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Abstract. The main aim of the research is to provide wider and more efficient use of a renewable fuel - straw for
energy production with reduced GHG carbon and polluting NO, emissions during co-firing straw pellets with
gas (propane) und using the electric field control of thermochemical conversion of straw. A pilot plant with a
combined biomass gasifier and combustion chamber with the heat power up to 4 kW has been used to provide
the thermochemical conversion of straw pellets during co-firing with gas, which is supplied at the outlet of the
gasifier with average heat input 0.8 kW. A positively charged electrode was inserted axially into the flame base
for electrical control of the thermal decomposition of straw pellets and combustion of volatile compounds (CO,
H,, CHy). The field-induced electric body force enhanced the mass transfer of combustible volatiles from the
axial reaction zone toward the water-cooled walls of the combustor providing radial expansion of the reaction
zone and enhancing the heat output from the device. The electric field effect on the combustion characteristics
and heat output from the device was estimated from the results of the complex measurements of the flow
velocity components, flame temperature of the produced heat energy per mass of burned volatiles and the
composition of emissions by varying the bias voltage of the electrode in the range from O up to 2.4 kV and the
ion current in the range from 0 to 6 mA. For the calculation and solving a system of 9 parabolic type PDEs for
the 2D compressible laminar axisymmetric flow in a coaxial cylindrical pipe with the electric field between the
axially inserted electrode and the grounded walls of the pipe and with the simple exothermic reaction the
mathematical modelling is developed. The maximal values of the temperature, flow velocity components and the
mass fraction of the products (CO,) were estimated.

Keywords: co-firing, straw pellets, propane, electric field, gasification, combustion, mathematical model.

Introduction

With account to provide wider use of renewable fuels — agriculture residues (wheat straw pellets)
for energy production with increased combustion efficiency and reduced GHG emissions in products,
which allows mitigate the Earth climate changes and global warming [1], it is necessary to carry out
effective control of the thermochemical conversion of straw pellets. The previous studies allow to
conclude that effective control of the main combustion characteristics at thermochemical conversion
of straw pellets can be achieved by co-firing with solid fuels or gases [2-4]. In addition, the electric
field control of the main combustion characteristics (ion wind effects) can be used [5-9], when the
field-induced electric body force enhances the radial mass transfer of combustible volatiles from the
flame reaction zone outwards and the mixing of reactants with subsequent changes of the reaction
rates, combustion efficiency, flame shape, structure, composition and the heat output from the device.
As a result, the field-induced changes of produced heat energy and the composition of products are
observed, which suggest that the field effects on the flame can be used for additional control of the
processes developing at thermochemical conversion of straw pellets. For more effective electric
control of straw pellet thermochemical conversion, during co-firing with gas, this study includes
complex research by combining the experimental studies and mathematical modelling of combustion
dynamics.

Experimental studies

Complex experimental studies of the electric field effects on the thermochemical conversion of
wheat straw pellets were performed, which combine studies of the field effects on the thermal
decomposition of straw pellets, the formation of combustible volatiles, their ignition, combustion, heat
energy production and the formation of products at co-firing with gaseous fuel (propane). The
experimental studies were provided using a pilot device COMB-1 (TRL-4 readiness level). The heat
output of the device was 4 kW [9]. The main components of the experimental equipment are the
biomass gasifier and the combustion chamber. A gas burner is inserted in the upper part of the gasifier
above the pellet layer to provide additional heat to the unit up to 1 kW, thus reaching 20 % straw co-
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firing by heat. The average rate of the wheat straw thermal decomposition reaches 0.21 g-s™ to
0.22 g-s™ during combustion of volatiles (max-end), which corresponds to the total duration of the
wheat straw (450 g) thermochemical conversion 2050-2100 s.

The thermal decomposition of straw pellets and the formation of combustible volatiles (CO, H,,
C,H,) was supported, using the primary air supply below the layer of straw pellets at the average air
excess ratio in the gasifier a = 0.5. The ignition and combustion of volatile compounds was supported,
using the secondary swirling air supply at the base of the combustion chamber with average rate
40 1-min"' determining the burnout of volatiles at average air excess ratio a ~ 1.22.

To study the electric field effect on the thermochemical conversion of straw pellets during co-
firing with gaseous fuel (propane), a nichrome electrode with a diameter of 3 mm and a length of
53 mm was used. The electrode was inserted axially at the base of the combustor upstream the flame
flow and the positive bias voltage of the electrode was varied in the range from O up to 2.4 kV and the
ion current from 0 to 6 mA.

Experimental studies of the straw pellet co-firing with gaseous fuel (propane) and the electrical
control of these processes were carried out using the methods described in [8].

Experimental results

The influence of the electric field on the thermochemical conversion of straw pellets at co-firing
with propane is significantly determined by the formation of the flame ions (CHO ™, H;O ™", C3H; ™)
[6; 9], the average density of which approaches the peak value (10'7-10" m™) at the flame base. For
given electrode configuration, the field enhances radial and upstream mass transfer of the neutral
flame species, which disturbs the flow dynamics decreasing the local and average values of the axial
flow velocity, which decreases from about 0.6 m-s™ to about 0.3 m-s™ (Fig. 1-a).

Besides, the field-enhanced reverse axial heat transfer up to the layer of straw pellets promotes
enhanced heating and thermal decomposition of straw pellets, increasing the average weight loss rate
of straw pellets from 0.22 to 0.24 g-s™' by about 8 % (Fig. 1-b), promoting the field-enhanced
formation of combustible volatiles (CO, H,) and increasing the volume fraction of the volatiles at the
flame base (Fig. 1-c), which are responsible for the changes of the combustion conditions at the inlet
of the combustor, the average values of the flame temperature and the heat output from the device. It
should be noticed that the competitive processes of the field-enhanced reverse axial and radial heat-m’
'ass transfer advance the complex variations of the flame temperature and heat output from the device
determining decrease of the heat output from the device and flame temperature to the minimum value,
which corresponds to ion current about 2 mA and when 7 > 2 mA starts to increase (Fig. 1-d).

At constant total air supply to the unit (1.43 g-s™) determining the constant air excess ratio in the
combustor (a = 1.22) during the thermochemical conversion of straw the field-enhanced formation of
combustible volatiles improves the combustion conditions at the inlet of the combustor, decreasing the
average value of the air excess ratio (o) from 1.22 to 1.14 (by about 7 %) and completing combustion
of volatiles.

As a result, the produced heat energy per mass of burned straw pellets increases from
11.5MJ-kg" up to 12.8 MJ-kg™' (by about 11.4 %) (Fig. 1-e), increasing of CO, the volume fraction in
the products from 13.7 % to 14.1 % and combustion efficiency from 80 % to 80.4 % (Fig. 1-f), which
confirms the field-enhanced improvement of the thermochemical conversion of straw pellets during
co-firing with propane.

Therefore, the results of the experimental study suggest that the electric field-induced ion wind
effects during co-firing straw pellets with propane can be used to provide additional control of straw
thermochemical conversion advancing the local variations of the flow dynamics, thermal
decomposition of biomass pellets, the formation and ignition of combustible volatiles and combustion
conditions for the inlet flow. The field-enhanced improvement of the combustion conditions is
responsible for complete combustion of volatile compounds increasing the combustion efficiency and
produced heat energy per mass of burned straw.
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Fig. 1. Electric field effect on the axial flow velocity profiles (a), weight loss rate of straw pellets
(b), the volume fraction of combustible volatiles at the inlet of the combustor (c¢), the heat output
from the device and average value of the flame temperature (d), produced heat energy
per mass of burned mixture (e), the volume fraction of CO, in the products
and the combustion efficiency (f)

Mathematical model

The previously developed mathematical model [14] considers the effect of additional heat supply
by gaseous fuel (propane flame) on the process developing during thermochemical conversion of
straw pellets downstream the cylindrical pipe (combustor). The results of mathematical modelling
suggest that additional heat supply by propane flame flow during co-firing straw pellets makes it
possible to control the processes developing at thermochemical conversion of straw, as it follows from
the results of experimental studies. By improving the mathematical model [14], the possibilities to
perform additional control of the processes developing during straw co-firing with gas were evaluated
[13], considering the electrodynamic effects of the electric Lorentz force on the flame flow. The
previously developed mathematical model, which evaluates the electric field effects on straw
thermochemical conversion during co-firing with gas (propane) [13] used MATLAB for solving a
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system of parabolic type partial differential equations to describe the formation of the 2D compressible
reacting swirling flow in coaxial cylindrical pipe with account of the variation of the mass fraction of
volatiles, the flame species and the flame temperature. A simplified model of this study is developed
for compressible, low speed (0.1 m-s™") laminar, axisymmetric flame flow with estimation of the effect
of developing exothermic reactions during the burnout of propane on combustion of volatiles.
Analogous to the electric field configuration used in the experimental studies, the electric field was
applied in the space between the axially inserted electrode and the grounded walls of the combustor.

A numerical simulation of a 2D axially symmetric flow (velocities u,, u., u,) with density p was
carried out, when the combustion of volatiles develops downstream the cylindrical pipe (combustor)
with the radius ro = 0.05 m and length z = zo = 0.1 m. The primary air, the axial flow of volatiles and
the reactants of propane and oxygen entering the combustor, were supplied at re [0, r] (r; = 0.033 m)
with the axial velocity Uy = 0.1 m- s density pp =1 kg-m’3 ; the inlet temperature was T, = 300 K. The
secondary swirling air was supplied at re [ry, ry] with the azimuthal velocity V > U, (the swirl number
S=VUy=3).

The mathematical model is described by the four Euler (values p, u, u,, ru,), the temperature (7),
four reaction-diffusion (mass fractions C; = C;Hg, C, =0,, C; =CO0O,, C,=H,0) and azimuthally
induced magnetic field (component B,) dimensionless equations in the cylindrical coordinates (r, z) at
time ¢ [10; 11; 14], the exothermic reaction C;Hg + 50, — 3CO, + 4H,0, with the molecular weights
my, (g-m’3) and the specific enthalpy /;, kJ -mol ™ of the species Cy (m; =44, my =32, m3 =44, my = 18,
hy=-105, hy =0, hy=-394, hy=-242), k=1(1)4, 6=18.75 is the scaled activation energy,
4 =0.25,J-(ssm-K)" is the thermal conductivity, D = 2.5-10" m*s™ is the molecular diffusivity of the
species, ¢, = 1000, J -(kg-K)'1 is the specific heat at a constant pressure, g = (mh; —3 mzh;—4
myhs)l(c, To-my- m) is the scaled heat release, (m — averaged molecular weight) A; =A’-ry p05 I(Uy my )
is the scaled pre-exponential factor, A’y = 14 m15 . (mol5 s)'1 [12].

The values of Re = 10000 are used for the factors of the artificial viscosity for approximation of
the velocity equations. The equations were made dimensionless by scaling all the lengths to
ro (x = z/ry), the meridian velocity to U, , the azimuthal velocity v, to V= 0.3, m- s, the temperature
to Ty, the pressure to po-Uy> N-m?, the current density (between the walls of the combustor and the
electrode at the combustor inlet) [10,11] to j0=I/(2-7r-r02), A-m?, the azimuthal component of the
magnetic field to By = u-1/(2-7ry), T, the radial and axial components of the electromagnetic forces to
Fo=joBo, (N-m’3), where y = 4n- 107, N-A? is the magnetic permeability, / = 0.5-2, mA is the electric
current. The dimensionless electromagnetic forces were quantified using the parameter
P, = Byjo-ro/(po-Uy’). For the dimensionless pressure p a model for perfect gas is used: p = pT.

The boundary conditions are in [10; 11]. For chemical reaction the boundary conditions of C;, C,
at the combustor inlet x =0 (Cy = Cyp; Cy = Cy, Cip + Cyo = 1) follows that for C,o/Cy: m/(Sm,) = 44/
/(5-32) = 11/40, or C1p=0.22, Cy = 0.78 [14].

For inviscid laminar flow (big Re number) we have PDE of hyperbolic type. In this case for
convective terms we use the implicit FDS in time and the upwind differences in space [7]. The second
order derivatives are approximated with central differences. For solving the discrete problem, we use
the ADI method of Douglas and Rachford [15] in the vector form of 10 elements from unknown
values. For the stationary solution with the maximal error 107, approximately 10000-time steps were
used.

Results and discussion of mathematical modeling

The distribution of the axial, radial and azimuthal components of velocity, density and
temperature was calculated with MATLAB (Table 1).

From numerical simulations (Table 1) it follows that the maximum dimensionless values of the
mass fraction of the products (Cipax, Camax)> the temperature (71,.,), the axial velocity (Wy,y), the radial
velocity (un,x) and the negative values for u (u,,;,) increase at P, > 0, but the minimum values of the
mass fraction of the reactants (C) i, Comin) decrease. For the physical experiment in Fig. 1-e, f we can
see the corresponding increase of the heat energy and volume fraction of CO, when electric current is
increased.
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Table 1
Dimensionless maximum and minimum values of the mass fractions, velocities and temperature
variations depending on the electromagnetic parameter P,

P e C3max C4max Wmax Umax Ummin Tmax Clmin C2min
0 0.390 0.213 2.58 2,54 0 1.45 0.090 0.308

0.5 0.530 0.289 3.36 2.66 -1.03 1.75 0.043 0.137
1.0 0.587 0.320 4.32 2.71 -2.19 2.05 0.024 0.068
2.0 0.634 0.346 6.81 2.78 -3.78 2.33 0.009 0.011

P, — electromagnetic parameter U - radial velocity

Cimax — mass fraction of final product CO, Tnax — flame temperature (71,./70)

Cmax — mass fraction of final product H,O C1min — mass fraction of fuel -propane

w — axial velocity Comin — mass fraction of oxygen — O,

The increase of the temperature and mass fraction of the products by increasing the magnetic
field-induced Lorentz force (parameter P,) is visible in Figs 2,3. The maximum value of the
temperature is obtained in the flame reaction zone (r/ry < 0.45), the profiles are monotonically
decreasing in r (Figs. 2, a, b), but by P, = 2 the flame is deleted outside this zone for x < 0.5 (Fig. 2,b).
Similar behavior we can see in Fig. 3 for CO, mass fraction at r/ry < 0.25.
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Fig. 2. Electric field-induced variations of the radial distribution of the flame temperature: a)
P,=0,MT =145, (b) P, =2, MT =2.33.
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Fig. 3. Electric field effect on the radial profiles of the mass fraction of the products (CO,):
(a) P, =0, Max = 0.390, (b) P, =1, Max = 0.587.

Conclusions

Considering the results of the experimental studies carried out in this work, leads to the
conclusions:

1. To provide wider use of renewable fuel - straw for clean and efficient energy production, the
electric field effects on the swirling flame flow can be used to provide control of the flow
dynamics, the thermal decomposition of straw pellets, produced heat energy per mass of burned
straw pellets and the formation of combustible volatiles improving the combustion conditions, the
main flame characteristics and the product composition during co-firing of straw pellets with
gaseous fuel (propane).

1063



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 20.-22.05.2020.

2. The results of the numerical simulation confirmed that the formation of the flame reaction zone is
modified by the electric field-induced variations of the flow velocity, temperature and by the
mixing of the reactants, when increasing the electric current up to / < 0.005 A (P, < 2).
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