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Abstract. The recent research focuses on the experimental study of the electric field effects on the combustion
dynamics during co-firing of straw pellets and propane with the aim to provide control of the thermal
decomposition of straw and combustion conditions of combustible volatiles to ensure wider use of straw as fuel
for energy production. The experimental studies were carried out using a pilot setup TRL—4. This pilot setup is
composed of a gasifier, combustor and a propane burner for co-firing of straw. The electric field was applied to
the flame base using the axially inserted electrode with positive bias voltage relative to the grounded walls of the
combustor. To assess the electric field effects on the development of gasification/combustion during co-firing of
straw with propane, complex measurements of the main gasification/combustion characteristics were carried out
by varying the bias voltage of the axially inserted electrode and by limiting the electric current to 7 mA. Kinetic
study of the weight loss rate of straw and the composition of volatiles let to conclude that the general trend of the
electric field effect on the processes developing during the thermal decomposition/gasification of straw is an
enhancement of the formation of combustible volatiles (CO and H,) with an improvement of the combustion
conditions in the flame reaction zone. The improvement of the combustion conditions results in an increase of
the heat output from the reaction zone was by about 10 % and the heat energy produced per mass of burned
straw pellets by about 13 %. In addition, the mass fraction of CO decreases by about 35 % with correlating
increase of the CO, volume fraction in the products. The mechanism of the electric field effects on thermal
decomposition of straw and combustion characteristics during co-firing of straw with propane is discussed with
account of the thermal and chemical interaction between the components and field-induced ion wind, and the
Lorentz force effects on the flame.
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Introduction

The current research is in line with the EU-defined energy and environmental objectives: to
reduce greenhouse gas (GHG) emissions by 40 % and to increase the energy production from
renewable energy sources and energy efficiency by 27 % until 2030 [1]. The woodworking waste
nowadays is used to produce high-tech composite materials for the construction industry, as a result —
the price of wood is growing, and energy producers show their interest in wider use of the relatively
problematic plant biomass — agriculture residues (straw), developing different technologies for co-
firing of straw with solid fuels [2-4] or gas [5;6]. The results of the previous experimental studies
allow to conclude that co-firing of straw with solid fuels (wood, peat, coal) in different proportions can
be used to control the combustion characteristics and composition of flue gas [7-9].

An alternative approach for wider use of straw is co-firing of straw with gaseous fuels (natural
gas, propane), because co-firing reduces GHG and polluting NO, emissions. Besides, during co-firing
of straw with gas, the no solid-phase interaction (as it was found during co-firing of biomass with
fossil solid fuel) and the formation of ash only refer to the thermochemical conversion of straw, thus
the ash can be used as fertilizer to improve the soil. Providing the preliminary experimental study of
the processes developing at co-firing of straw with gas, it has been detected that the main
gasification/combustion characteristics are strongly influenced by the thermal and chemical interaction
between the components with unpredictable variations of combustion dynamics and composition of
emission at different stages of thermochemical conversion of straw. This requires development of an
effective control technology capable to provide control of thermal decomposition of straw, mixing of
the reactants and combustion of the fuel mixture.

The results of previous studies suggest that development of such technology is possible using the
electric field effects on the flame [10]. They include the field-induced ion wind effects [11, 12] and
the Lorentz force effects on the flow vorticity and mixing of the reactants [10]. To assess the influence
of these effects on development of combustion dynamics co-firing straw with propane, the main aim
of the current study is to provide a more detailed complex experimental study of the processes
developing, if the electric field is applied to the flame base.
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Experimental studies

The electric field effects on wheat straw thermochemical conversion during co-firing with gas
(propane) were studied experimentally using a batch-size pilot device TRL—4 with the heat output up
to 4.5 kW. The device combines a biomass gasifier, water-cooled sections of a combustor and a
propane burner with a heat output up to 0.7 kW. The gasifier was filled with straw pellets up to the
inlet nozzle of propane flame with total mass of the pellet layer — 430 g. The radially injected propane
flame flow initiated and supported the thermal decomposition of straw pellets. The average rate of the
wheat straw thermal decomposition was 0.16-0.20 g-s”', determining the average overhaul duration of
the wheat straw thermochemical conversion 2500-2700 s. The experimental study was carried out at
the constant primary and secondary swirling air supply rates (30 I-min"' and 40 1-min™' respectively),
determining the average air excess ratio in the gasifier a = 0.5 and the near-stoichiometric combustion
conditions in the flame reaction zone (a = 1-1.2). The electric control of the gasification/combustion
characteristics developing downstream of the device was carried out using the axially inserted
electrode at the flame base. The bias voltage of the electrode relative to the water-cooled walls of the
device was varied from 0.6 kV up to 1.8 kV by limiting the current in a space between the electrodes
to 7 mA.

The experimental study of the electric field effect on thermal decomposition of wheat straw
pellets co-firing with propane involved complex measurements of the weight loss rate (dm/df) and
composition of volatiles entering the combustor using the methodology with accuracy of the
measurements, which is described in [9]. The electric field effect on the combustion dynamics was
estimated providing complex measurements of the flame temperature, flow dynamics, heat output,
heat energy produced per mass of the burned pellets and the composition of the products.

Experimental results

The effect of the electric field on the flame at co-firing of straw with propane closely links to
formation of the flame ions. During burnout of hydrocarbon fuel formation of the flame ions (CHO ™,
H;O", C3H;") refers to development of the chemo-ionization reactions between the flame
species [11;13]:

CH+0 —CHO""e (1)
CHO"*"H,0 — CO + H;0* )
CH; T CH, — CG3H; ++H2 3)

During co-firing of straw with propane, burnout of propane plays a significant role in formation of
H,O (C;Hg + 50, — 3CO,; + 4H,0), which is responsible for consumption of the primary ion —
CHO™, and production of the H;O *ion (2), which is suggested to be the dominant ion in hydrocarbon
flames [13]. For fuel-rich conditions C3H; *is accepted as the dominant ion [14]. When the electric
field is applied to the flame base, the electric body force induces the drift motion of the flame ions in
the field direction. The elastic collisions between the accelerated flame ions and the neutral flame
species enhance the ion wind formation, which is responsible for development of the field-induced
processes of heat and mass transfer [11]. At given pilot device configuration, the field-induced ion
drift motion disturbs the flow dynamics and enhances the processes of the reverse axial and the radial
heat mass transfer. This is confirmed by the measurements of the flow velocity and the flame
temperature profiles with estimation of the field effect on the average values of the flow velocity
components and the temperature at different stages of straw thermochemical conversion. The results of
the experimental study confirm that the field-induced processes of the reverse axial and radial
heat/mass transfer slow down the flow velocity components entering the combustor to the minimum
value with a correlating decrease of the flame temperature close to the flame axis — /R=0-0.5;
L/D =3.4 (Fig. 1-a). In addition, an increase of the temperature along the outside part of the flame
reaction zone — /R = 0.5 — 1 (Fig. 1 — a, b) evidences the radial expansion of the flame reaction zone,
which is followed by a correlating increase of the heat output from the device (Fig. 2 — a, b).
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Fig. 1. Electric field effect on average values of axial flow velocity and flame temperature (a);
field effect on flame temperature profiles (b)

According to Figure 1—a, the field effect on the average values of the flow velocity is increased by
raising the additional heat supply provided by the propane flame flow into the device. In accordance
with the CHO *ion reaction with water vapour (2), increase of the propane supply into the burner
results in enhanced formation of the flame ions, predominately H;O*. Therefore, increasing the
propane supply into the burner significantly affects the field-induced drift motion of H;O * responsible
for the field-enhanced reverse axial and radial heat/mass transfer and local variations of the flow
velocity and the flame temperature (Fig. 1 — a).
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Fig. 2. Electric field effect on heat output from device during fire of straw alone and co-fire with
propane (a); field-induced variation of produced heat energy per mass of burned straw and
during co-fire of straw with propane (b)

Considering the flame response to the electric field-induced ion drift motion it should be noted
that the field-induced variations of the main flame characteristics are interrelated with the changes in
the thermal decomposition of straw and the formation of combustible volatiles. If straw decomposes
without propane co-fire, the field-enhanced reverse axial heat/mass transfer promotes enhanced
heating of straw pellets and thermal decomposition of the main constituents of straw: hemicelluloses,
cellulose and lignin. As a result, the weight loss rate of the straw pellets increases from 0.17 up to
0.2 g-s”" with correlating field-enhanced increase of the volume fraction of combustible volatiles (CO)
(up to the peak value 60-70 g-m™) entering the combustor and sharp decrease during the transition to
the after-flame combustion stage (# > 2000 s). If straw is co-fired with propane, the field-enhanced
heat transfer promotes a primary increase of the weight loss rate of straw up to the peak value, which
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corresponds to the ion current about 2.6-3.0 mA, and then tends to decrease, if the ion current
continues to grow (Fig. 3 — a). Besides, co-firing straw with propane, field-enhanced and more lasting
(up to 2200 s) release of combustible volatiles (5) entering the combustor during the after-flame
combustion stage is observed (Fig. 3 — a, b). Providing the analysis of the field effect on thermal
decomposition of straw, it has been suggested that the electric field enhanced the reverse drift motion
of H;O " from the reaction zone up to the surface of the carbonized straw pellets is associated with
recombination of these ions, thus decreasing the ion current (Fig. 3 — b) and initiating the development
of the endothermic water-gas reactions at the surface of biomass char (4, 5). The field-induced
recombination of H;O * (4) and development of the endothermic water gas reaction (5) are responsible
for a decrease of the temperature and weight loss rate of straw pellets with more lasting formation of
CO and H, during the char combustion stage (¢ > 1500 s) (Fig. 3 —a, b).
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Fig. 3. Electric field-induced variations of weight loss of straw pellets and formation of volatiles
at co-firing straw with propane (a); Time-dependent variations of ion current and volume
fraction of volatiles entering combustor at co-firing of straw with propane (b)

The competitive processes of the field-enhanced reverse axial heat/mass transfer and development
of the field-induced endothermic water-gas reactions close to the surface of the carbonized straw
pellets determining the field-enhanced formation of volatiles (Fig. 3 — a, b) influence the combustion
conditions in the flame reaction zone and the heat output from the device. The estimation of the field
effect on the combustion conditions confirms that the field-enhanced formation of volatiles entering
the combustor correlates with a decrease to the minimum of the average air excess ratio in the flame
reaction zone (from a=1.23 at I=0 to a=1.02 at /=0.26...3.00 mA), improving the combustion
conditions of volatiles entering the combustor. It should be noted that the minimum value of the air
excess ratio in the flame reaction zone corresponds to the maximum value of the weight loss rate of
straw pellets and slightly increases up to a = 1.16 at I > 3 mA. This suggests that the development of
the endothermic water gas reactions slightly slows down the processes of thermal decomposition of
raw biomass. The field-induced improvement of the combustion conditions is confirmed by an
increase of the produced heat energy per mass of burned straw pellets (Fig. 2 — b) with a correlating
decrease to the minimum value of the mass fraction of unburned volatiles in flue gas (Fig. 4 — a) both
during self-sustaining burnout of volatiles (max-end), as well as during the process of straw
thermochemical conversion overall (min-end). As follows from Fig. 4 — a, a slight increase of the
mass fraction of unburned volatiles is observed during the after-flame combustion stage, when the
field-enhanced endothermic water-gas reactions slightly reduce the burnout of volatiles.

Finally, providing the analysis of the field effect on the processes developing during co-firing of
straw with propane, a conclusion has been drawn that field-induced processes of heat mass transfer
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significantly affect formation of the temperature-sensitive NO, (Fig. 4 — b). As follows from Fig. 4 —
b, increasing of the bias voltage of the axially inserted electrode and the ion current up to 2.6 mA, the
field-enhanced improvement of the combustion conditions, which is defined by the decrease to the
minimum value of the air excess in the flame reaction zone, and the enhanced heat produced during
the thermal decomposition of straw pellets (Fig. 3 — a), are raising the emission of polluting NOy. The
mass fraction of NOy in the products starts to decrease after reaching the peak value, when the field-
enhanced development of the endothermic water-gas reactions results in a decrease of the weight loss
rate of straw with correlating increase of the air excess in the flame reaction zone.
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Fig. 4. Electric field effect on products composition at co-firing of straw with propane:
a — field-induced variations of mass fraction of unburned volatiles (CO, H,); b — field-induced
variations of air excess ratio in reaction zone and formation of NO, during self-sustaining
burnout of volatiles (max-end) and whole process of straw thermochemical conversion

Finally, the results represented above suggest that the electric field effects on the main
gasification/combustion characteristics during straw co-firing with propane can be used to provide
control of the gasification/combustion characteristics of straw, heat output from the device and the
product composition.

Conclusions

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

1. If the electric field is applied to the flame base, the field-enhanced processes of the reverse axial
and radial heat mass transfer are responsible for the variations of the flow dynamics, enhancing
the thermal interaction between the flame and straw pellets, decomposition of straw, formation of
volatiles and improving the combustion conditions, the main flame characteristics and the product
composition.

2. The field-induced ion wind motion up to the surface of the carbonized straw pellets at co-firing
straw with propane promotes development of competitive processes of the enhanced thermal and
chemical interaction between the flame and straw pellets depending on the bias voltage of the
axially inserted electrode and on the ion current in the space between the electrodes. Increasing
the ion current above 3 mA, the field effect enhances the development of the endothermic water-
gas reactions at the surface of straw pellets with improved formation of volatiles by limiting the
thermal decomposition of straw, burnout of combustible volatiles and formation of thermo-
sensitive NO, emission.
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