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ABSTRACT

A small ethanol diffusion flame exhibited interesting characteristics under a DC electric field. A
numerical study has been performed to elucidate the experimental observations. The flow velocity,
chemical reaction rate, species mass fraction distribution, flame deformation and temperature of the
flame in the applied DC electric field were considered. The results show that the applied electric field
changes the flame characteristics mainly due to the body forces acting on charged particles in the
electric field. The charged particles are accelerated in the applied electric field, resulting in the flow
velocity increase. The effects on the species distribution are also discussed. It was found that the
applied electric field promotes the fuel/oxidizer mixing, thereby enhancing the combustion process
and leading to higher flame temperature. Flame becomes shorter with applied electric field and its
deformation is related to the electric field strength. The study showed that it is feasible to use an

applied DC electric field to control combustion and flame in small-scale.

Keywords: Ethanol-air flame; DC electric field; micro-combustion; Numerical analysis; Flame

deformation



Nomenclature

Cp

constant-pressure specific heat capacity
diffusivity

inner diameter of burner nozzle
outer diameter of burner nozzle
electric field strength

electron charge

body force

height of flame

enthalpy of species i

diffusive flux of species i
effective heat transfer coefficient
electrode spacing

net charge density

positive charge density

negative charge density

pressure on the element

radial direction

correlation coefficient

radius of electrode

net reaction rate of species i
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Y

volume heat source term

additional generation rate caused by source terms
flame temperature

axial (x) direction of flow velocity

radial (r) direction of flow velocity

width of flame

mass fraction of species i

Greek Letters

R

aspect ratio
dynamic viscosity
density of liquid ethanol

viscous dissipation stress
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1. Introduction

The characteristics of micro- and meso-scale combustors with different configurations or under
different external conditions have attracted lots of attention, e.g. [1-5]. The effects of an electric field
applied on flame have been studied recently, e.g. [6-9]. Researchers found that the electric field can
improve the stability of combustion. The external electric field was also used as a means for flame
control, such as taking flame as an electrically active component based on voltage-current
characteristics in the circuit [10]. The effects of electric fields on flame included stabilizing the
combustion, increasing flame speed, reducing the soot production and emission, changing the flame
temperature and shape [11-15]. These findings also imply that the efficiency of practical
non-premixed combustion systems could be improved by applying an electric field [16]. It has been
identified that there are three major effects produced by the electric field on the flame, including the
thermal effect, the ionic wind effect and the electrical-chemical effect [17].

Experimental and numerical methods have been used to study the effects of electric fields on
flame behavior. Meng et al. [18] found that the flame propagation and combustion properties were
significantly affected by the DC electric fields and the flame shape would become a prolate spheroid
by the electric body force in the electric field. Imamura et al. [19, 20] investigated the flame
deformation of ethanol droplets in different vertical electric fields experimentally and the relation
between the applied voltage and electrode distance was observed. Kim et al. [21] considered the
stabilization characteristics of liftoff and blowoff in nonpremixed laminar jet flames in a coflow for
propane fuel by applying AC and DC electric fields experimentally. Boom et al. [22] studied the
influence of a DC electric field on the laminar burning velocity and found that the electrode

configuration can influence the laminar burning velocities and the system requires a relatively low
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power input. Belhi et al. [23] improved a simplified mathematical model, where negative ions and
the stabilization mechanism of a diffusion lifted flame in the applied DC or AC electric fields were
analyzed. The effects of electric fields on the reattachment of lifted flames have been investigated
experimentally by Won et al. [24] and they reported that the stabilization limit of attached flames was
extended by the AC electric field and the effect of DC was found to be minimal. Karnani and
Dunn-Rankin [25] discussed the relationship among flame shape, combustion intensity, soot
formation, and the ion production rate. They found that those parameters are related to the
voltage—current relationship for a coflowing non-premixed methane/air flame. Vega et al. [26]
studied the electro-physical means of controlling the nitrogen oxide pollutant formation and emission
composition of premixed flames in the combustion process.

Most of these studies considered hydrocarbon fuels, especially gaseous fuels. Although
diffusion flames with liquid fuels are important in terms of the effects of electric fields on
combustion phenomena, the investigation is limited in the literature and there is still a lack of
understanding on this topic. A small ethanol diffusion flame with an applied electric field was
investigated in this study, investigating the effects of electrical field on combustion and the potential
application in system control. The effects of DC electric field on the flame characteristics, such as
flame shape, temperature, species distribution, flow velocity and reaction rate, were investigated
experimentally and numerically. The combined experimental and numerical results enhance the
understanding of the effects of electric field on the small ethanol diffusion flame. When small
combustors are considered in transport applications such as a drone, liquid fuel is preferred because
of the very large energy density (in comparison to gas fuels). The results and understandings

obtained can be used to improve the performance of meso-scale combustors controlled using
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2. Experiment
2.1 Experimental system

The schematic of experimental apparatus and a simplified electrical circuit are shown in Fig. 1.
The system consists of four main parts, including liquid fuel supply system, small-scale combustion
system, DC power supply system and measurement system. The fuel used in these experiments was
high purity ethanol (C,HsOH, molecular weight of 46.07, purity > 99.5%) and it was controlled and
supplied from the base into the burner nozzle with an inner diameter (d;) of 0.9 mm and outer
diameter (d,) of 1.2 mm by a syringe pump (KDS 100) with an uncertainty of 1.0%. Air around the
burner nozzle as the oxidizer was supplied from the ambient. The flame was ignited near the nozzle
outlet and was located between two parallel horizontal brass plate electrodes with radius (R,) of 40
mm. A potential difference applied by a DC power supply (Boher HV, Model 71030P) between the
two electrodes produced the DC electric field. The measurement system consisted of digital camera
(Cannon, EOS 5D Mark III) to observe the flame shape, S type platinum-rhodium thermocouple
with the node diameter of 0.3 mm, and data acquisition instrument (Agilent, 34970A) to measure the
flame temperature, which also could collect data of current and voltage. The system is similar to that

used in our previous work [27-29].
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Fig. 1 Experimental system
2.2 Experimental method
The applied voltage, normalized electrode spacing L, the nominal electric field strength (E) are
the key electrical parameters to describe the system. A positive electric field is defined as electric
field vectors directed from the burner to the downstream electrode and reversely negative. When the
power supply voltage or electrode distance was changed, the electric field strength would change
accordingly and some different electric field conditions were produced. A small-scale diffusion flame
in different electric field conditions was observed and the data such as flame shape, temperature
variation and flow velocity were collected. These cases were compared and analyzed, and the effects
of DC field on small-scale diffusion flame combustion characteristics were examined.
A thermocouple was used to measure the flame temperature at the flame top position, as shown in
Fig. 2. The flame temperatures at different positions were measured and it was found that the highest

temperature in the flame was at the top position. So the temperature at the top position was chosen to
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represent the flame temperature. Moreover, the measurement at the top position brought the smallest

disturbance to the flame compared with other positions [28].

Measuring point

Fig. 2 Flame temperature measuring point

3. Model description
3.1 Geometric and mathematical model

Fig. 3 shows a schematic of the axisymmetric model of the small-scale combustor with two plate
electrodes. The model scale depended on the actual experimental system. In the experiments,
electrode spacing had been adjusted to 40 mm. The upper electrode was connected to the high
voltage of the power supply as the anode and the upper electrode was connected to the low voltage as
the cathode. In consideration of the domain symmetry, a half of the cross-section of the domain was

selected in the axisymmetric model to reduce the computational cost.
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Fig. 3 The configuration studied

Since the main focus of the study was on the steady mean flow field, only steady and
axisymmetric numerical simulations were considered. The mixture flow and combustion process
followed conservation equations including the continuity, momentum, energy and species
conservations for the governing equations.

In steady state, the governing equations of axisymmetric cylindrical coordinates are presented as
follows:

Continuity:

8(pu)+l6(rpv)zo 1)
OoX r or

where p is the density of flow, u is the x direction of flow velocity, and v is the r direction of flow
velocity.
Momentum:

x direction:

10
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r direction:
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x 't ar ar T _) _X( _) __( —)+ 7t ©)

where u is the dynamic viscosity, p is the pressure on the flow element, and Fy, F, are the body
force on the element.
The source term of momentum equation in the axial direction is given as:

F =F, =Ee(n, —n_)=Een, (4)
where e is the electron charge, n, is the positive charge density, n_ is the negative charge density,
and n; is the net charge density.

The model was simplified and the net charge density was considered. The number of charged
particles was estimated according to the literature (10°-10%? cm™) [17-19]. According to Equation (4),

the electric field force was estimated as
F = Een. =1600 N/m® E=100 kV/m, n;=10"cm

which is similar to the results in the literature (0-2000 N/m®) [21].

Energy:

0 0 0 ,koh, 10, koh o(hJd;) 10(hJ;) o(zru) 10(rzv

2 ( Uh)-l———( )__(__) __( __|)_ ( ) - ( )+ ( )+_ ( )+sh
X ror OX  ror c,or OX r or OX r or

(%)
where k is effective heat transfer coefficient, h, is the enthalpy of the species i, J; is the
diffusive flux of the species i, C, is the constant-pressure specific heat capacity of the mixture, the
temperature, 7 is the viscous dissipation stress, and S, is the volumetric heat source term.

In our previous work [28], it was found that the external electric energy was very small compared

with the actual burning thermal energy of ethanol in this study. This was also mentioned in the
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reference [22]. So the external energy by the electric field was considered insignificant and ignored
in the model.

Species:

Y4+R +S (6)

where Y, is the mass fraction of species i, R

is the net reaction rate, S, is the additional
generation rate caused by source terms.

In order to simplify the calculation, a one-step chemical reaction model was used.

C,H,OH+30, =2C0O, +3H,0 (7

The governing equations were solved using an implicit solver which is pressure based. The system
was closed with appropriate boundary conditions on each side of the computational domain. For the
small diffusion flame, the boundary conditions are consistent with the experimental condition, as
shown in Table 1. Identical boundary conditions were employed for the condition with electric field
and without electric field except for the electrode conditions. It was assumed that the purity of liquid
ethanol was 99.7%, the temperature of the liquid fuel applied was 300 K and the ethanol was
completely burnt. The model considered that the liquid ethanol had evaporated into gas near the
nozzle outlet. This is consistent with the actual experimental observation.

Table 1 Boundary conditions

Liquid ethanol inlet boundary condition ~ VEOCITY_INLET

Outlet boundary condition PRESSURE_OUTLET
The wall of tube inside and outside WALL
The electrodes condition WALL

3.2 Numerical simulation and validation

The computational domain took the differences of the solid and the fluid zones into consideration,

12
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which was divided into the ceramic tube solid zone, the fluid and combustion zone. A systematic grid
independence test was carried out. The final mesh chosen had a total number of elements of 159980.
Numerical simulations were performed for a reacting flow system with ethanol and air used as the
fuel and oxidant respectively. In the simulation study, the oxygen mass fraction was taken as 23% (in
ambient air). The ethanol was ignited above the burner nozzle outlet by assuming a temperature of
1000 K.

The accuracy of the present numerical model has been evaluated by comparing the measured and
predicted flame shape and temperature. The small flame image captured by camera in the experiment
and the flame temperature distribution of numerical calculation are shown in Fig. 4, respectively.
Generally, in the high temperature region, the brightness of the flame will be high. So the flame
image captured by camera and the calculated temperature field could indirectly reflect the flame
shape. It was found that the flame shapes obtained from the two approaches were similar, which
were both approximately spherical. Through the comparison of the flame temperature measured and
calculated data, the difference between them was about 9%, and it is shown in Table 2. This was
considered as acceptable. In addition, when the operating condition changed, the flame and
temperature obtained by the measured results and calculated results both have the same trend of

variation. It also implied the accuracy of the present numerical simulation.
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Simulated

Fig. 4 Measured flame image and simulated temperature field without electric field (q,=1.2 ml/h)

Table 2 Flame temperature and errors with flow rate of 1.2 ml/h

Temperature/K  no electric field electric field

Experimental data 1326 1388
Numerical data 1446 1472
Discrepancies 9.0% 6.1%

4. Results and discussion

4.1 Velocity field

The flame of liquid ethanol in our small-scale combustor can only maintain stability within a
certain range of fuel flow rates. When the fuel flow rate is too low or too high, the small flame
cannot be ignited or will become oscillatory. In this study, the flame in a steady state was examined.
The fuel flow rate of 1.2 ml/h where the flame could maintain stability was selected to perform the
studies. Results about flow field of the flame were obtained. Fig. 5 shows the flow velocity vector
diagrams near the flame without electric field and under positive electric field. Fig. 6 shows the
comparison of flow field variations without and with the applied electric field. It was found that the
velocity magnitude increased and the velocity changed more intensely when the electric field was
applied.

This is mainly due to the influence of ionic wind [23]. There is a large number of positively and
14
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negatively charged particles being produced by chemi-ionization in the hydrocarbon flame reaction
zone [30]. The positive electrode is below the flame and the negative electrode is above. These
charged particles would affect the combustion progress when the DC electric field was applied.
When the electric field was applied, the positively and negatively charged particles would move
toward the opposite polarity electrode by the force of electric field. Charged ions accelerated in the
electric field and transferred their momentum to the neutral molecules by colliding with them. With
the relatively small mean free path, the ions were accelerated by the electric field after each collision
[31], which produced a large number of neutral molecules moving toward the electrodes. The net
effect of this process is a significant body force produced by the electric field or the so-called “ionic
wind”. In the same region, the flow velocity near the flame changed more intensely under the electric
field compared with the case without the electric field. It suggested that the velocity gradient is larger,

which also indicated the existence of the electric field force as a source for the momentum [21].
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Fig. 5 Calculated velocity field for the diffusion flame. Left: no electric field, right: E= 100 kV/m

(qv=1.2 ml/h)
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Fig. 6 Calculated velocity contour. Left: no electric field, right: E= 100 kV/m (g,=1.2 ml/h)

4.2 Mass fraction distribution

Obtained by numerical simulations, Fig. 7 and Fig. 8 show the ethanol and CO, mass fraction
distributions, respectively. The effects of applied electric field on the species distribution can be
observed. As seen from the figures, when the DC electric field was applied, the concentration of each
species has a tendency of inward contraction. The increasing flow velocity near the flame due to the
addition of electric field enhances the mixing of species. The applied electric field could increase the
flame propagation velocity [18] and flame temperature by increasing the ion number density and
redistributing the ion concentration, which enhances the combustion. The fuel rapidly spread to the
air and met the oxidant and then the reaction took place. The fuel and oxidant burnt faster and were
quickly consumed. The intensity of combustion process increased, and species distribution had an
inward contraction.

A similar phenomenon can be seen from the calculated mass fraction profiles of O, and CO; on the

axis as shown in Fig. 9. The maximum value of the mass fraction of CO, under positive electric field

16
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was a little higher than that without the electric field and the point of maximum value moved
upstream. The mass fraction of O, also moved upstream and became more sharply decreasing close
to the flame. This observation agreed with the experimental results, which showed the reduction of
flame height with the increasing electric field strength. These results showed that the flame had a

tendency of contraction, which also implied the intensification of the reaction.
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Fig. 7 Calculated ethanol mass fraction. Left: no electric field, right: E= 100 kV/m (q,=1.2 ml/h)
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Fig. 8 Calculated CO, mass fraction. Left: no electric field, right: E= 100 kV/m (q,=1.2 ml/h)
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Fig. 9 Calculated mass fraction profiles of O, and CO, on the axis (q,=1.2 mi/h)

4.3 Chemical reaction rate

From the numerical results, some changes in chemical reaction were observed when the electric
field was applied. Fig. 10 shows the chemical reaction rate in the flame. It can be found that when
the electric field was applied, the reaction rate in the flame increased and the scope of the reaction

expanded slightly. While the surface of chemical reactions has a tendency of contraction, which is

18



10

11

12

13

14

15

consistent with the mass fraction discussed before. It also suggests that the flame size decreases. It is
known from the above that velocity close to the increased, which enhanced the fuel/oxygen mixing.
The charged particles received an acceleration by electric field, which made charged particles mix
quickly with oxygen in the flame front [10] and the reaction took place in a wider space. Thus, the
reaction rate increased resulting in the fuel burning faster and the inward contraction of the flame
front to the fuel side. It means that the DC electric field can enhance the combustion process and in

turn lead to a higher flame temperature.
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Fig. 10 Chemical reaction rate. Left: no electric field, right: E= 100 kV/m (g,=1.2 ml/h)

4.4 Flame deformation in electric field

One important characteristic of laminar diffusion flame is the flame shape or structure. Fig. 11
shows the calculated temperature distribution of flame without electric field condition (left) and that
under positive electric field (right) which also reflects the flame shape. Fuel flow rate was 1.2 ml/h,

and the applied voltage was 4.0 kV (E=100 kV/m). It shows that the flame became shorter and
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smaller after the electric field was applied. The flame height decreased by 50% with an applied

electric field.
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Fig. 11 Calculated temperature fields. Left: no electric field, right: E= 100 kV/m (q,=1.2 mi/h)

The maximum temperature with electric field appeared to be 1472 K which was slightly above (by
4.7%) the temperature with no electric field (1446 K). Owing to these aerodynamic effects associated
with the electrical field, the entire flow field is affected, and in particular the flame shape, which is
well known to be very sensitive to the surrounding flow field [32], is influenced accordingly. Thus,
the flame scale became smaller.

The aspect ratio was defined as the ratio of the flame height (H) to width (W)

a=H/W (8)

Fig. 12 shows the changes of flame deformation rate with the applied DC electric field strength

obtained from the experimental results. The results show a satisfactory correlation with the best fit of

the following equation with correlation coefficient R=0.9408.

20
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It could be found that the flame deformation rate became smaller with the increasing electric field
strength. When the electric field strength was stronger, the electric field force was greater and the
flame became flatter.

The flame shape is affected by the surrounding flow field, reaction rate and diffusion. The height
of the laminar diffusion flame is proportional to the fuel flow rate, and is inversely proportional to
the diffusion coefficient D. As known from the Fick’s Diffusion Law, D is nearly proportional to
T3/2, According to the results of flame temperatures and discussions above, the flame temperature
with applied electric field is higher than that without electric field. So the diffusivity increased and
the flame became shorter under the effect of DC electric field. The electric field increased the flow
velocity by the electric force and promoted the reaction rate and the diffusion of the species which

also made the flame length shorter.
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Fig. 12 The flame deformation rate with electric field strength collecting by experimental results

(qv=1.2 ml/h)

5. Conclusions
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The effects of DC electric field on the small ethanol diffusion flame were investigated. The flow
velocity, chemical reaction rate, mass fraction distribution, flame temperature and deformation in the
applied DC electric field were considered. The results show that the applied electric field changes the
flame characteristics mainly due to the body forces acting on charged particles. The applied electric
field accelerates the charged particles and they collide with the neutral particles and transfer the
momentum, thus increasing the flow velocity. The effects on the species distribution and the flow
field near the flame by the applied electric field promote the mixing of fuel and oxidant, which
enhances the combustion process and leads to higher flame temperature. Flame becomes shorter with

applied electric field and its deformation is related to the electric field strength.
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List of figure captions
Fig. 1 Experimental system
Fig. 2 Flame temperature measuring point

Fig. 3 The configuration studied

Fig. 4 Measured flame image and simulated temperature field without electric field (gy=1.2 mi/h)
Fig. 5 Calculated velocity field for the diffusion flame. Left: no electric field, right: E= 100 kV/m
(qv=1.2 ml/h)

Fig. 6 Calculated velocity contour. Left: no electric field, right: E= 100 kV/m (q,=1.2 mi/h)

Fig. 7 Calculated ethanol mass fraction. Left: no electric field, right: E= 100 kV/m (q,=1.2 ml/h)
Fig. 8 Calculated CO, mass fraction. Left: no electric field, right: E= 100 kV/m (gy=1.2 mi/h)
Fig. 9 Calculated mass fraction profiles of O, and CO; on the axis (gy=1.2 mi/h)

Fig. 10 Chemical reaction rate. Left: no electric field, right: E= 100 kV/m (g,=1.2 ml/h)

Fig. 11 Calculated temperature fields. Left: no electric field, right: E= 100 kV/m (q,=1.2 ml/h)

Fig. 12 The flame deformation rate with electric field strength collecting by experimental results

(qv=1.2 mi/h)
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