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Institute of Physics, University of Latvia, 32 Miera str., Salaspils, LV-2169, Latvia
e-Mail: mzfi@sal.lv
The eﬀects of DC and AC electric field at 50 Hz and 13.56 MHz and 41 MHz frequencies
on the combustion characteristics of biomass pellets have been investigated using an
experimental setup of average power 20–40 kW with continuous pellet feed into the setup
at average rates 1.5–3 g/s by applying AC voltage to the flame base, where thermal
decomposition of biomass pellets produces the axial flow of volatiles (CO, H2 ) determining
the formation of the flame reaction zone. The AC and DC electric field eﬀects on the
flame composition and combustion eﬃciency are studied with account of field eﬀects on
thermal decomposition of biomass, ignition and combustion of volatiles. Main aspects of
EM electric field-induced variations of the combustion characteristics and the formation
of field-induced combustion instability are discussed and analyzed.

Introduction. The study of DC and AC electric field eﬀects on the combustion characteristics at thermo-chemical conversion of renewable fuels (diﬀerent
biomass types) still remains important due to the possibility of eﬀective electric
field-enhanced thermal decomposition of biomass and ignition of volatiles, determining the variations of the flame shape and size, temperature, combustion eﬃciency and composition of the products. Most of the experimental studies have
been conducted to examine DC electric field eﬀects on flames. At the atmospheric
pressure and low DC electric field intensity (E < 104 V/cm) insuﬃcient for the
excitation and ionization of the flame compounds, the field-induced ionic wind
eﬀect on flame dominates, when the electric body force (F = Zni,e eE) drives the
positively charged flame species (CHO+ , H3 O+ , CH+3 and C3 H+3 ) in the field direction, resulting in a field-enhanced heat/mass transfer of neutral flame species
with local variations of the flame composition and rate of reactions developing in
the flame reaction zone [1–7]. In accordance with [8, 9], the DC electric fieldenhanced processes of heat/mass transfer result in homogenization of the flame
reaction zone, thus reducing the peak flame temperature and the rate of two-step
reactions of NOx formation by the Zeldovich mechanism, advancing a cleaner and
more eﬀective heat energy production.
Most of previous experimental studies were focused on the DC electric field
eﬀects on the flame behavior, when momentum transfer from the charged flame
species to the neutrals results in field-induced ion wind eﬀects determining variations of the bulk flow motion. By applying the AC electric field to the flame,
the flame response to the applied electric field is aﬀected both by variations of
the AC field frequency (f ) and by applied field voltage determining transition
from ion wind eﬀects to electro-chemical and thermal eﬀects [10]. The average
collision response time between the ions and neutral flame species that is required
to generate the ion wind eﬀect in the atmospheric pressure flame is about 10 ms
[11]. This corresponds to the electric field frequency f ≈ 50 Hz. Increasing the AC
field frequency significantly reduces the time between oscillations by limiting the
momentum transfer from the charged flame species to the neutrals and reduces the
ion wind eﬀect on the flame behavior [5, 9–11]. The results of the experimental
investigation on the flame response to the AC field oscillations confirm [9–11] that
the AC field eﬀect on flame is a result of coupling between the ionic wind, electro311
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chemical and thermal eﬀects depending on the applied field frequency and voltage,
which can lead to a distinctive flame behavior in low, mid-voltage and high-voltage
regimes, when the electric-field-induced instability can occur and flames start oscillating [12–15]. Detailed understanding of the mechanism which is responsible for
the field-induced flame oscillations is not clear, and a more detailed investigation
into the processes of flame response to field-induced oscillations is still required. It
should be noted that most experiments on AC electric field eﬀects on flames can
be related to laminar diﬀusion flames of gaseous fuels (methane), whereas studies
on the eﬀects of AC electric field on the flame formation at thermo-chemical conversion of biomass are highly limited [16, 17] and need to be deepened to get the
insight into the eﬀects of high-frequency oscillations on the thermal decomposition
of biomass and on the combustion of volatiles. Therefore, this paper examines the
flame behavior and the formation of the flame reaction zone at thermo-chemical
conversion of wood pellets by comparing the field eﬀects on the flame, when the
flame base is subjected to a DC electric field and high-frequency AC oscillations.
1. Experimental setup. The experimental studies of DC and AC electric
field eﬀects on the processes of thermo-chemical conversion of biomass and heat
energy production were carried out using a batch-size experimental setup of average heat power of 2–3 kW [18], as well as an experimental setup with continuous
feeding of biomass (wood) pellets into the combustor with an average heat power
up to 20 kW and a single e lectrode configuration, which is inserted through the
biomass layer up to the flame reaction zone (Fig. 1).
The DC and AC electric fields of frequency 50 Hz and 13.56 MHz were applied
in the space between the axially inserted electrode and the annular grounded electrode located at the bottom of the gasifier determining the formation of a current
(I) across the high-resistance flame reaction zone (R ≈ M Ω) and low-resistance
layer of wood pellets (R ≈ 1 − 10 Ω) that are subject to thermo-chemical conversion at biomass gasification and wood fuel carbonization. Note that the flame
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Schematic of the experimental setup with continuous feeding of biomass pellets.
1 – gasifier with wood pellets; 2 – quartz channel; 3 – ceramic grate; 4 – primary hot air
supply; 5 – feed of pellets; 6 – secondary hot air supply; 7 – combustor; 8 – diagnostic
tools to measure flame temperature and composition; 9 – high-frequency generator; 10 –
axially inserted electrode; 11 – annular grounded electrode.
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conductivity increases just above the wood pellets, where the formation of primary charged flame species is observed decreasing the resistance below 10–100 kΩ.
Provided the continuous feeding of wood pellets into the combustor (Fig. 1), an experimental study of the electric field eﬀects on the combustion characteristics was
carried out by varying the bias voltage of the axially inserted electrode, whereas
the current I between the electrodes was limited to 20–25 A. The average power
of high-frequency oscillations (13.56 MHz) was limited by the power of a highfrequency generator (600 W). In addition, experiments were carried out using the
AC electric field of frequency 41 MHz that was applied across the flame base of
the batch-size experimental setup [16].
The electric field eﬀect on the main combustion characteristics was estimated
providing the complex measurements of the flame temperature, composition, combustion eﬃciency and produced heat energy by varying the bias voltage of the
axially inserted electrode relative to the grounded channel walls. Online measurements of the products temperature, composition and combustion eﬃciency were
made using a Testo- 350XL gas analyzer and a sampling gas probe. Pt/Pt/Rh
thermocouples were used for local online measurements of the flame temperature,
whereas calorimetric measurements of cooling water flow were made to estimate
the field eﬀects on the heat energy production at thermo-chemical conversion of
wood pellets [14].
2. Results and discussion. The modelling experiments on the flame response to the DC electric field using the batch-size pilot setup with a single electrode configuration have shown that the dominant feature of the electric field
eﬀect on the flame formation at thermo-chemical conversion of biomass pellets is
the field-enhanced thermal decomposition of biomass pellets, which increass the
average rate of the biomass weight loss (dm/dt) from 1 g/s for undisturbed flame
(I = 0) to 1.5 g/s for the flame subject to the electric field, so increasing the average
current between the electrodes up to 2 mA. The field-enhanced thermal decomposition of wood pellets results in an increase of the axial flow of volatiles (CO, H2 ),
their ignition and combustion with radial expansion of the flame reaction zone
[16–18]. By increasing the DC voltage of the axially inserted electrode, the fieldinduced decrease of the peak flame temperature close to the flame axis (by 12%)
was observed, which correlates with the field-enhanced increase of the produced
heat energy by 12%. This correlation confirms the field-induced ion wind eﬀect
determining the enhanced heat/mass transfer of the flame species from the central
reaction zone to the channel walls (Fig. 2).
Tav , R = 0, L/D = 0.92

T , R = 0, L/D = 2.66

3.9

(a)

Heat energy, [MJ/kg]

Temperature, [K]

1250

1150

1050

950
0

1

I, [mA]

2

(b)

3.6

3.3
0

1

2

I, [mA]

Fig. 2.

DC electric field-induced variations of the flame temperature in the flame
reaction zone (a) and the produced heat energy (b).
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Fig. 3. The formation (a) and explosion (b) of hot spots on the surface of carbonized
wood pellets by increasing the applied voltage and mean current across the wood layer.

If the electric field is applied at the bottom the combustor, with the heat
power 20 kW and continuous feed of pellets, the main feature of the field-induced
current in the space between the electrodes (Fig. 1) is the formation of discrete
bright spots on the surface of wood pellets (Fig. 3a), indicating some analogy
with the formation of surface plasmons [19]. This allows to suggest that by increasing of the applied voltage and applied field intensity (E) a mean value of the
current density (1) in the space between the electrodes leads to local overheating
of wood pellets promoting their thermal decomposition and carbonization with a
correlating increase of the conductivity of carbonized wood pellets (2), whereas
the resistance of the layer of carbonized pellets decreases to about 10 Ω:
j=
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where e is the electron charge, ne and me are their density and mass, νe is the
electron collision frequency with neutral species, E is the electric field intensity,
ε0 the dielectric constant, and ωL is the Langmuir frequency.
The local overheating of carbonized pellets results in spots explosion that
predominately is observed in the near vicinity of the central electrode indicating
the formation of a corona discharge (Fig. 3b).
The corona discharge extends from the spots to the flame reaction zone and
the flame becomes brighter with a correlating increase of the flame temperature
depending on the applied field intensity (T ≈ E 2 ), the degree of flame ionization ne
and the field-induced current density (j) across the flame reaction zone, whereas
the current density across the layer of carbonized wood pellets decreases so limiting
the local overheating of carbonized wood pellets and spots explosion. This, in turn,
is a limiting step for the development of corona discharge and transition from
undisturbed combustion conditions to plasma supported combustion producing
instability, as it is observed if the electric field acts on the low-temperature plasma
flow [15] and occurs under conditions when Te ∼ E 2 and ne ∼ I (Fig. 4).
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Fig. 4.

S-type dependence of the electron density on the temperature Te for the
field-induced instability [15], where n+e denotes equilibrium ionization conditions; n−e is
non-equilibrium ionization; neﬀ corresponds to n+e = n−e ≈ 1011 cm−3 .

Visual observation of the hot spots formation reveals that the characteristic
life-time of the hot spots formation is some seconds and their sizes are 1–10 mm.
In order to estimate the eﬀect of current distribution on the process stability,
experiments with an external magnetic field (Bz ) were performed. In the case
when the magnetic field force fφ ∼ jr Bz is applied to the flame base and to the
layer of carbonized pellets, the number of hot spots decreases with a correlating
decrease of the mean value of the field-induced current, whereas the resistance of
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Fig. 5.

AC electric field-induced variations of the flame temperature (a), combustion
eﬃciency (b) and products composition (c), (d).
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the carbonized wood layer increases. This allows to suggest that the magnetic field
disturbs the current oscillations between the flame and carbonized wood pellets.
Some experiments were performed under a radial magnetic field when j ∥ B. In
that case, both the stability of the current distribution and the total current value
increased.
Note that the non-stationary current distribution across the layer of carbonized pellets with the formation of discrete bright spots on the surface of the
carbonized wood pellets was observed for all cases when the AC or the DC electric
field was applied to the layer of carbonized wood pellets. By increasing the applied
voltage, the spots start to explode initiating the formation of corona discharge in
the vicinity of the axially inserted electrode with direct influence on the combustion characteristics developing at thermo-chemical conversion of wood pellets (Fig.
5). As follows from Fig. 5, the field-induced formation of corona discharge during spots explosion results in a rapid increase of the flame temperature by 21%
and combustion eﬃciency by 13%, with the correlating increase of the volume
fraction of the main product (CO2 ) by 50%, whereas the air excess in the products decreases by 50% and the mass fraction of volatiles (CO) by 35%, evidencing
that the plasma supported combustion results in a more eﬀective thermo-chemical
conversion of wood pellets.
When analyzing the field-enhanced thermal decomposition of carbonized wood
pellets, it should be noted that there are some analogies with the known eﬀects in
conducting graphene when it attracts H or O to the free bonds, which leads to the
formation of graphane with higher resistance [20–22]. In our case, the situation is
quite opposite. At the starting point, the hydrocarbon bounds in hemicellulose,
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cellulose and lignin which are the main wood compounds, are saturated determining the formation of a high- resistive layer of wood pellets. During the thermal
decomposition and carbonization of wood, hemicellulose, cellulose and lignin start
decomposing and the resistance of the carbonized wood layer rapidly decreases
with an inhomogeneous current distribution across the layer of carbonized wood
pellets, which results in local overheating of the carbonized pellets and in formation of local hot spots with field-enhanced release of volatiles and field-enhanced
transition to the regime of corona discharge at the spots explosion. The physical
mechanism of the hot spots formation and their influence on the development of
the combustion process is still unclear.
Finally, it should be stressed that in addition to the field-enhanced thermal
decomposition of wood pellets and combustion of volatiles by the applied DC and
AC electric fields to the flame base, the field-induced formation of corona discharge
with the plasma supported combustion of volatiles results in the formation of fieldinduced instability [15], which leads to low-frequency (0.02 Hz) oscillations of the
flame composition and produced heat energy at thermal decomposition of biomass
in the gasifier (Fig. 6). In fact, the field-induced oscillations in the batch-size experimental setup predominately occurred during the after-flaming charge conversion
stage in a time interval from t =800 to 1400 s, when the thermal decomposition of
hemicellulose, cellulose and lignin resulted in field-enhanced carbonization of wood
pellets [23] with enhanced formation and explosion of spots that led to the transition of plasma supported combustion of volatiles (CO, H2 ). The low frequency of
the field-induced oscillations allows to suggest that the instability of the thermal
decomposition at this stage of char conversion is a result of the instability of thermal processes developing during the formation of plasma supported combustion
determining the field-enhanced oscillations of the current between the wood layer
and the flame reaction zone.
3. Conclusion. The DC and AC electric field eﬀects on the flame characteristics at thermo-chemical conversion of wood pellets for the configuration with a
single electrode inserted through the wood layer of wood pellets up to the flame
reaction zone have been studied and discussed.
The obtained results allow to conclude that for the given field configuration
the field eﬀect on the flame characteristics is initiated by the field-enhanced thermal decomposition and by the carbonization of wood pellets with field-enhanced
ignition and combustion of volatiles. The increase in applied voltage results in the
formation of hot spots in the carbonized wood layer and in spots explosion, determining the formation of corona discharge with the plasma supported combustion
of the volatiles.
The formation of corona discharge leads to the formation of combustion instability with the development of low-frequency oscillations of the combustion
characteristics at thermo-chemical conversion of the wood fuel. In fact, the main
mechanism of the field-induced instability at thermo-chemical conversion of wood
pellets is still unclear, and additional studies and process analysis are needed to
determine the main factors that induce the observed low-frequency oscillations.
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