātā tiek intensificēta paramagnētiskā skābekļa pārnese virzienā uz degošo granulu virsmu, palielinot recirkulācijas plūsmas veidošanos un gaistošo savienojumu sajaukšanos ar gaisa virpuļplūsmu. Šī procesa rezultātā novēro degšanas zonas paplašināšanos ar intensīvāku gaistošo savienojumu sadegšanu, palielinot saražotā siltuma daudzumu, bet samazinot CO un H2 koncentrāciju, kā arī gaisa padeves pārsvaru degšanas zonā. Magnētiskā lauka un liesmas mijiedarbības procesā novēro arī nelielu NOx koncentrācijas palielināšanos degšanas zonā (≈5%) līdz 70 ppm (≈150 mg/m3), nepārsniedzot koksnes degšanas procesā pieļaujamās normas. 
I.Barmina, I.Bucenieks, M.Gedrovics, V.Krishko, M.Zake, The magnetic field effect on the swirling combustion of the renewable fuel. The experimental study of the magnetic field effect on the swirling flame flow formation by co-firing the wood fuel with propane is carried out with the aim to estimate the magnetic field effect on the flame dynamics, processes of heat/mass transfer and the formation of the flame composition. The results have shown that the magnetic force, acting on the flame flow enhances the mass transfer of paramagnetic oxygen in a field direction- to the surface of burning wood fuel by enhancing recirculation with the reverse axial flow formation and more intensive mixing of the flame compounds. The field-enhanced mixing of the flame compounds and combustion of the volatiles promotes a radial expansion of the flame reaction zone, completing burnout of the volatiles and increasing the total amount of produced heat. In fact, the field-enhanced burnout of the volatiles so promotes a slight increase of the mass fraction of NOx (≈5%) - up to 70 ppm (≈150 mg/m3) that is quite acceptable value for the wood fuel burnout.
И.Бармина, И.Буцениекс, М.Гедрович, В.Крышко, М.Заке,  Эффект магнитного поля на закрученное горение возобновляемого топлива. Приведены результаты экспериментальных исследований воздействия магнитного поля на закрученное пламя, образующееся при одновременном сжигании древесины и пропана. Исследования проведены с целю выяснения механизма воздействия магнитного поля на газодинамику закрученного потока пламени, процессы тепломассопереноса и горение топлива. В ходе комлексных экспериментальных исследований установлено, что магнитное поле интенсифицирует рециркуляцию в закрученном потоке пламени с интенсификацией массового переноса парамагнитного кислорода в направлении действия поля – к поверхности твердого топлива, что приводит к лучшему перемешиванию компонентов смеси с более полным сгоранием топлива, увеличению количества производимого тепла и расширению зоны горения. В результате интенсификации процесса горения обнаружен небольшой рост концентрации  NOx (≈5%) до 70 ppm (≈150 мг/м3) в зоне  горения,  что однако не превышает допустимых норм азотных выбросов при горении древесины. 
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