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Experimental studies and mathematical modelling of the effects of
magnetic field on combustion dynamics at thermo-chemical conversion of
biomass are carried out with the aim of providing control of the processes
developing in the reaction zone of swirling flame. The joint research of the
magnetic field effect on the combustion dynamics includes the estimation of
this effect on the formation of the swirling flame dynamics, flame temperature
and composition, providing analysis of the magnetic field effects on the flame
characteristics. The results of experiments have shown that the magnetic field
exerts the influence on the flow velocity components by enhancing a swirl mo-
tion in the flame reaction zone with swirl-enhanced mixing of the axial flow of
volatiles with cold air swirl, by cooling the flame reaction zone and by limit-
ing the thermo-chemical conversion of volatiles. Mathematical modelling of
magnetic field effect on the formation of the flame dynamics confirms that the
electromagnetic force, which is induced by the electric current surrounding the
flame, leads to field-enhanced increase of flow vorticity by enhancing mixing
of the reactants. The magnetic field effect on the flame temperature and rate of
reactions leads to conclusion that field-enhanced increase of the flow vorticity
results in flame cooling by limiting the chemical conversion of the reactants.

Keywords: combustion of volatiles, flame composition, magnetic field
forces, mixing of reactants, swirling flow dynamics

1. INTRODUCTION

Different processes of thermo-chemical conversion of biomass, such as py-
rolysis, gasification and combustion, have been developed to enhance the utilization
of biomass residues (wood, straw, etc.) with large-scale variations of their composi-
tion and energy content determining variations of the heat and energy production and
composition of the products. To provide stabilization of these processes, different
types of combustion control can be used, such as swirl-enhanced stabilization of the
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flame reaction zone [1], co-firing of a biomass with fossil fuel [2], electro-dynamic
[3], [4] and magnetic field [5], [6] control of combustion dynamics. The previous
experimental study of the magnetic field effects on the flame formation and combus-
tion characteristics has shown that application of the magnetic field to the flame can
result in significant changes in flame shape, size and combustion characteristics due
to development of the processes, which can be related to gradient magnetic field-
induced mass transport of paramagnetic flame species [6]. In addition to gradient
magnetic field effect on the mass transport of paramagnetic flame species develop-
ment of combustion dynamics downstream, the combustor can be affected by the
magnetic field-induced force, which acts on the movement of charged flame species.
Thus, the main aim of the recent study is to provide a complex mathematical model-
ling and experimental study of the magnetic field-induced variations of the combus-
tion dynamics with estimation of the effect, which can be related to the effect of the
magnetic force on the movement of charged flame species (positive ions).

Mathematical model is developed with account of the axial and azimuthal
components of flow velocity and development of the exothermic reaction of fuel
combustion downstream the cylindrical combustor with radius r,. The flame flow
formation with axial velocity at the inlet of the combustor (U)) is affected by the
radial (B)) and axial (B) components of the axially symmetric magnetic field B,. The
magnetic field is induced by direct electric current of a density j, in a coil, which is
placed at the inlet of the combustor, close to the inner surface of the combustor by
surrounding the flame flow. The distribution of a stream function, azimuthal com-
ponent of velocity (V,), vorticity and the formation of the velocity and temperature
By joro
v PoU, é
and swirl number S = —> . The results of numerical simulation have shown that an

profiles are calculated by varying the electrodynamic force parameter P, =

o
increase of the electrodynamic force parameter P, results in a magnetic field-en-
hanced increase of the maximal flow velocity raising flow vorticity, whilst decreas-
ing peak flame temperature and the rate of reaction.

2. MATHEMATICAL MODELLING

The present investigation continues the study of Choi, Rusak et al. [7] and Ka-
lis et al. [8] by conducting a numerical investigation of the axially symmetric, steady
swirling flow in a cylindrical pipe using the low Mach number approximation. The
swirling flow with axial (u), radial (u,), and azimuthal (1 ) components of velocity
is developing downstream the pipe. The axial velocity determines the formation of a
uniform stream in a central part of the cylindrical pipe-inlet. The azimuthal velocity
with rotation of the part from tube inlet is obtained. Similar experiment with turbu-
lent is considered in [9].

The approximate mathematical model takes into account the development of
time-dependent exothermic reaction downstream the cylindrical pipe of radius r’ =
r, = 0.05 [m] and of a length z = z = 0.1 [m]. The temperature dependence of the
reaction rate is estimated using first-order Arrhenius kinetics. At the pipe inlet: 7, =
300 K, mass fraction of combustible reactant C, =1 mol/m* and flow density p, = 1
kg/m?.
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The aim of mathematical modelling is to understand how a flow structure
is affected by a direct electric current of density j, [A/m’] in the annular wire coil,
which is positioned at the pipe inlet (z = 0) close to the internal wall of the pipe
(combustor) and surrounds the flame flow. At the pipe inlet, the uniform flow field
formation with the axial flow velocity U=U_ = 0.01 [m/s] in the central part of a pipe
r'<r'=r,/2 is considered.

The following dimensionless values

r= (ro)_lr' e[0,1],x= (ro)_lz €[0,x,] ,(xo = (ro)_lzo = 2),
t=(r, /U) " t>0,w=(U,) " u, ,v=V) "uyu=U,)"u

ro

T = (T 0 )_1T L, p= (p0 )_1 p'are used for numerical simulation. ¥} is the
maximal value of the azimuthal velocity.

The flow boundary (r = 1) is subjected to a heat loss due to Newtonian cool-
ing at temperature 7|, of surroundings and heat transfer coefficient h = 0.1 [J/sm°K].
The current in a coil induces the radial B, and axial B. components of the
induced magnetic field B in the ionized gas flow, which leads to the formation

of the axial F, =—B, j, andradial F, = B_j, components of the electromagnet-
ic force (Lorentz’ force) /' and the azimuthal component of the curl of the force
f, =rot,F =0F,/0z—0F./0r'" .From div(B)=0B, /0r'+0B_/0z+B,/r'=0
it follows that f, =—j,B, /1"

The distribution of electromagnetic fields for the axially-symmetric system of
electric current has been investigated and calculated similarly using the azimuthal
component Am of the vector potential and the Biot-Savart law [10].

With this approximation:

2 2 12
g MLz %E(k)—K(k)
2 er'\ z7+(r, —1")

b

2 2 12
B =M 2N k|,
2me\ z7+(ry—r)

I1(2-k
4 —“——( 5 K(k)—E(k)], where k =2[r.r' /¢,

? 2w
c=+(r,+7) +2°,K(k), E(k) are the total elliptical inte-
gral of first and second kind, B, = -7 ' A, is the magnetic stream function,

B,=8 A,/02,B, =04, or+ A,/

For numerical solutions we eliminate the modified pressure p* from the hydro-

dynamic equations by introducing the stream function y with the following expres-
sions:
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rpw=0y /or,rpu=8 y/ox(p=UT),p =p-i,A, f,=—j,B,/r

For deleting the source terms uv/r, u¢ /v in the equations, the transforma-

tion is used for the circulation ¥ =vr and for modified vorticity {’ = ¢ /7. Then
equations for vorticity and stream function are given by:

s s P 2 1~2 B
% i % o5t J(T’l V2) STAT v )—Peﬂ,
ot or ox r r4 ox r2 )
%ZE(TG_WJHE(ZWJ 22 I LLF
a o\ ) olror a o ox

where the second equation for numerical simulation is transformed to non-steady,

~ B I _
V=au’+w" is the module of velocity, B, =—-, B, = A 0.410 SI[T]a

B, 2,
B i
J(a,b)za—a@—a—a% is the Jacobian, ¢ =8—u—%, P :Lo’;o is the elec-
Ox Or Or Ox ox Or U,

trodynamical force parameter, S = —2 is the swirl number.

0
2-D reaction-diffusion equation system of two nonlinear partial differential

equations is used to estimate the formation of the flow temperature and composition
fields:

6_T+u6_T+ or_ L. AT+,BACexp(—£)
ot or o pPe 2
a—C+ua—c+wa—C=LAC ACexp(—é)
ot or ox  pPe
where p T=1.pe=PF PUury =10, L, = A =1 are Peclet and Lewis numbers,
D c,D £
b= =5 is the heat-release parameter, 6 = —— =10 — the scaled activation-
C, 1Ly 0
energy, A is the Laplace operator, D=5.e—5[m*/s] is the mo-
lecular  diffusivity, A=5.e-2[J/smK] — the thermal conduc-
tivity, ¢, =1000[J/kgK] - the specific heat at constant pressure,

A'r,

B=15e+6[J/kg], A= m O (A4'=1.e+4[l/s]), E=2.5e+4[J/mol] are

the specific heat release, the pre-exponential factor of reaction rate and the activation

energy, R =8.314[J/mol K]— the universal gas constant.

39



The boundary conditions are the following:

1) along the axis r =0 - V=0, w =0, 0T /0r=0C/0r=0¢ /0r =0 (the
symmetry conditions),
)atthewallr = 1 - v=0, w=¢q, =0, 0T/0r=0C/0or=0
3) at the pipe outlet x = x -

=0,0T/0x=0C/0ox=0( /ox=0v/ox =0y /ox =0,
4) at the pipe inlet x=0- u=0, =0 T =1, for r[0,1]] and w=1, C=1,

— )1 -
C=i=r) ey

(1-7)

we have uniform jet flow by 7 <7 and rotation by » > 7 with maximal azimuthal
velocity 1 by r=(1-r)/2.

v =0.5r",v=0, for rel0,n]; w=q,v=4r

. hr, r
Here Bi =—2 is the Biot number, ¢ =—— is the dimensionless fluid volume. The

dimensionless radial and axial distribution of the magnetic field induction and

magnetic field stream (B, B and B)) for B, =1 is represented in Fig. 1, a-c.
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Fig. 1. The dimensionless distribution of the axial and radial components (a, b) of the magnetic field
induction and magnetic field stream function (c).
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The approach seeks the steady solution as the time asymptotic limit of the
solutions of the unsteady equations. The distribution of stream function, azimuthal
component of velocity, vorticity (Fig. 2) and temperature (Fig. 3) has been calculated
using the implicit FDS with the upwind differences in the space, ADI method and
under-relaxation.

For numerical simulation, the following parameters are used: S =1;3, 1, = 0.5,
A =50000, Bi — 0.1, P_= 0;0.1;0.5;1, 7 =0.0008, It = 2500 (number of iterations
or time steps).

The results of numerical simulation are given in Table 1, where 7, is the aver-
aged value of the flow temperature and R = ACexp(~5/T) is the reaction rate.

Table 1
The values of P, S, T ,maxU,maxE, maxT,max‘é’ , miny for x, =2
P S T, maxU | maxR | maxT max|§ | miny
0.0 1 3.000 5.402 805.97 5.877 137.61 0
0.5 1 2.883 5.463 805.29 5.873 139.85 -0.0056
1.0 1 2.759 5.545 804.97 5.861 143.38 -0.0460
0.0 3 2.994 5.409 805.94 5.877 137.96 0
0.1 3 2.975 5.422 805.86 5.876 138.05 0
0.5 3 2.880 5.477 805.24 5.873 140.00 -0.0061
1.0 3 2.733 5.579 805.07 5.862 145.20 -0.0524
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Fig. 2. Magnetic field effect on the swirling flow stream function:
a)P=0;S=1;b)P =1;S=1.
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Fig. 3. The formation of dimensionless profiles of the axial velocity
(a) and temperature (b) for swirling flame flow; Pe = 0.5; S = 3.

3. EXPERIMENTAL PART

Experimental study of the magnetic field effect on the combustion character-
istics at thermo-chemical conversion of wood pellets was carried out using a batch-
size device with integrated biomass gasifier and water cooled combustor (Fig. 4).
Axially-symmetric magnetic field is applied to the flame using two coils, which are
fed with a direct current. Magnetic field with induction up to 5S0mT acts on the flame
volume from the bottom of the combustor up to a distance L/D = 2 from the centre
of coils. The propane flame flow (2) is used to supply additional heat energy into the
upper part of biomass pellets at an average rate of 1 kJ/s to initiate the biomass gas-
ification and the formation of the axial flow of volatiles at the inlet of the combustor.
The primary air is supplied below the layer of biomass pellets at an average rate of
30-40 I/min to support a thermal decomposition of main biomass components (3).
Secondary swirling air is supplied (4) above the layer of biomass at an average rate
of 65 I/min and is used to provide the swirl-enhanced combustion of the volatiles
developing downstream the water-cooled combustor (6).

To estimate the magnetic field effect on the combustion dynamics at thermo-
chemical conversion of biomass, the local measurements of the flame velocity, tem-
perature and composition are carried using a Pitot tube and a gas analyzer Testo-350
XL. The local measurements of the flame composition, temperature and velocity
were carried out at distance z/D = 2.8 above the secondary air inlet nozzle close to
the coils of electromagnet (z/D = 0.2). In addition, the local online measurements
of the flame temperature using Pt/Pt/Rh thermocouples were carried out at the end
stage of the combustion of volatiles — at distance x/D = 6.6 above the secondary air
inlet nozzle. Produced heat energy was estimated from calorimetric measurements of
cooling water flow of the combustor using the PC-20 control unit.

42



Fig. 4. A photo (a) and sketch (b) of the experimental device: biomass gasifier (1),
propane flame nozzle (2), primary air supply nozzle (3),
secondary air swirl nozzle (4), coils of electromagnet (5),
water-cooled combustor (6), diagnostic sections (7, 8).

4. RESULTS AND DISCUSSION
4.1. Experimental Results

The formation of the flow velocity field downstream the combustor for given
configuration of a pilot device is influenced by the two main factors — the axial flow
of volatiles (CO, H,, CH,), which is determined by the thermal decomposition of
biomass pellets and is supported by primary air supply, and combustion of volatiles,
which is supported by secondary azimuthal air supply at the bottom of the conductor.
The resulting flow field of the undisturbed flame flow (B = 0) above the coils (L =
20 mm) indicates the formation of the relatively uniform axial velocity profile across
the flow centerline (/R < 0.7) with average value of the axial flow velocity 1.3 m/s
and large gradients of the axial and azimuthal flow velocity components and swirl
intensity in the near vicinity of the channel walls (/R > 0.7).

The application of the magnetic field to the flame disturbs the flow velocity
profiles determining the field-induced variations of the local and average values of
the axial (u ), azimuthal (uq)) flow velocity and swirl intensity) above the coils (Fig.
5,a,b).
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Fig. 5. The magnetic field effect on the local (a) and average values of the axial
and tangential flow velocity and flow swirl number (b).

Along the outside part of the flame reaction zone (/R > 0.7) the magnetic
field-induced force slows down the axial and tangential flow velocity (Fig. 5-a) by
enhancing the axial and swirl motion in the flame centerline (r/R < 0.7) with correlat-
ing increase of the average values of the axial, azimuthal flow velocities and swirl
intensity (Fig. 5 b). The results of mathematical modelling have shown a similar
increase of the flow vorticity by increasing the magnetic field-induced Lorentz force
and magnetic force parameter P (Table 1). This allows suggesting that the magnetic
field-induced variation of the average values of the flow velocity components and
swirl intensity can be related to the effect of Lorentz force. As follows from Fig. 5,
more pronounced magnetic field-induced variations indicate the azimuthal flow ve-
locity component u , for which the instant velocity vector of charged flame species
u, is oriented perpendicularly to the magnetic field B determining the formation of
the magnetic force F, = qu, > B.

Moreover, from the results of numerical modelling (Table 1) it follows that
the field-induced variations of the average values of the flow velocity and vorticity
correlate with a field-enhanced decrease of the average and peak flame temperatures.
Similar decrease of the local and average values of the flame temperature above the
coils follows from the results of the experimental study indicating the field-enhanced
correlating decrease of the volume fraction of CO,, combustion efficiency and pro-
duced heat energy by increasing the magnetic field induction (Fig. 6, a-d).

1100 . 16
a N /_\_\-b
X 1000 //.\\‘\‘\_. 8
[
5 900 5 12
© =
b %)
8 800 o
(=
5 o 8
=70 T~ 3 \‘\
o
600 ‘ ‘ >,
0 15 3oB . 45 0 15 BmT 30

—+— Tav —s— T(r/R=0) —+— CO2av —s— CO2(1/R=0)

44



70 15

— - *
10 x
= 50 a 5 4 \
) 1l \ N
Q e 0 T T
-6 g
E 30 o 5 20 0 60
b\‘\‘_’a <]
-10

10 | s \

0 15 BmT 5 B,mT

—e— Effav —s— Eff(r/R=0) ¢ t=400-900s 4 t=1100-1700s

Fig. 6. The magnetic field effect on the main combustion characteristics above the coils.

Moreover, in accordance with the results of mathematical modelling, the mea-
surements of the flame composition profiles confirm the field-induced decrease of
the reaction rates by increasing the external magnetic force, which results in an in-
crease of the mass fraction of unburned volatiles (CO, H,) at the interface between
the axial fuel flow and air swirl with field-enhanced increase of the local and average
values of the air excess and correlating decrease of combustion efficiency along the
outer part of the flame reaction zone. This correlation confirms the field-enhanced
mixing of the axial flow of volatiles with cold air flow with resulting cooling of the
flame reaction zone, which shows the direct influence on combustion dynamics by
increasing the mass fraction of unburned volatiles and air excess at the interface
between the axial flow of volatiles and air swirl decreasing combustion efficiency
above the coils. It should be noticed that magnetic field improved mixing of the
flame components along the interface is confirmed by the results of the experimental
study of magnetic field effect on diffusion flames, which confirm the field-induced
forcing of the oxidant stream into fuel stream [11]. By considering the impact of
magnetic field effect on the mixing of the reactants, which results in cooling of the
flame reaction zone, it is concluded that to restrict the field-induced decrease of the
flame temperature, there is a need to provide the additional heat energy supply into
the secondary swirling air flow as it follows from the results of experimental study
of the magnetic field effects on the flame formation by co-firing the biomass pellets
with gas (propane) [6].

4. CONCLUSIONS

The present research incorporates the mathematical modelling and experi-
mental study of swirling flame behavior in the presence of magnetic field. Based
upon the results of mathematical modelling and experimental study, the following
conclusions have been drawn.

The results of mathematical modelling have shown that the magnetic field
exerts the influence on the flow dynamics and the formation of the flow stream func-
tion indicating an increase of the flow vorticity and the local and average values of
the flow velocity. An increase of the flow vorticity results in an enhanced mixing of
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the reactants by cooling the flame reaction zone and decreasing the rate of reactions.

The results of mathematical modelling are confirmed by the experimental
study of the magnetic field effects on the swirling flow dynamics and the formation
of the reaction zone with estimation of the effects, which can be related to the effect
of magnetic force on the azimuthal movement of charged flame species, indicating
the magnetic field-enhanced swirl motion along the centerline of the flame reaction
zone (1/R < 0.7) with dominant field effect on swirl-enhanced mixing of the axial
flow of volatiles with cold air swirl.

The field-enhanced mixing of the axial flow of volatiles with cold air flow
results in cooling of the flame reaction zone. The flame cooling slows down the rate
of reactions with local variation of the combustion characteristics — an increase of
the mass fraction of unburned volatiles, decrease of the combustion efficiency and
produced heat energy.
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MAGI\VIETISKA LAUKA IETEKME UZ
DEGSANAS PROCESU DINAMIKU

I. Barmina, R. Valdmanis, M. Zake,
H. Kalis M. Marinaki, U. Strautin$

Kopsavilkums

Ir veikti kompleksi pétfjumi par magnétiska lauka ietekmi uz liesmas
virpulplismu dinamiku, kas apvieno plismas matematisko modeléSanu un
eksperimentalos petijumus, izvertejot galvenos faktorus, kas ietekmée So plismu din-
amikas veidoSanos magnétisko speku lauka.

Plismas dinamikas matematiska model&Sana apliecina, ka magn&tiskais lauks
izraisa pliismas struktiiras izmainas, intensificjot lokalu virpulu veidosanos reakci-
jas zona, kas izraisa plismas vidgja atruma palielinasanos ar vienlaicigu reakcijas
zonas vid€jas un maksimalas temperattiras samazinasanos, kas I1dz ar to samazinot
kimisko reakciju atrumu degSanas zona.

Lidzigs rezultats ir iegiits, ar1 veicot eksperimentalos petljumus par magnétis-
ka lauka ietekmi uz virpulpliismas dinamiku, sastavu un temperatiiru, kas apliecina,
ka plismas azimutala atruma izmainas magnétiska lauka sekme gaistoSo savieno-
jumu aksialas plismas sajauksanos ar gaisa virpulpliismu, izraisot degSanas zonas
temperatiiras, degSanas procesu efektivitates un sarazota siltuma daudzuma samazi-
nasanos, ierobezojot gaistoso savienojumu degSanas zonas veido$anos.

01.06.2016.

47





