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Abstract — The focus of the recent experimental research is to
provide control of the combustion dynamics and complex
measurements (flame temperature, heat production rate, and
composition of polluting emissions) for pelletized wood biomass
using a non-uniform magnetic field that produces magnetic force
interacting with magnetic moment of paramagnetic oxygen. The
experimental results have shown that a gradient magnetic field
provides enhanced mixing of the flame compounds by increasing
combustion efficiency and enhancing the burnout of volatiles.
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I. INTRODUCTION

Worldwide, there is a growing interest in the use of
biomass. There are different reasons for this: employment
creation (biomass fuel plants create up to 20 times more jobs
than coal and oil), political (reduction of energy dependency,
observation of regulations) and environmental benefits
(climate protection) [1] and [2]. At the same time, the
utilization of biomass as an energy resource for the industrial
energy production systems is limited because of the dissimilar
structure, high moisture content and variations of the heating
values for different biomass types, and determining variations
of the combustion characteristics (flame dynamics, processes
of heat/mass transfer and kinetics of the biomass chemical
conversion) [3]. There are a lot of optimization possibilities
for combustion characteristics (control of air preheating,
combustion temperature, residence time of reactions, heat
distribution, etc.) that influence emission levels and energy
production efficiency in biomass heat plants [1]. One of the
options to control the process of the combustion
characteristics is the application of external forces (electrical,
magnetic) to the flame reaction zone. The previous
experimental study has shown [4] and [5] that application of
the external forces allows control of the flame formation of the
flame velocity, temperature and composition profiles,
determining the flame shape and structure, but interpretation
of the mechanism of the field effects on the flame dynamics
requires further detailed analysis.

Over the past twenty years, researchers from Japan have
found that the magnetic field can cause significant changes in
diffusion flame behaviour, such as changes in emissions from
the flames, changes in flame shape and size and the extinction
points [6], [7] and [8]. The complex experimental research of
the magnetic field effects on the swirling flame flow dynamics
during biomass combustion that is carried out in the Institute
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of Physics, University of Latvia [4] and [5] indicate that
application of the gradient magnetic field to the bottom part of
the flame reaction zone can be used to provide the enhanced
mixing of the flame species with a radial expansion of the
inner recirculation zone, increasing combustion efficiency and
burnout of the volatiles.

The motivation of the present study is to provide a detailed
study of the mechanism of the gradient magnetic field on the
swirling flame dynamics by varying the magnetic field
induction (B) and the external force (F) that is applied at the
bottom part of the combustor.

Il. LITERATURE REVIEW

Michael Faraday was the first who attributed the magnetic
field effect on the flame to the presence of charged particles in
the flame. Later Von Engel and Cozens showed that the
magnetic field effect on the behaviour of the flame could be
attributed to the field effect on diamagnetic flame gases in the
paramagnetic atmosphere [6] and [9]. The magnetic field
affects fluids that can exhibit paramagnetic and diamagnetic
behaviour. Oxygen (O,) and air are paramagnetic flame
species. These are drawn by the gradient magnetic force
towards higher magnetic field strength. The examples of
diamagnetic flame species are nitrogen (N,), carbon monoxide
and dioxide (CO, CO,), hydrogen (H,) etc. Unlike
paramagnetic flame species, diamagnetic are repelled by
stronger magnetic fields [9] and [10]. These behaviours of
paramagnetic and diamagnetic flame species could be
explained by magnetic susceptibility (x) (it is the measure of
the degree to which a substance may be magnetized). The
susceptibility of paramagnetic oxygen is higher than the
susceptibility of diamagnetic flame species: 30, ~ 10 and y ~
107 respectively [7].

When the magnetic field is applied, the magnetic force
acting on the flame species can be expressed with linear
dependence on the mass density and magnetic susceptibility of
chemical species i and square dependence on the gradient of
the magnetic flux density:

F= (%ﬂo jPYiZiV(BZ) (1)

Fi — magnetic force (N/m®),

Mo — magnetic permeability (H/m),
p— mass density (kg/m®),

7 — magnetic susceptibility (m*/kg),
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Y;— chemical species of mass fraction,

V(B? - the gradient of the square magnetic flux density
(T%m) [11] and [12].

Diamagnetic species that have no unpaired electrons
generally have a negative value of y, while paramagnetic
species with unpaired electrons have the positive value of ;.
The magnetic susceptibility of paramagnetic oxygen decreases
when temperature increases. In accordance with Curries law:

Xi=7 @

C — the Currie constant.

T — temperature.

In accordance with (2), the magnetic field effect on the
flame is influenced by local variations of the flame
composition and temperature, determining the local variations
of the Currie constant and magnetic susceptibility of the
paramagnetic flame oxygen. Moreover, the magnetic field
effect also determines the local variations of the flame
composition and temperature across the flame reaction zone.

I1l. EXPERIMENTAL SET-UP

An experimental set-up has been designed, which allows
the study of the axial magnetic field gradient effect on the
swirling flame formation and combustion volatiles that are
released during wood pellets gasification. A sketch of pilot
scale set-up for the experimental study is presented in Fig. 1.

Fig. 1. Pilot scale-up: 1 — biomass gasifier, 2 — propane flame nozzle, 3 —
primary air supply, 4 — secondary air swirl nozzle, 5 — coils of electromagnet,
6 — water-cooled combustor, 7 — diagnostic sections.

The experimental set-up consists of a biomass gasifier (1),
where different types of biomass pellets could be gasified. The
propane flame flow (2) is used to provide additional heat

energy supply into the pelletized biomass layer (250-300
grams) at an average rate of 1 kJ/s to initiate the thermal
decomposition of the biomass. Primary air (3) is supplied
below the pelletized biomass layer at the rate of 38 I/min to
provide biomass gasification; the secondary air (4) is supplied
above the biomass layer at the rate 65 I/min to provide
combustion of the volatiles. The secondary air supply provides
a relatively high swirl intensity with an average swirl number
S =~ 0.88-1, determining the formation of the inner
recirculation zone at the bottom part of the combustor. The
combustion of volatiles is developing downstream of the
water-cooled combustor (6) that is composed of three water-
cooled sections, separated by diagnostic sections (7). The
diameter (D) of the combustor is 60 mm, total length (L) 240
mm.

To provide the experimental study of the magnetic field
effect on the combustion dynamics of the volatiles, two
electromagnet coils (5) are used to produce the axial magnetic
field gradient (dB/dz) in a range from 0.03 T/m up to 0.2 T/m.
For the given field configuration, the magnetic force acts in a
direction reverse to the axial velocity of the swirling flame
flow at a nearly constant magnetic induction across the flame
radius (dB/dr = 0).
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Fig. 2. The radial distribution of the magnetic field induction in the flame
reaction zone at different distances from the bottom part of the
electromagnet.

Figure 2 shows the radial distribution of the magnetic field
induction in the flame reaction zone at different distances from
the bottom part of the electromagnets (0-105 mm),
determining a negligible effect of radial magnetic field
gradient on the mass transfer of paramagnetic oxygen.

The investigations of the axial magnetic field gradient effect
on the formation of the flame velocity, the combustion of
volatiles and composition profiles are carried out by varying
the peak magnetic field induction at the bottom part of
combustor in a range from 0.01 up to 0.05 T with correlating
variations of the magnetic field distribution downstream the
flame reaction zone and magnetic field force acting on the
flame reaction zone (Fig. 3).
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Fig. 3. The axial distribution of the magnetic field induction in the flame
reaction zone at different values of current in the coils of electromagnets.

For the local measurements of the flame velocity,
temperature and composition profiles of the diagnostic
sections with orifices (7a) are used by inserting the diagnostic
tools (Pitot tube, thermocouples, gas sampling probe) into the
flame reaction zone. The flame velocity and composition was
measured using the gas analyzer Testo-350 XL. The on-line
measurements of the flame temperature and heat production
rate downstream of the combustor are carried out using the
date recording plate PC-20. All measurements are carried out
with a time interval of 1 second, determining the local average
values from 10 measurements. The duration of experiments is
about 2400 seconds.

IV. RESULTS AND DISCUSSION

The local measurements of the formation of the swirling
flame velocity field have shown that the gradient magnetic
field enhances the reverse axial motion of the paramagnetic
oxygen upstream to the wood pellets layer providing
significant variations of swirl flame dynamics and the
formation of the flame velocity field (Fig. 4, 5).
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Fig. 4. The effect of the magnetic field gradient on the tangential flame
velocity profiles.
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Fig. 5. The effect of the magnetic field gradient on the axial flame velocity
profiles.

As follows from Figure 5, the gradient magnetic field
slows down the axial flame velocity by enhancing the
reverse axial mass transfer of paramagnetic oxygen with
field-enhanced recirculation and mixing of the flame
compounds with direct influence on the formation of the heat
production rate, as well as flame temperature and
composition profiles (Fig. 6-8).

The experimental study of the field induced variations of
the flame temperature profiles at the primary stage of the
swirl flame formation have shown that the field-recirculation
promotes a decrease of the temperature close to the flame
axis (up to 10-26%), increasing the temperature along the
outside part of the flame reaction zone, indicating the field-
enhanced gasification and combustion of the volatiles with a
radial expansion of the flame reaction zone (Fig. 6) and
correlating increase of the rate of heat energy production
downstream of the water-cooled combustor (Fig. 7).
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Fig. 6. The effect of the varying the peak magnetic field on the flame
temperature profile.



Scientific Journal of Riga Technical University
Environmental and Climate Technologies

2011
Volume 6

a -t~
4 s
i N A
e 2
=) 0 ~u
E 24 20 wdi il
1 , |
)
g i
[<
g -5
-1
1z
B.mT

e  T¢T(0) % t=40 200z, prop.
a— dO 0} %, t=40 U = crop
Fig. 7. The local field-induced variations of the flame temperature and heat

production rate during combustion of wood pellets by varying the magnetic
field strenght.

As follows from Figure 7, the maximum value of the field-
induced heat production rate with minimum value of the
temperature close to the flame axis is observed at B = 20-
30 mT.

The field-enhanced gasification and combustion of the
volatiles shows influence on the formation of the flame
composition profiles above the recirculation zone, close to the
flame axis (R = 0), indicating the field-induced increase of the
mass fraction of CO and CO, up to the peak value with
correlating decrease of the air excess in the products to the
minimum value at B ~ 20 mT.
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Fig. 8. The local field-induced variations of composition (CO,, CO, H,) of
wood pellets by varying the magnetic field gradient.

At a relatively high magnetic field strength (B > 18 mT),
the increasing swirling flow velocity downstream of the
combustor decreases the residence time of chemical reactions,
combustion efficiency, volume fraction of CO,, while
increasing the mass fraction of unburned flame species (CO,
H,) and air excess in the products (Fig. 8, 9).
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Fig. 9. The air excess variations by changing magnetic fiel gradient.
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Fig. 10. The variations of the magnetic field effect on O, and CO, particles
concentration in the centre of the channel.
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A relatively weak magnetic field (B < 20 mT) causes a
decrease of oxygen fraction, in contrast to CO, the
concentration of which increased (Fig. 10). These variations
could be described with magnetic properties of these elements
- O, is paramagnetic, CO, is diamagnetic, which under
magnetic pressure move out or into the centre of the channel
respectively. However, considering air excess value at the
same magnetic field gradient value at R = 15 mm, it could be
concluded that a weak magnetic force (B < 20 mT) provides
an enhanced combustion of the volatiles.

V.CONCLUSIONS

The following conclusions have been drawn from the
experimental study of the magnetic field gradient effect on the
formation of the flame velocity, the combustion of volatiles
and composition profiles:

e increasing the gradient magnetic field induction up to
42 mT enhances the recirculation with field-enhanced
reverse axial mass transfer of paramagnetic oxygen up
to the surface of wood layer by enhancing wood fuel
gasification, and with the enhanced mixing of the
flame compounds and burnout of volatiles that
increases the efficiency of combustion and rate of heat
production;

e at relatively high magnetic field strength (B > 18 mT),
the increasing swirling flow velocity downstream of
the combustor decreases the residence time of
chemical reactions, combustion efficiency, volume
fraction of CO,, while increases the mass fraction of
unburned flame species (CO, H,).
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Vera Suzdalenko, Maija Zake, Inesa Barmina, Martin$ Gedrovi¢s. Magnétiska lauka gradienta izmainas ietekme uz deg$anas procesa dinamiku.
Pasaulg ir liela interese par biomasas izmanto$anu energijas razoS$anai, tom&r biomasas izmantoSana siltumenergijas un elektroenergijas razoSana ir
ierobeZota, jo dazadas izcelsmes biomasai ir raksturiga neviendabiga struktiira, sastavs, mitrums un zems energgtiskais blivums. Eksisté vairaki
pan@mieni (gaisa uzsildiSana pirms padeves, degSanas procesa temperatiira, reakcijas norises laiks, siltuma sadalijums utt.), ar kuru pielietoSanas
palidzibu var samazinat emisiju daudzumu un palielinat degSanas procesa efektivitati. Pe€d&jos 20 gados pétnieki no Japanas atklajusi, ka magn&tiskais
lauks izraisa nozimigas izmainas liesmas uzvediba: tiek mainita forma un izmé&rs, ka arl emisijas. P&tjjuma merkis ir izp&tit, ka magnétiska lauka
gradienta izmainas ietekmé liesmas virpulplismas atrumu un sastava profilus, dedzinot koksnes granulas. LU Fizikas institiita laboratorija ir izveidota
eksperimentala iekarta, kur tiek dedzinatas koksnes granulas un propans. Apkart iekartai ir izveidots magn&tiskais lauks ar divu elektromagn&tu
palidzibu. Eksperimentadlo pé&tjjumu rezultata tika konstatéts, ka, palielinot magnétiska lauka indukciju lidz 42 mT, tiek uzlabota paramagnétiska
skabekla recirkulacija virziena uz gazificgjamas koksnes granulu virsmu, uzlabojot kurinama liesmas sastavdalu sajauk$anos un gaistoSo savienojumu
degSanu, kas savukart palielina deg$anas procesa efektivitati un siltumenergijas razoSanas atrumu. Pie relativi liela magnétiska lauka indukcijas (B > 18
mT) palielinats liesmas virpulplismas atrums samazina kimisko reakciju norises laiku, degSanas efektivitati, CO; tilpuma dalu, savukart palielinot
nesadedzinato liesmas dalinu CO un H; masas da]u.
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