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Experimental study and mathematical modelling were aimed to provide electric control of biomass thermo-
chemical conversion and analysis of the DC electric and electromagnetic effects on combustion dynamics to
obtain a cleaner and a more effective heat energy production. Mathematical modelling of the formation of
flame velocity and temperature profiles was performed considering the Lorentz force effect on the flame. The
results of numerical simulation show that increasing the electrodynamic Lorentz force parameter P. leads to
the increase of flame vorticity enhancing thus the fuel mixing with the air and to the correlating decrease of the
flame temperature and reaction rates. Experimental study and analysis of the DC field effect on development
of the swirling flow dynamics shows that the electric field-induced ionic wind disturbs the formation of the
swirling flow velocity field by enhancing the upstream swirling flow formation and mixing of the axial flow of
combustible volatiles with an upstream air swirl. The field-enhanced mixing of the axial flow of volatiles with an
air leads to improvement of combustion conditions and to an increase in combustion efficiency giving a more
complete combustion of volatiles by increasing the produced heat energy at thermo-chemical conversion of
biomass.

1. Introduction

The use of swirl to stabilize flow dynamics and improve mixing (Gupta et al., 1984) in combustion systems is
well known. The detailed study of swirling flow formation has shown that the flow structure and dynamics are
highly influenced by the swirl intensity depending on the swirl number (S) of inlet flow. For strongly swirled
non-premixed flames (S > 0.6), a central toroidal recirculation zone develops that promotes swirl enhanced
mixing of the axial fuel flow with the air swirl and causes enhanced heating and combustion of the fuel
components, but the flame flow instability increases. With the weak flame swirl (S < 0.6), a gradual mixing of
the axial flow of volatiles with the surrounding air swirl forms a non-recirculating flow and causes cleaner and
more complete fuel combustion with lower levels of harmful emission. The experimental study of the swirl
effect on combustion dynamics at thermo-chemical conversion of biomass has shown that the development of
flow velocity profiles is influenced by the upstream air swirl flow motion (Abricka et al., 2014). The upstream
swirl formation enhances biomass thermal decomposition, mixing of the main reactants (the axial flow of
volatiles with air) in a space below the air swirl inlet and improves the combustion conditions in the flame
reaction zone.

An additional tool to improve and control the swirling flame stability, combustion efficiency and composition of
products is the electric control of combustion dynamics. Theoretical analysis of the mechanism of the low

voltage electric field and flame interaction allows the conclusion that the electrical body force F = eniE
drives the positively and negatively charged gaseous species in the field direction (Lawton and Weinberg,
1969). This initiates the interrelated processes of heat and mass transfer (ionic wind effects), which could vary
the flame temperature and composition providing cleaner heat energy production (Barmina et al., 2014; Zake
et al., 2001). The present study is focused on the further development and analysis of the DC electrical and
electromagnetic field effects on the swirling flame flow dynamics, which can be related to the ion wind (Lawton
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and Weinberg, 1969) and Lorentz force effects (Shih-I, 1962) on the flame. More specific, the results of
experimental study demonstrate the DC electric field-enhanced upstream air swirl motion with field-enhanced
mixing of the flame components and more effective heat-energy production by minimizing the environmental
impact of combustion systems. In addition, mathematical modelling and numerical simulation of the
electromagnetic field effect on development combustion dynamics is used to illustrate and provide more
detailed analysis of the Lorentz force effects on the formation of swirling flame structure and combustion
conditions.

2. Experimental

The DC electric field effect on the processes developing downstream of the swirling flame flow at thermo-
chemical conversion of biomass (wood) pellets is studied experimentally using a pilot-scale setup, which
consists of two main parts: a biomass gasifier of inner diameter D (1), charged with biomass pellets of a total
weight 240 g and a water-cooled combustor of length z (2) (Figure 1). Thermal decomposition of biomass
pellets with an intensive release of combustible volatiles (CO, H2, CH4, C2H2, C2H4) is initiated using a
propane flame flow (3) as an additional heat energy source. The primary axial (4) and secondary (5) swirling
airflows are used to promote the biomass gasification and to provide the complete combustion of the volatiles
downstream of the water-cooled combustor.

The electric field is applied to the bottom of the combustor using a single electrode configuration when the top
of the axially inserted electrode (6) is located below the swirling air inlet nozzles (z/D = -0.3). The bias voltage
of the electrode (U) is positive relative to the grounded water-cooled walls of the pilot device. To restrict the
formation of a corona discharge, the bias voltage of the axially inserted electrode is limited to U = 2.4 kV, while
the ion current is limited to 2 mA. To measure the flame velocity profiles, a pitot tube and a Testo 435 flow
meter were used. The flame temperature was measured using Pt/Pt-Rh thermocouples and a data PC-20TR
data acquisition card (BMC Messsysteme GmbH). For spectral analysis of the products composition at
biomass thermal decomposition, a FTIR spectrometer was used. For local measurements of the flame
temperature and composition (i.e. the mass fraction of volatiles CO, H2), the volume fraction of the main
product (CO2), and the combustion efficiency, a Testo 350 gas analyzer was used. Calorimetric
measurements of the cooling water flow were made to estimate the electric field effect on the heat-energy
production at different stages of biomass thermo-chemical conversion.
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Figure 1: a) Schematic view of the small-scale pilot device: 1 — gasifier, 2 - combustor; 3 - propane flame inlet;
4 - primary air supply; 5 — secondary swirling air supply; 6 - axially inserted electrode; 7 - openings for
diagnostic tools (a); the electric field effect on the flame structure (b).
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3. Mathematical modelling

Mathematical modelling of the formation of swirling flame velocity and temperature profiles was made
considering the effect of the electromagnetic force on the flame. The electromagnetic force is generated by an
electric current | of density jo in a coil electrode surrounding the flame at the inlet of the cylindrical pipe
(combustor). The electric current creates the radial B, and axial B, components of the induced magnetic field
and generates the axial F, = -B/jo and radial F, = Bjo electromagnetic forces (Lorentz force) and the azimuthal
component of the force curl f = -joB,/r’. The azimuthal component of the vector potential A, and the Biot-Savart
law were used (Buikis et al., 2002) to investigate and calculate the distribution of the electromagnetic field
components B, =—dA,/0dz,B, =d(rA,)/ror for an axially symmetric system of the electric

current: r € [ry, Ry], ze [2,2,], € [0,27] :

Ry27z, :
j ,& cos(¢)
(r,== 2 dédgdn, 1
A 2”H!sz+r2—2r§cos(¢)+(z—n)2 W

where y = 41107 N/A? is the coefficient of magnetic permeability of the medium. For the coil electrode with
radius € (Ro = ro, 21 =22 = 0, j = const):
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where K (k), E (k) are the total elliptical integrals of the first and second kinds, k=2\/ro_r/c,

C=4/(fy+1)?+2° and| = j 7e® =120 pA,

For numerical simulation of the stream function W (rpw =0y /dr,rpu = dw / 9x), the circulation V =VT and

modified vorticity E:g“/r with low Mach number (Choi et al., 2007) approximation, the following flow
equations were used:

-1y 2 o
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where in the dimensionless form, all lengths are scaled to ro = 0.05 m (x = z/rp), the velocities to Up = 0.01 m/s,

and the temperature to To = 300 K; V =-/u’+w’; B, _B.. B, = al_ 0.410 SI[T ]

B, 27,
J (a, ) a—a@— a—a@ is the Jacobian; ¢ = al_ aiw ; - M is the electrodynamics’ force
X or  dr dx ox  or ¢ pUé

parameter and S = Vy/Uy is the swirl number. The equation (3) is transformed to non-steady conditions.
A 2-D reaction-diffusion system of the non-linear differential equations was used to analyze the effect of the

oT , ,oT ,  oT _ L, o + BAC exp(_ 5}
ot or ox  pPe T
9C aC _9C _ 1 (_5)

(4)
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induced forces on the formation of temperature and concentration profiles:
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where pT = 1; Pe = poUore/D = 10; Le = Ncp,D = 1 are the Peclet and Lewis numbers; 8 = B/c,To = 5 is the
heat-release parameter; A = Aro/Up = 5000 is the scaled pre-exponential factor; &6 = E/RT, = 10 is the scaled
activation energy; A is the Laplace operator; D = 510 m?s is the molecular diffusivity; A = 51072 JismK is
the thermal conductivity; c, = 1000 J/kg'K is the specific heat at constant pressure; B = 1.510° JIkg; A = 10*
1/s, E = 2.510* J/mol are the specific heat release, the reaction-rate pre-exponential factor, and the activation
energy; R = 8.314 J/mol K is the universal gas constant.

4. Results and discussion

4.1 Results of numerical simulation

For numerical simulation the boundary conditions (BCs) are the following:

1) along the flow axisr=0- V=0, =0 9T /dr =9C/or = ag:/ar =0 (the symmetry conditions),
2)atthewallr=1-V=0,y=q, ¢ =0,0T/ar=0C/ar=0, dT /ar +Bi(T-1)=0,

3) at the pipe outlet x = xo - U=0, aT/aXZaC/aXZaf/axzaV/axzal///aXZ0,

At the pipe inlet boundary conditions are: U=0, T =1; for re[0,1] and W=1, C=1, = 0.5r2,
V=0, =0frrel0r].

Here Bi = hro/A = 0.1 is the Biot number, and q = 0.5r is the dimensionless fluid volume. The applied
approach seeks the steady solution as the time asymptotic limit of the solutions of the unsteady equations.
The distributions of the stream function, azimuthal component of velocity, flow vorticity and temperature were
calculated using the implicit FDS with the upwind differences in the space, the ADI method, and under
relaxation.

The results of the numerical simulation show that the increase of the electrodynamic force parameter Pe
(Lorentz force) leads to variation of the flow stream function with the increase of flame vorticity along the
outside part of the reaction zone (r/ro) > 0.5 (Figure 2) and maximal flow velocity by enhancing the fuel mixing
with the air and decreasing the flame temperature and reaction rate (Table 1).
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Figure 2: The flow stream function for P, =0, S = 1 (a) and for Pe = 1, S =1 (b).
Table 1: The values of Pe, S, Ta, maxU, maxR, maxT, max|{|, min W, for xo=2
Pe S Tav maxUu maxR maxT max|(| min W
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

4.2 Results of experimental study

If the DC electric field is applied to the flame base, the formation of the flow dynamics and swirl intensity are
influenced by the field-induced ionic wind effect, which enhances the radial and reverse axial mass transfer of
the flame species in a field direction (Figure 3-a-d). As follows from Figure 3-a, the field-enhanced reverse
axial mass transfer and upstream air swirl motion results in an increase in swirl number with the correlating
decrease in axial flow velocity (Figure 3-b) at the primary stage of swirling flow formation (z/D = 0.7).
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Figure 3: The electric field effect on the axial distribution of the flow swirl number (a), average values of the
axial flow velocity (b), the radial profiles of axial (c) and azimuthal (d) flow velocity components.

The strongest deformation of the flow velocity profiles is at relatively low bias voltages (U < 1.2 kV), when the
occurrence of the peak value of the swirl number at the flame base is detected (Figure 3-a). It should be noted
that the field-induced variation of the axial velocity (Figure 3-b) indicates the development of flow instability.
The development of flow instability was confirmed by the field-enhanced formation of a double-helical
structure of the swirling flow field (Figure 1-b) and can be related to a pre-breakdown stage of swirling flow
(Billant et al., 1998). A reasonable explanation of the field-enhanced formation of the pre-breakdown stage is
the field-enhanced increase of the swirl number at the flame base up to the critical value (S = 0.66) (Gupta et
al, 1984). The axial flow velocity profiles and flow dynamics was observed to stabilize at z/D > 2.

Once the field-enhanced upstream swirl motion occurs, the absorbance of the volatiles (CO, CzH;) increases
by about 15-18 % at the primary stage of the flame formation (z/D = 0.7) (Figure 4-a) evidencing that the field—
enhanced reverse air swirl motion close to the surface of a biomass layer results in the field-enhanced thermal
decomposition of biomass. This was confirmed by an increase of the biomass weight loss rate by about 12 %.
The results of the previous investigations show (Abricka et al., 2014) that the upstream swirl flow reversing
from the biomass layer enhances the convective transport of the volatiles along the flow axis. This leads to the
formation of a sharp peak of the mass fraction of volatiles (CO, H,) close to the flow axis (Figure 4-c). The
maximum value of the mass fraction of volatiles at the flow axis is attributed to the bias voltage of the axially
inserted electrode U = 1.2 kV and corresponds to the formation of the peak value of swirl intensity at the flame
base (Figure 3-a). In addition to the field-enhanced biomass thermal decomposition, the field enhanced swirl
motion close above the biomass layer results in a enhanced mixing of the axial flow of the volatiles with the air
improving the volatiles combustion conditions in the flame reaction zone (z/D = 2.7). This leads to a decrease
of the CO and H, peak mass fraction in the products (Figure 4-b) with the correlating increase of the average
volume fraction of CO; from 9.5 to 10.8 % (Figure 4-d), the flame temperature near the flow axis, the average
value of the combustion efficiency by about 4.5 % and of the produced heat energy by about 8-10 %
determining cleaner heat energy production with the radial expansion of the reaction zone. The reverse field
effect on the combustion of volatiles was observed at the field-enhanced increase of the axial flow velocity for
U>1,2kV, when the CO; volume fraction in the flame reaction zone decreased (Figure 3-d). This finding
suggests that the shape of the flame composition profiles is affected by the field-induced variations of the
residence time of reactions (t;), which increases when the average and local values of the axial flow velocity
(ur = 1/t;) decrease, providing more complete combustion of volatiles further downstream (z/D > 2.7) where a
2-3 % increase of the CO; volume fraction, combustion efficiency, and produced heat energy was observed
forU=24kVandI|=1.75mA.
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Figure 4: The electric field effect on the absorbance of volatiles at the bottom of the combustor (a), on the
mass fraction of volatiles in the flame reaction zone (b) and on the flame composition profiles (c, d).

5. Conclusions

The mathematical modelling of the combustion control using the electromagnetic Lorentz force effect on the
formation of velocity profiles and flame reaction zone has proved that the increase of the electrodynamic force
parameter P, increases the maximal velocity, strengthening the flow vorticity and assuring the field-enhanced
mixing of the fuel flow with the air with a decrease of the temperature and reaction rate maximum values.
Experimental study of the electric field effect on the development of flow velocity fields, flow structure and
composition was carried out to ascertain the DC electric field effect on the combustion dynamics at thermo-
chemical conversion of biomass, which can be related to the field-induced ionic wind effect. The results of
experimental study allows the conclusion that the DC field-enhanced reverse upstream swirl motion leads to
enhanced biomass thermal decomposition with the enhanced formation of the volatiles. Moreover, the field-
enhanced swirl motion leads to enhanced mixing of the axial flow of volatiles with the air at the bottom of the
combustor, resulting in enhanced combustion of the volatiles with an increase of the combustion efficiency
and produced heat energy, determining cleaner and more effective heat energy production.
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