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Abstract: Electric field assisted combustion is an important means to improve fuel
combustion efficiency. This paper conducts extensive research on flame
characteristics under different forms and different application methods of electric
fields, emission of soot particles and simulation status. Different flame parameter
measurement methods will lead to different degrees of error, and perfect numerical
simulation can make simple predictions on experimental data. Most of the current
numerical simulations are in two dimensions, and it is necessary to develop a
complete and accurate three-dimensional model to simulate and predict the
characteristics of the flame under an electric field. The emission of soot particles is
also affected by the electric field, and reasonable electric field parameters can greatly
reduce the emission of soot particles. It is recommended to conduct centralized
measurement of different fuels under the electric field under high pressure and
temperature conditions, so as to be able to develop a wider and more accurate flame
dynamics and chemical model under the electric field.
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1. Introduction

1.1 Background of electric field assisted combustion

The rapid development of science and technology and the accelerating economic
globalization have made the energy problem increasingly prominent. Energy
shortages, inefficient use of existing fuels, and excessive emissions of pollutants are
all causes of environmental degradation. Improving the utilization efficiency of
existing energy and developing alternative clean energy is the focus of current
research. New combustion technologies such as electric field combustion and plasma
combustion have gradually entered the public's field of vision in recent years [1-3].
The first group of scholars to study flame conductivity pointed out that during the
combustion process, not only free ions but also free electrons are generated in the
flame, so the electromagnetic field can influence the combustion from the outside of
the flame. Recent studies have shown that the addition of electric fields can improve
the efficiency of fuel combustion and effectively reduce pollutant emissions.
Therefore, in-depth research and analysis of electric field-assisted combustion
technology is of great significance for dealing with energy problems.
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1.2 The importance of study electric field assisted combustion

Electric field assisted combustion is a method of coupling the electric field with
the flow field generated by the combustion flame, which changes the flame
characteristics of the fuel, such as the stability of the flame, the color of the flame, the
temperature of the flame, the speed of the flame propagation, and the amount of
pollutants generated by the combustion, which are related to the form, intensity and
application mode of the applied electric field. In 1951, calcote et al. Studied the
characteristics of Bunsen flame under the condition of longitudinal electric field, and
found that the electric field has a strong influence on the stability of Bunsen flame [4].
At the same time, calcote established a mechanical model of momentum transfer
between positive ions and ambient air, which qualitatively explained most of the
experimental results. Therefore, electric field assisted combustion has become an
important method to increase combustion efficiency. However, before adding electric
field to the actual combustion system, it is necessary to study and understand the
combustion behavior of flame in the electric field in detail. The first step is to
understand the reason why the electric field makes the flame accelerate combustion,
and to characterize the flame structure and other flame characteristics through
experiments and modeling, so as to make our understanding of experimental
phenomena better from the perspective of chemical kinetics and physics.

1.3 The reason why electric field can assist combustion- ion wind effect

One of the most convincing explanations that electric fields can assist
combustion is the ion wind effect. When the flame comes into contact with an
externally applied electric field, due to the action of the electric field, the charge
carriers are separated and accelerated toward the corresponding electrode. The
electrons and negative ions move to the positively charged electrode, while the
positive ions move against the inflowing fresh gas toward the edge of the grounded
burner, which causes the flame to deform and shift. This is generally considered the
ion wind effect. Another explanation is that the collision of accelerated electrons with
neutral molecules produces free radicals. The location of free radical generation is
upstream of the effective reaction zone, which increases the reactivity of the mixture.
Therefore, the flame front speed has been significantly improved.

The ion wind effect can change the flame area and entrain a little air, so the
flame stability will change. As long as the surrounding flame surfaces bend, the heat
transfer to them will increase. The increase in flame propagation speed under the
electric field is due to the increase of electron temperature in the flame front, and the
increase of electron temperature reduces the adhesion rate of electrons. This will
increase the concentration of electrons and the chemical activity of the electronic
components in the system. When Xu et al. studied the plasma behavior in the flame,
they found that the presence of an electric field would cause the flame to produce an
ion wind effect, which can greatly improve the stability of the flame [5].

Generally, the ions produced in the flame zone are positive ions, so the early ion
wind effect believed that the flame reaction zone produced positive ions. The positive
ions would make the overall ion wind move in the direction of the cathode under the
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action of the electric field. But Park et al. used the stagnant flame method and PIV
(particle image velocimetry) method to visualize the ion wind [6]. In his experiment,
he observed that when the flame is on the stagnation plane, the original flow field
separates near the flame, resulting in a double stagnant flow. This phenomenon shows
that the ion wind actually blows negative ions to the anode and positive ions to the
cathode. But due to the electric field force, the flame will be pulled towards the
cathode. As shown in Figure 1, it shows the changes produced by the Bunsen flame
under the action of electric field. Figure a shows the ion distribution in the flame
when no electric field is applied, and figure b shows the ion distribution in the flame
when an upward electric field is applied. Condition [7]. It can be seen from the figure
that under the action of the electric field, the positive and negative ions in the flame
move toward the negative and positive electrodes of the electric field, respectively.

Quenching Zone

Hot intell' product

Quenching Zone

Figure 1. Schematic diagram of the influence of electric field on the position of flame
ions (Figure a is the distribution of ions inside the flame when no electric field is applied,
and Figure b is the distribution of ions in the flame when upward electric field force is
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applied)[7]

2. Introduction of measurement technology and its latest

development

In recent decades of research, many experimental techniques have been proposed
and developed to measure the flame-related parameters of the fuel and oxidant
mixture, including Bunsen method, countercurrent/stagnation burner method,
countercurrent annular groove burner method, spherical flame propagation Method
and heat flux method. After adding the electric field, the measurement method is also
carried out in the measurement methods that have been developed above. In this
chapter, we have reviewed and introduced the latest updates of related measurement
techniques used in the measurement of flame-related parameters in the electric field.

2.1 Bunsen flame method

The flame produced by premixing gas and air is called Bunsen flame.
Combustion in which gas and air are not mixed in advance is called a diffusion flame.
The Bunsen flame method is the most primitive method, and the flame that appears
when burning is a cone flame. Gillon et al. used the Bunsen burner experimental
device to study the response of a longer flame under a DC electric field [8]. The
schematic diagram of the experimental device they used is shown in the figure 2. A
stainless steel grid is placed above the Bunsen flame, and a downstream electrode
made of the grid generates a potential difference between the burners, thereby
generating an electric field. Experimental studies have shown that the application of
negative high voltage will cause the flame to oscillate and cause soot to burn. Positive
high voltage will stabilize the flame and reduce the volume fraction of soot produced.
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Figure 2. Schematic diagram of experimental setup of Bunsen flame under electric field

(1]
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Marcum et al. and Luo et al. apply the electric field in a similar manner to the
above. Two metal plates are installed above and below the flame spray device. The
applied potential difference of the DC power supply between the two electrodes
produces a DC electric field [9-10 ]. Experimental research found that the application
of electric field increases the flame speed, and the flame length becomes shorter as the
applied electric field intensity increases. This is because the electric field changes the
material distribution inside the flame. This change makes the flame cells appear,
which increases the flame surface area, promotes the mixing of fuel and oxidant, and
increases fuel consumption and heat release per unit area. Yoon et al. and Altendorfner
et al. applied an AC electric field in the original DC electric field research and used
PIV and PLIF techniques to observe [11-12]. Experimental studies have shown that
the addition of DC and AC reduces the speed of the flame upstream, resulting in an
increase in the flame displacement speed. Experimental studies believe that the
application of an electric field will only affect the flow of the flame, but will not affect
the flame chemistry and free radicals.

Wang et al. grounded the burner and changed the sign of the electric field by
changing the sign of the electrode applied to the plug [13]. Experimental results show
that the deposition rate of soot is affected by the electric field, and is positively
correlated with the negative electric field and negatively correlated with the positive
electric field. But the size of the soot particles has nothing to do with the polarity of
the electric field and the sign.

The Bunsen flame method is relatively old and the measurement method is
simple. The flame propagation speed can be measured based on the cone flame. The
premixed gas will keep moving in the Bunsen burner tube. But when using Bunsen
burner to measure LBV, the flame front speed often does not match the assumption
and actual measurement. The mathematics of the flame shows that there is actually a
thin heating layer, and the external medium will also have a certain influence. This
makes the influence of the electric field on the flame superimposed with the influence
of the Bunsen flame device itself when an electric field is applied, and it becomes
complicated when considering the influence of the electric field.

2.2 Countercurrent/Stagnation Burner Method

Stagnation flame method can obtain a stable plane flame by placing a stagnation
plate. The application of stagnant flame method is more extensive, because premixed
flame and diffusion flame are both measurable objects. However, the use of the
stagnation plate will cause part of the flame to be transferred, so two nozzles placed in
exactly the same relative position are used, and the symmetrical position of the
opposing flame is the stagnant plane. There will be two symmetry on both sides of the
stagnant surface. Plane flame. This kind of opposing stagnation flame is adiabatic
flame, which eliminates the influence of heat loss and can minimize the influence of
stretching [14]. The use of this hedging and stagnation flame method makes its
measurement accuracy much higher than that of the Bunsen burner flame method.

Chien et al. used the plate stagnation flame method to study the effect of flame
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under electric field [15]. The experimental device they used is shown in Figure 3[16].
The selected material is not affected by the electric field and will not catalyze the
combustion of the flame [17]. Similar to the way the Bunsen flame applies an electric
field, direct current is applied above the stagnation plate and below the flame injection
device, and the potential difference between the two plates forms an electric field
acting on the flame. Experimental research shows that the ion wind effect produced
by the application of an electric field will affect the heat distribution of the flame,

especially when the plate position is just above the flame tip.
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Figure 3. Schematic diagram of the experimental device for flat plate flame retardation
under electric field [16]

Renzo et al. used the hedging and stagnation flame method to study the influence
of flame under electric field [18]. The experimental device they used is shown in the
figure 4. Two electrodes are placed at the exit of the spray device, and an electric field
is generated by applying a current to the two pole plates, and the stagnant flame plane
is generated at the symmetrical position of the two spray devices. The tracer particles
satisfying the followability are added to the flow field. The light source illuminates
the particles in the measured area in the flow field, and a high-speed camera is used to
shoot. Due to the principle of laser Doppler velocity measurement, the velocity
distribution of the flow field can be determined. Through experiments and simulations,
Renzo et al. found that the application of an electric field produced bidirectional ion
wind in the flame, the flame burning speed increased, the flame temperature rose, and
the stagnation plane shifted.
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Figure 4. Schematic diagram of experimental device for opposing stagnant flame under
electric field [18]

The stagnant flame method requires the use of tracer particles. The addition of
tracer particles will affect the flame speed and also make the experiment more
difficult. The height of the stagnant flame surface needs to be changed according to
the requirements of the flame speed that needs to be measured. This approach will
make the shape of the flame front unstable and the calculation of the flame stretch rate
will become difficult. The biggest limitation of the stagnant flame method is that the
existence of the Reynolds number makes it difficult to measure LBV under high
pressure.

2.3 Counterflow annular groove burner method

Researchers' pursuit of adiabatic flames and unstretched flat flames led to the
birth of counter-flow annular groove burners. Due to the unstable existence of
Darrieus-Landau, there is no flame without stretching. Length dimension is the main
factor that affects flame heat loss and stretch rate. When the flame passes through the
narrow passage under the action of the electric field, due to the existence of the ion
wind effect, the electric field line will be orthogonal to the direction of flame
propagation [19]. The countercurrent annular groove burner can make the flame
propagate in a small space, diagnose through the laser, and measure the flame
displacement velocity and flow field velocity [20]. By changing the channel gap or
tube diameter, find the critical LBV that minimizes the influence of the length
dimension.

Manh-Vu Tran et al. used the counter-current annular groove burner method to
study the effect of flame under electric field [21]. The experimental device they used
is shown in the figure 5. By igniting at the designated position and blocking by the
ceramic sheet, the flame spreads on one side of the groove and a trailing diffusion
flame can be established [22]. A high voltage is applied to the lower part of the burner
and the upper part is grounded. The electric field is applied from top to bottom by
using a function generator and a power amplifier to generate a uniform vertical
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Figure 5. Schematic diagram of the experimental device of the counter-flow annular

groove burner under the electric field [19]

Experimental studies have found that for premixed flames, the flame
displacement velocity is inversely proportional to the voltage, and the change in
frequency has little effect on the flame. The reason for this is that the main influence
of flame in an electric field comes from the ion wind effect, while chemical kinetics
and thermals can hardly be considered. The response of the non-premixed flame to the
electric field is similar to that of the premixed flame [23]. In the case of high voltage,
it can be observed through the PIV that the ionic wind moves the flame toward the
cathode, and the moving speed increases with the increase of the voltage.

The use of a counter-flow annular groove burner allows the flame to be
measured in a flat state. In this case, the uncertainty caused by flame stretching is
reduced to a minimum. However, the measurement accuracy of the counter-flow
annular groove burner under the mixture of high pressure and high combustion
velocity still needs to be considered.

2.4 Spherical flame propagation method

In the spherical flame method, the constant-volume combustion bomb is filled
with the mixture of the gas to be measured and maintained at a certain equivalence
ratio, temperature and pressure. The spherical flame is ignited by the electrode at the
center of the constant volume incendiary bomb, and then spreads evenly into the
unignited static mixture. When the flame expands outward, it will be affected by
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flame curvature, unstable flow field, flame spread, etc. The schlieren image is
captured by a high-speed camera, and the image is processed to obtain the rate of
change of the flame radius, so as to calculate the unstretched LBV.

Wang et al. used the spherical flame method to study the effect of flame under
electric field [24]. The experimental setup is shown in the figure 6. Two parallel and
symmetrical grid electrodes are installed on both sides of the constant volume
combustion bomb perpendicular to the ignition electrode. The ignition electrode
forms high and low electrodes on the grid, which can generate a symmetrical electric
field.
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Figure 6. Schematic diagram of the experimental device of the spherical flame method under
an electric field [24]

Because the flame will deform under the action of the ion wind, the flame will
become an oval shape. Therefore, in order to facilitate the measurement of the flame
radius change rate, the effective radius needs to be defined. As shown in the figure, Li
et al. defined the effective radius of an elliptical flame [25]. The effective radius of the
flame is divided into horizontal and vertical directions. From the perspective of flame
curvature, plus or minus 15° in the horizontal and vertical directions is defined as the
effective radius. The rate of change of flame radius is divided into vertical and vertical
directions for consideration, and the flame propagation velocity in these two
directions is defined as a. The experimental research of Li et al. found that the flame
propagation speed in the horizontal direction is proportional to the voltage, and the
vertical direction is inversely proportional to the voltage, and the speed under positive
voltage is faster than that under negative voltage. The appearance of the ionic wind
effect makes the flame surface unstable due to fluid dynamics.
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Figure 7. Definition of effective radius of spherical flame method under electric field
(25]

Fang et al. and Duan et al. used similar experimental devices to study the
combustion under an electric field with the spherical flame method [26-27].
Experimental studies have found that the application of voltage can increase the
stretching and burning rate of the flame. When the alternating current is low
frequency, the flame propagation speed will decrease, the development of ion wind
will increase, and the lean combustion is greatly promoted.

The spherical flame method can well simulate the flame spread in the engine.
However, if the diluted mixture is blended, the radiation absorption of the mixture
may also affect the accuracy of the LBV measured by the spherical flame method.
This requires further research. Different researchers use different flame non-stretching
pressure zones. Most researchers believe that the flame does not exceed one-third of
the bomb capacity is the constant pressure stage. This value needs to be studied to
determine the precise and uniform standard.

2.5 Heat flux method

The heat flux method is a direct method for determining the LBV of various
fuels mixed with oxidants. In this method, the flame is two-dimensional, fixed at the
burner outlet, and the flow of unburned gas is perpendicular to the flame front, so the
LBV is equal to the speed of unburned gas [28-29]. Its biggest advantage is that it
does not require stretching correction.

Boom et al. used the heat flux method to study the effect of flame under electric
field [30]. The experimental setup is shown in the figure 8. The burner plate with
small holes is connected to the burner outlet and thermocouples are added on the side.
The unburned gas flowing through the burner plate compensates for the heat loss of
the flame. In this case, the gas velocity is equal to the adiabatic combustion velocity.
The burner acts as the negative electrode, and the electrode plate above the flame is
the positive electrode. The electrode plate is energized to form a potential difference
between the upper and lower electrodes, thereby applying an electric field to the flame
field. Experimental studies have found that the adiabatic combustion speed is less
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affected by the electric field, and the frequency of the electric field has a linear
relationship with the temperature of the adiabatic flame.
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Figure 8. Schematic diagram of the experimental device of the heat flux method under an
electric field [28]

The heat flux method cannot be used for mixtures with high combustion velocity.
The measurement of high LBV needs to reduce the size of the hole, which will greatly
increase the difficulty of making the burner. Because the higher temperature of the
mixture will reduce the flame distance, this will greatly increase the difficulty of LBV
measurement.

3. Numerical analysis of premixed flame under electric field

In the experiment of electric field assisted combustion, the most important thing
is to know whether the experimental data is accurate. The advantage of the theoretical
analysis method is that the results obtained are universal, and various influencing
factors are clearly visible. It is the theoretical basis for guiding experimental research
and verifying new numerical calculation methods. The reasonable range of the value
can be predicted by numerical simulation [31]. However, it often requires abstraction
and simplification of computing objects to get theoretical solutions. The experimental
results obtained by the experimental measurement method are true and reliable, and it
is the basis of theoretical analysis and numerical simulation. However, experiments
are often limited by model size, fluid disturbance and measurement accuracy, and
sometimes it may be difficult to obtain results through experimental methods.
Numerical simulation can overcome the weaknesses of the first two methods.
Performing specific calculations on a computer is like doing experiments on a
computer. The distribution of flow field, temperature field and pressure field can be
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obtained by numerical simulation calculation [32]. In this chapter, the existing
theories and the latest updates of existing related simulation technologies have been
reviewed and introduced.

3.1 Existing theories and their problems

The existing mainstream theory for the influence of electric fields on flames is
the ion wind effect, which has been introduced in detail in the previous chapters, so |
won’t repeat them here. Ion wind refers to the accelerated separation of ions produced
by chemical ionization on the flame front under the action of an electric field. lons
collide with neutral particles in the process of acceleration and movement, and energy
transfer occurs. The repeated collisions cause a large number of neutral particles to
shift their directional positions. This phenomenon is called ion wind.

The ion wind effect is based on the results obtained from the stagnant flame, and
does not consider the influence of the flame propagation in space on the experimental
results. When in space, the collision of particles and neutrons in the flame cannot
reach an equilibrium point over time like a stationary flame. Therefore, the effect of
ionic wind on flame propagation is smaller than that on stagnant flame.

The influence of initial ion concentration on flame characteristics under electric
field has also been studied by many scholars. The research of Vejbychristensen et al.
showed that the mole fraction of ion concentration in the flame is about the order of
10°~107 [33]. Yamashita et al. studied the ion concentration in the flame under the
electric field by numerical simulation method [34]. Numerical simulation studies
found that when the applied electric field is 0~9 kV/cm, it corresponds to the ion
unsaturated zone, 0.9-1.2kV/cm corresponds to the ion saturation zone, and 1.2
kV/cm above corresponds to the ion supersaturation zone. Kim et al. used numerical
simulation methods to study the changing laws of ions formed near the flame zone
during the combustion process [35]. By calculation, the highest ion concentration in
the flame zone is about 107. The external electric field will cause the ions to transfer
from the area with higher flame temperature to the lower temperature area. At this
time, the ions have a greater influence on the reaction. Although the ionic wind effect
at this time can change the position and shape of the flame surface, it has a weaker
effect on the kinetics of the chemical reaction. Therefore, there are still many
shortcomings in the ion wind effect, and it is necessary to develop a more complete
numerical simulation model to study the influence of the electric field on the flame.

3.2 Numerical research methods and models

Computational fluid dynamics (CFD) is the systematic analysis of related
phenomena including fluid flow, heat conduction and fuel combustion through
computer numerical calculation and image display. CFD can also be regarded as a
numerical simulation of flow under the control of basic fluid equations (mass
conservation equation, momentum conservation equation, energy conservation
equation). Through this kind of numerical simulation, the distribution of basic
physical quantities (such as speed, pressure, temperature, concentration, etc.) at
various positions in the flow field of extremely complex problems can be solved. The
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overall working process of the numerical simulation is shown in the figure 9.
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Figure 9. General process diagram of numerical simulation

3.2.1 One-dimensional model

One-dimensional numerical simulation has the advantages of simple modeling
and accurate simulation when studying the electric field's ability to enhance
combustion by acting on the ions present in the flame. When using a one-dimensional
model to verify this phenomenon, it often takes less time than two-dimensional and
three-dimensional models.

The two-step chain branching chemical model originally developed by Zeldovich
et al. improved the one-step model [36]. In later research, Dold et al. made some
modifications to the recombination steps of free radicals, so that the chain branching
reaction can remain stable at a crossover temperature [37-38]. The chain branching
reaction is usually located in the high temperature area of the flame, and the
intermediate species or chemical radicals of the reaction diffuse in the upstream and
downstream of the thin chain branching area and terminate the reaction through a very
exothermic chain. Sharpe et al. believe that the two-step kinetic model optimized by
Dold et al. is a better method than the single-step model. This model is more accurate
and realistic in describing hydrocarbons and hydrogen flames [39].

Sa’'nchez-Sanz et al. combined two additional reactions to illustrate the
generation and consumption of charged species, thus supplementing the model
proposed by Dold [40]. The table shows the reaction formula used by Sa’nchez-Sanz
et al. to simulate the influence of the electric field in the premixed flame.

Table 1 .Chain branching, chemical ionization and dissociation complex reactions used
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by Sa'nchez-Sanz et al. [40]
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Among them, F is fuel, T is temperature, Z is neutral radical, Z+ is positive
radical, e- is electron, Q is reaction rate, p is mixture density, W is molecular weight,
q is heat of reaction, and Y'is mass fraction. Reactions I and II replicate the model
proposed by Dold, respectively, while reactions III and IV simulate the theory first
proposed by Calcote et al. and used in many numerical studies of chemical ionization
and dissociation recombination [41-43].

The one-dimensional simulation results of Sa'nchez-Sanz et al. showed that the
application of the external electric field Eo caused some changes in the distribution of
protons and electrons around the thin chain branch layer. This change increased the
rate of heat release and made the flame speed also Change accordingly. The specific
explanation for this phenomenon is that when the temperature of the electric field is
high enough to overcome the activation energy of reaction IlI, the positive electric
field Eo can promote the accumulation of electrons in the cold area of the flame, and
the availability of electrons to react with protons through reaction IV is also Got an
increase. When Eg <0, the opposite effect is observed.

The one-dimensional model cannot be used for quantitative prediction, but can
only help researchers to increase their understanding of the phenomenon. By adding
some principles such as thermal expansion, fluid dynamics or chemical dynamics into
the simulation, it is the basis for reducing modeling workload and building abstract
models.

3.2.2 Two-dimensional model

Two-dimensional numerical simulation has the advantages of fewer grids and
fast calculation speed. Scholars mostly concentrate on two-dimensional simulation on
numerical simulation research of combustion mechanism. Two-dimensional
simulation considers more things than one-dimensional simulation. But
two-dimensional simulation will also simplify things for computational efficiency. For
example, when building a two-dimensional model, for the addition of the flame front
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energy source term, a simplified method of uniform addition without distinguishing
species will be used to simulate the influence of electric field force and
electromagnetic field energy on ions in the flame front.

The simulation of aerodynamic and thermal effects in two-dimensional
numerical simulation is generally realized by user-defined functions (UDF). Adding a
power source term in the x direction to a specific particle in the Navier-Stokes (N-S)
equation is the most common method. The general formula of Navier-Stokes
momentum conservation equation along the x direction is:

pm:kx_%a{ﬂ(ﬁu_sz]}a[y[auﬁvﬂﬁwwﬂﬂm

Dt Ox Ox ox 3 oy oy Oy oz ox Oz (1)
Where u, v, and w are the components of the vector velocity V in the x, y, and z
directions; kx, ky, and kz are the components of the volume force acting on the unit
mass fluid in the x, y, and z directions respectively; p is the pressure ; p is density; i is
dynamic viscosity; t is time;
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Ois the energy source term added to the numerical formula. According to the

difference of DC and AC, the expression is also different. When the simulation is
direct current, the expression is as follows:
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When the simulated alternating current, the expression is as follows:
O 22 F, . sin2zaot),(500K < T <1600K)
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Among them, Feonst is the effective value of the alternating volume force, and ®

is the alternating frequency.

The electromagnetic heating effect is realized by adding an energy source term to
a specific particle in the N-S equation. The general formula of the energy
conservation equation of the N-S equation is:
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Among them £ s the added energy source term, and its expression is:
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Hu et al. simplified some of the conditions to be considered when building a
two-dimensional model of the influence of the electric field on the flame [44]. In their
model, the transport equations of ions and electrons are not considered at the same
time, and the electric field is considered to be an ideal stable electric field. Papac and
Dunn-Rankin studied the effects of ion diffusion and particle migration on ion wind
[45]. When they built the model, they simplified some conditions so that the flame
could remain stable at the exit.

In order to verify the existing experimental conclusions, Belhi et al. built several
two-dimensional models to verify [46]. The results show that if only the influence of
chemical kinetics is considered, the ion density in the flame will eventually stabilize.
If only the influence of ion wind is considered, then the existence of ion wind
improves the stability of the flame. This is consistent with the previous experimental
conclusions.

The migration of ions and particles under the electric field has an important
influence on the effect of the electric field on the flame, and all needs to be considered.
The constant value assumption used in most numerical simulations and the
establishment of the relationship between the mixture composition and temperature
need to be improved. The simulation modeling of the influence of negative ions needs
to be further developed and studied, especially when the reverse potential is applied.

3.2.3 Three-dimensional model

Although one-dimensional and two-dimensional models can provide qualitative
physical and chemical explanations for the phenomenon of flames under electric
fields, the effects of some electron migration processes and ionization phenomena in
the flame combustion process have not been established to illustrate the role of a
complete model. In particular, the simulation of flame phenomena under the action of
negative charges requires further research. The construction of a three-dimensional
model can make the flame's response to the electric field more clearly presented, but
this requires high-quality electron migration and chemical models to accurately
predict the spatial distribution of electrons and related ions [47-48]. The problem of
the three-dimensional model lies in the huge amount of calculation and the reduction
of calculation efficiency. If the drift speed of electrons is taken into account, it will
further increase the burden on the computer [49]. Therefore, it is necessary to simplify
certain chemical effects in the three-dimensional model [50]. For example, it is
difficult to accurately describe the multi-component transport coefficient in a
multi-dimensional problem. Using a constant Lewis number is a choice to improve
calculation efficiency.

By using the model framework developed by the team in the past few years,
Belhi has studied and built a complete unsteady three-dimensional flame response
model of methane-air under a transverse electric field [51-53]. The model completely
simulates the ion wind effect and proves it. This model integrates the previously built
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models and considers a variety of factors. From the aspect of electric field, the
hydrodynamic influence of electromotive force, the influence of ohmic heating, the
influence of substance diffusion, and the migration of electrons and ions need to be
considered. Inside. The simulation results are consistent with the experimental results,
which is very useful for improving the ionization mechanism. There are still some
differences between experiments and model predictions, and further research is
needed to improve the mechanism. The establishment of the three-dimensional model
can continue to be improved, for example, the detailed comparison of different DC
and AC electric fields under sub-saturation can be studied [54].

3.3 Compare the predictions of different models

One-dimensional model can be built by adding simple combustion mechanism
and electric field influence mechanism. The one-dimensional model cannot be used
for quantitative measurement, but can only be used to increase researchers'
understanding of the phenomenon of flame burning in an electric field.

Two-dimensional models can be built by coupling the electric field and the
combustion field and adding some more complex UDFs. A two-dimensional model
can be quantitatively measured, but the model will be simplified when it is built, and
the factors considered will be incomplete. When the lateral ion wind adds momentum
to the main flow, additional momentum needs to be added from the surrounding
environment, resulting in entrained flow in the z direction. Two-dimensional
modeling cannot capture the three-dimensional effects caused by these entrained
flows.

A three-dimensional model can be built by considering the existing influencing
factors and mechanisms thoroughly and simplifying and ignoring some of the less
influential factors. The 3D simulation model is complicated to build and takes a long
time to calculate. It considers a full range of influencing factors, and can accurately
and quantitatively measure the various values of the flame in the electric field. And
can verify and improve the existing flame burning mechanism in the electric field.

4. The influence of different electric field distribution forms on the flame

Different forms of electric field application will have a certain impact on the
characteristics of the flame. According to whether the electric field direction is
parallel and perpendicular to the flame direction, the electric field can be divided into
vertical electric field, horizontal electric field and single electrode electric field;
according to whether the electric field is evenly distributed, it can be divided into
uniform electric field and non-uniform electric field; generally speaking, a uniform
electric field is used The characteristics of combustion flame are mainly studied by
non-uniform electric field. In the following, the recent research progress of electric
field and combustion flame characteristics will be explained from the vertical electric
field, horizontal electric field and single-electrode electric field.

4.1 Vertical electric field
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When using a vertical electric field, when the direction of the applied electric
field force is opposite to the direction of the thermal buoyancy experienced by the
flame burning, the droplet can reach a state of approximate equilibrium. Using this
principle, the flame under microgravity can be simulated. Burning phenomenon.
Osamu et al. studied the combustion behavior of a single droplet in a vertical DC
electric field [55]. Experiments have found that the minimum combustion rate
constant is greater than the minimum combustion rate constant under microgravity.
This indicates that the droplet is under microgravity and not completely weightless.

Ueda et al. studied the combustion of a single droplet in a microgravity
environment under a vertical DC electric field [56]. Experimental research found that
flame deformation and combustion rate constant increase with the increase of electric
field intensity. It is also observed that the degree of influence of the electric field is
affected by the characteristics of the fuel soot. Okajima et al. studied the effect of
buoyancy on droplet combustion [57]. Research suggests that the behavior of a single
droplet in the accelerated fall of the flame and hot gas area is not much different from
the behavior under normal gravity conditions.

Imamura et al. also studied the relationship between the voltage applied to the
vertical electric field and the electrode distance when the flame is vertically
symmetrical [58]. Experiments have found that the degree of flame deformation is a
function of voltage and 1.5 times the electrode distance. Under different voltages,
combustion rate and combustion products will have a great influence. When the
voltage continues to increase to break down the air, the amount of combustion
products such as CO and NO will increase.

For the vertical electric field, when the direction of the electric field force is
opposite to the direction of the buoyancy of the flame, the flame burning under
microgravity can be studied. But under the condition of vertical electric field, the
influence of electric field intensity on flame is not obvious.

4.2 Lateral electric field

When a transverse electric field is applied, the flame characteristics respond
better to the intensity of the received electric field. The force in the vertical direction
of the flame is small, so the flame of the transverse electric field stretches obviously
in the horizontal direction, but the stretch in the vertical direction is very small. , Even
being restrained from stretching. Cha et al. used DBD (dielectric barrier discharge) to
study the combustion characteristics of flames in a transverse electric field [59].
Experiments have found that there is a critical electric field strength in the transverse
electric field. When the critical electric field strength is reached, the air can be in a
breakdown state to form a plasma electric field. In this case, the electric field can
change the flame shape (such as height reduction) and color. This shows that DBD's
low-temperature plasma technology can control the height of the flame and the
concentration of soot particles.

Li et al. placed mesh-shaped electrodes with an outer diameter of 60 mm
symmetrically in the lateral direction to realize the application of a lateral electric
field [60]. In the experiment, the mesh electrode was negatively energized, and the
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ignition electrode was connected to the ground to realize the application of electric
field. The experiment considers that when the electric field strength reaches a certain
level, air breakdown will occur [61]. In order to avoid this situation, a complicated
mechanism should be considered, so the voltage applied in the experiment did not
exceed the critical value of the voltage that can break down the air. Experimental
studies have found that the transmission of free radicals is affected by ion driving, so
in the direction of the electric field, the flame displacement speed increases, and the
speed perpendicular to the electric field direction is suppressed. With the increase of
voltage, the instability of the fluid dynamics of the flame becomes more obvious, the
peak pressure of the flame increases, and the flame start time decreases.

The low-temperature non-equilibrium plasma generated by the DBD transverse
electric field can be used to support the combustion of low-calorific value fuels to
achieve stable flame combustion. The transverse electric field causes the flame to be
stretched in the horizontal direction and suppressed in the vertical direction. At the
same time, the electric field strength of the transverse electric field has an obvious
effect on combustion, and when the angle of the applied electric field changes, the
combustion will also be affected, but there is a lack of quantitative research in this
area.

4.3 Unipolar electric field

The unipolar electric field is the divergent electric field. Researchers mainly
consider the influence of the electric field on the flame characteristics from the aspect
of the frequency of the applied electric field. Ryu et al. used a single-electrode electric
field to study the oscillation behavior of lift flames at low frequencies [62]. Three
different types of oscillating flames were observed. (1) Small-scale large-scale
oscillation independent of the applied frequency; (2) Small-scale oscillation
synchronized with the applied frequency; (3) Double-period coupled oscillation
embedded in the small-scale oscillation in the large-scale oscillation. Ryu et al.
analyzed that the reason for the flame oscillation at multiple scales is the instability of
combustion, and the ion wind generated by the application of the electric field
promotes this oscillation. But the experiment did not consider the influence of fire
source power, and the fire source power range used in the experiment was small.

Kim et al. used a fixed single-electrode device to study the rising speed and
stability of the propane jet flame [63]. Experiments have found that the stability will
be improved in a low-voltage AC electric field, but the electric field under high
voltage affects the stability of the flame, and the suspended speed decreases. The fire
source power range studied in the experiment is smaller, and a larger power range is
needed.

Under the electric field generated by a single electrode, the relationship between
the multi-scale oscillation of the flame and the frequency of the electric field is a
mechanism that experimenters need to explore. The research on the single-click
electric field lacks experimental technical means for further verification, and also
lacks research in a larger combustion power range.
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5. The influence of different electric field application methods on flame

There are many controllable variables in the electric field, such as DC electric
field or AC electric field, the sign of the electric field, the frequency of the electric
field and the intensity of the electric field. In the past, many studies have been
conducted in these directions and some conclusions have been drawn. In this chapter,
the existing research conclusions have been reviewed and introduced.

5.1 Bypes of electric field

The type of applied electric field is divided into direct current electric field and
alternating current electric field. Direct current can be regarded as zero-frequency
alternating current. Under the action of DC electric field, continuous ion wind will be
formed in the flame, but under the action of AC electric field, the effect of ion wind is
not continuous [64]. This makes the influence of DC electric field and AC electric
field on flames inherently different [65]. Won et al. studied the influence of DC
electric field on the stability of propane flame [66]. The experimental results show
that the DC electric field has a smaller effect than the AC electric field. The numerical
simulation of Li et al. showed that under the DC electric field, the ion wind effect is
the dominant effect affecting the flame [67]. In an AC electric field, at low frequency,
similar to a DC electric field, the main factor that affects is the two-way ion wind.
Under high frequency AC electric field, the main factor that affects the flame is the
electrochemical effect.

The application of a high voltage DC electric field will make the flame tend to
extinguish. Under the action of a high-voltage AC electric field, the heat and mass
transfer effect between the unignited area and the flame front will increase, and the
combustion rate will increase. The application of an electric field will make the
appearance of flames in different flows unstable [68]. Gan et al. studied the behavior
of ethanol flame under a DC electric field [69]. Experiments have observed that the
evaporation rate of ethanol is much slower than the rate of increase of the combustion
rate caused by the ion wind effect, so the application of a direct current electric field
reduces the range of stable flame operation.

Simeni et al. used Bunsen burner to study the influence of hydrogen diffusion
flame in AC electric field [70]. Experimental studies have shown that the ion wind
effect makes the flame present a symmetrical geometric shape during the diffusion
process, and generates an offset electric field in the plasma flame. The particle flow in
the flame makes the deformation of the flame the dominant cause. However, when the
electrode gap is reduced and the flow rate of the introduced gas is too fast, the ion
wind effect will be reduced. ATA et al. studied the possibility of improving the
stability of thin flames by applying a DC electric field to an inverted cone flame [71].
The experimental results found that when the flow rate of the gas introduced increases,
the effect of the electric field in stabilizing the flame combustion will be greatly
reduced.

5.2 The sign of the electric field
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The difference in the sign of the applied electric field will cause the sign of the
ion wind effect in the flame to change. The generation mechanism of positive ion
wind and negative ion is different, and the effect on flame is also different. Zhen et al.
used the plate stagnation flame method and applied voltage to the stagnation plate to
study the effect of ion wind on the heat transfer of flame impact [72]. Experimental
phenomena show that the application of a forward electric field can make the flame
more stable. When the magnetic field reverses, the flame tends to blow away.

The cause of positive ions is chemical reaction, and the cause of negative ions is
the adsorption of electrons and neutral molecules [73]. Therefore, when the positive
ion wind develops to the later stage, the vortex that hinders the reaction will be
formed in the flame front, which reduces the promotion effect of the flame. However,
the ion wind effect of the positive ion wind generated by the application of a negative
electric field is stronger, and it has a greater promotion effect on the flame before the
vortex that inhibits the development appears in the later stage [74]. Eugene et al.
experimentally studied the response of a premixed methane flame in a DC electric
field [75]. Experiments have observed that when the flame is subjected to a positive
electric field and a negative electric field, it deforms due to the effect of the ion wind,
and as the flow velocity increases, the degree of deformation decreases. When the
negative ion wind generated by the application of a positive electric field develops to
the later stage, the flame is stretched into a shuttle shape, which is a horizontal force,
and the promotion effect of the flame will become more and more obvious. Sakhrich
et al. studied the flame response at high pressure by applying a DC electric field [76].
The experimental results show that under the positive voltage, the higher the pressure,
the more obvious the influence of the electric field, and there is no suppression similar
to the positive ion wind in the later stage. Therefore, the ion wind effect produced by
the negative electric field is more obvious, and the positive electric field can better
promote the flame combustion.

5.3 Frequency of electric field

The aerodynamic effect and electrochemical reaction are the main factors that the
electric field affects the flame, and the AC electric field has the best frequency for the
influence of the flame aerodynamic effect and electrochemistry. It is necessary to
obtain the frequency with the best combustion-supporting effect through continuous
experimentation and exploration.

5.3.1 Low-frequency AC electric field combustion-supporting analysis

In low-frequency electric fields, aerodynamic and thermal effects are the main
reasons to promote combustion. The change of flame combustion characteristics
depends on which effect is dominant [77]. Bidirectional ion wind is the main
mechanism of low-frequency electric field in the electric field for
combustion-supporting [78]. However, the development of ion wind will be affected
by the wvortex in the later stage, which will gradually reduce the
combustion-supporting effect on the flame [79]. After the particles in the flame
migrate, the uneven concentration will also lead to the weakening of the influence of
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the electric field on the flame. Park et al. used the hedging stagnation flame method to
study the influence of AC electric field on non-premixed flame [80]. The
experimental results show that the application of AC electric field makes bidirectional
ion wind and oscillation in the flame, and the flame has different response states at
low frequency and high frequency. When the frequency is low, the flame oscillation
amplitude is stable, and when the frequency is high, the flame amplitude decreases
due to the decrease of the charge density in the flame.

The combustion-supporting effect of the low-frequency electric field on the
flame increases as the frequency decreases [81]. Kim et al. studied the effect of AC
electric field on methane flame separation speed through Bunsen flame [82]. It has
been observed that the AC electric field is positively correlated with the flame
separation speed. Subsequently, Kim et al. studied the influence of the application of
AC electric field on the stability of premixed flame through Bunsen flame [83].
Experimental results show that low-frequency AC makes the flame unstable when the
blowing speed drops. The dual ion wind effect makes the flame change
non-monotonously when the blowing speed is AC frequency.

5.3.2 High-frequency electric field combustion analysis

In high-frequency electric fields, electrons are the main reason for promoting
combustion. Electrons change from low-frequency vibration to high-frequency
vibration through collision to obtain higher kinetic energy. The high frequency
vibration of the electrons causes the flame to produce a thermal effect, thereby
increasing the flame propagation speed, the burning rate and the fuel reaction rate.

The combustion mechanism of high frequency electric field for flame is different
from that of low frequency. Electrochemical reaction is the main mechanism of
electric field and high frequency electric field to support combustion. The
electromagnetic energy provided by the high-frequency electric field can make the
energy level of the oxidant reach a threshold and the excitation can reach a higher
energy level, which can accelerate the chemical rate of the flame in the reaction
process, thereby achieving the effect of combustion.

The combustion-supporting effect of high-frequency electric field is better than
that of low-frequency electric field. The flame in the high-frequency electric field is
stretched due to the non-uniformity of the input electromagnetic energy, and the
stretching amplitude is positively related to the frequency. In the high-frequency
electric field, when the frequency increases, the better the electric field promotes the
flame, the combustion pressure and the average flame propagation speed will also
increase, which is different from the low-frequency AC electric field.

The 3D simulation of Ansoft Maxwell software can quantitatively study the
electric field intensity generated by high-voltage electrodes of different sizes and
structures. However, the simulation of the electric field by Ansoft Maxwell software
is an electrostatic simulation before combustion. Due to the complexity of the
combustion process, it is currently impossible to simulate the electric field distribution
during the combustion process, and further research is needed in the future.

5.4 Electric field strength
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The higher the electric field strength, the greater the deformation of the flame.
When the applied voltage is large enough, the electric field will be broken down by
flame discharge. At this breakdown voltage, high-temperature combustion products
with conductive properties that occupy part of the electrode space will generate arcs.
Tretyakov et al. studied and analyzed the influence of weak electric field and laser
radiation on the combustion of hydrocarbon mixtures [84]. In the experimental study,
a periodic pulsating electric field is used to prevent the flame from being broken down
due to excessive voltage. Experimental research results show that the application of
periodic electric field improves the combustion limit and combustion rate of the
flame.

Duan et al. studied the influence of electric field intensity and electric field
distribution on the flame by applying a DC electric field to the flame of a mixture of
CH4 and air nitrogen [85]. The experimental results show that the increase of the
electric field intensity will lead to the increase of the flame propagation speed and
present a linear correlation. Therefore, the uniform electric field is better than the
uneven electric field in promoting the flame propagation speed. Kuhl et al. used PLIF
observation to study the effect of weak electric field on premixed flame [86]. The
experimental results show that as the electric field intensity increases, the flame
oscillation time gradually decreases. In subsequent studies, Kuhl et al. studied the
influence of electric field strength on flame temperature changes [87]. The
experimental results show that the increase of the electric field intensity increases the
intensity of the ion wind, which causes the flame temperature to rise.

The intensity and distribution of the electric field play an important role in the
promotion of lean combustion, and more research on the combustion of different
mixtures is needed. The mechanism of combustion in a weak electric field is still
lacking.

6. The influence of the application of electric field on the soot particles in the
flame

The flame is a plasma, so when an electric field acts on the flame, the flame and
the soot particles produced will also be affected. Therefore, many researchers have
tried to study the charging characteristics of particles and the influence on their own
formation and agglomeration by artificially increasing the influence of electric field
force in the past 50 years. It can be seen from the table that with the continuous
development of science and technology, the research content of researchers is getting
deeper and deeper. As shown in Table 2, it summarizes the research history of the
charging characteristics of soot particles and the influence of electric field from 1950s
to the past ten years. A large amount of soot particles will affect people and nature, so
it is very important to study the influence of electric field on the emission of soot
particles in flames. It can be clearly seen from the table that the experimental methods
are continuously improving, and the research direction is also constantly deepening.
In this chapter, the latest updates of existing diagnostic techniques and related
achievements have been reviewed and introduced.
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Table 2. The charging characteristics of soot particles and the research process affected

by the electric field.
Representative
Years Research direction Experimental method Conclusion
person
1950s~60s Sugden; Thrush[88] Nanoparticles and Scanning electron microscope Soot particles in the flame are charged
Nanotubes
1960s~70s Weinberg[89] Soot particle growth Scanning electron microscope The growth of soot is related to the charged
process components in the flame; the voltage and
current have a linear relationship
1970s~80s Calcote[90]; Charge number of soot the relationship between voltage The particles in the flame generally can
particles in flame and current; only charge 1 to 2 electrons
Hospital[97] Faraday cage measures the
amount of charge
1980s~90s Kono[92]; Influence of electric field Scanning electron microscope; AC electric field frequency affects particle
characteristics on soot concentration;
characteristics
Saito[93]; Transmission electron microscope  DC electric field strength, electrode shape
and position affect particle size and
concentration
Last ten years Maricq[94]; Charge number of soot Differential particle complement Different flame areas have different
particles in flame analyzer; charging characteristics of soot;
Katzer[95]; Nanotubes Transmission electron The nature and strength of the electric field
microscope; affect the size of nanoparticles;
Zake[96] Synergistic removal of Infrared ion chromatography Changes in soot affect NOx concentration;
NOx

6.1 Current status of particulate matter diagnostic technology

With the continuous improvement of the level of science and technology, the
diagnostic technology of particulate matter has also developed from observing the
particulate matter flying out of the flame collected through the filter with a
microscope to being able to track the formation, agglomeration and movement of the
particles [97]. The improvement of diagnostic technology is of great significance for
studying the mechanism of the influence of the output of particulate matter in the
flame under the electric field. The following will introduce several diagnostic
techniques that are currently widely used.

6.1.1 PIV —Particle Image Velocimetry

The principle of PIV is to use a high-speed camera to capture a strong pulsed
light source that illuminates the plane of the flow field. After the two pulses are


https://doi.org/10.20944/preprints202010.0454.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2020 d0i:10.20944/preprints202010.0454.v1

irradiated, the camera will capture many particle pairs. Measuring the distance
between a pair of particles and the time interval between two pulses can measure the
speed of a single particle.

Jonathan et al. used PIV to observe the turbulent combustion flame of CH4 and
air premixed [98]. The experiment observes the flame burning velocity field, from
which the conditional average velocity in the reactant and product regions can be
obtained. The results show that as the ratio of root mean square velocity to LBV
increases, a transition from inverse gradient to gradient diffusion occurs.

6.1.2 LIl —Laser Induced Incandescence

The principle of LII is to instantaneously heat the soot particles by a high-energy
pulsed laser, and the soot particles will emit incandescent light with much greater
intensity than the flame. Using the filter, the light of the soot particles can be observed
and the volume concentration of the soot particles can be obtained. The volume
concentration of soot particles can be used together with the detection results of other
components as an important parameter to quantify the flame combustion
characteristics. Kohse et al. summarized the development process of LII technology
[99]. He concluded that the development of LII technology has been from the 1970s
to the present, and the measured data has evolved from the simplest volume
concentration to measuring the diameter and temperature of a single soot particle. The
advancement of these technical observation methods provides important technical
support for researchers to study the formation, growth, agglomeration and oxidation
mechanisms of soot particles and the prediction of simulation results.

Lee et al. used LII to test the flame structure and soot characteristics of ethylene
back diffusion flame (IDF) [100]. From the data detected by LII, the experiment
estimated the influence of flow residence time and temperature on the generation of
soot particles. It is also observed that the fuel dilution and the resulting temperature
difference have a weaker effect on the soot particle generation time. As shown in the
figure 10, the LII technology enables online real-time detection of important
components in the flame combustion process, the concentration of hydroxyl, carbon
monoxide, polycyclic aromatic hydrocarbons, and soot particles. In particular, the
capture of intermediate products such as HCN that react quickly and disappear, makes
targeted research possible. In addition, because the laser pulse interval used by LII is
very short, some important components produced by turbulent flame combustion can
be monitored in real time, which makes online diagnosis of turbulent flame possible.
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Figure 10. Laser diagnosis of various components in the flame [100]

6.1.3 PLIF —Planar Laser Induced Fluorescence

The principle of PLIF is to emit a laser of a specific frequency to make it the
same frequency as the electron transition from the ground state to the excited state.
When the laser is irradiated, when the laser passes through the flame, reasonable
resonance absorption can make the molecules of the measured substance escape from
a certain electronic ground state under a certain electrical state. Since the energy level
of the excited state is very high, there are almost no molecules in this state. Before
resonance absorption, the total number of molecules in the elevated state in resonance
absorption is proportional to the density of low-state molecules. When the electron
returns to the ground state or low energy state, it will fluoresce. Using a high-speed
camera to capture this fluorescence, the concentration distribution of the target
substance can be obtained.

Jeffrey et al. used PLIF to observe the CH-OH boundary in a non-premixed
turbulent flame that can mark the sensitivity of instantaneous stoichiometry [101].
Experiments have found that CH and OH images can uniquely identify the fuel and
air sides of the flame surface. Watson et al. used PLIF to measure the CH distribution
of a methane-air premixed diffusion flame [102]. The experiment established the flow
pattern that led to the complete rupture of the CH curve, and the study obtained the
stable mechanism under the flow conditions. Han et al. used PLIF to observe the
velocity field and CH distribution during the mixing and combustion process of the
deflected jet flame at three different angles [103-104]. It is found that the CH
distribution is consistent with the high strain rate region. Both the instantaneous and
average CH distribution correspond well to the position of the stoichiometric velocity.

6.1.4 TSPD-Thermophoretic Sampling Particles Diagnostics
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The principle of TSPD is that the phase of the transmission electron microscope
sample is directly mounted on the probe, and the probe is driven by a
two-dimensional lift valve. The relay is used to control the time when the probe enters
and leaves the flame, so that real-time sampling can be achieved using a high-speed
camera. The thermophoresis probe sampling method can obtain the instantaneous
morphology of soot particles at a certain point in the flame, and because it is direct
and instantaneous sampling, researchers can observe the instantaneous morphology of
soot particles and agglomerates. . Currently, the TSPD method has been used as a
standard measurement method in conjunction with the LII method. Kock et al. used
TSPD to observe the size of the iron particle chain during the synthesis process and
compared it with the observation result of LII [105]. The experiment found that the
particle size determined by LII is very consistent with the primary particle size
measured by TEM.

Lee et al. used TSPD and PLIF to monitor the synergy of polycyclic aromatic
hydrocarbons (PAH) and soot in the ethylene-propane diffusion flame in real time
[106]. The experiment observed that the larger size of PAH has a stronger synergistic
effect.

Oh et al. used TSPD and LII to observe the evolution of soot particles in the
ethylene-air reverse flame [107]. Experiments have observed that soot particles
develop along the flame front, undergoing particle size growth, agglomeration of
aggregates and carbonaceous processes, and the soot volume fraction depends on the
initial rate. Later, Oh et al. directly sampled soot through TSPD, and studied the
influence of oxygen concentration on the oxidant side and carbon dioxide as a diluent
on soot formation [108]. It was observed that the soot volume fraction was inhibited.
The inhibition is due to the short residence time in the later stage of nucleation. Due
to the higher heat capacity and the chemical change of carbon dioxide, the surface
growth distance decreases due to the decrease of flame temperature, and the residence
time in the initial region is also greatly reduced.

6.2 Influence of DC electric field on soot particles

Saito et al. found in experiments that the addition of a DC electric field can
greatly reduce the amount of soot emissions, and the effect of a positive DC electric
field will be better than that of a negative DC electric field in suppressing soot [109].
A positive DC electric field can reduce soot emissions by 90%, and a negative DC
electric field can reduce soot emissions by 70%. Saito's explanation for this is: first,
the ion wind effect accelerates the mixing of fuel and oxidant, making the reaction
more complete; second, the positive electric field makes the generally positively
charged soot particles fly into the high temperature faster from the formation zone at
the bottom of the flame Reaction zone, so that the soot particles are fully oxidized by
the oxidant before they grow up.

Saito et al. also found [6] that the addition of a DC electric field makes the
average flame temperature higher than 2000°C. The temperature at which the soot
particles are formed is between 1000 and 1800°C, indicating that the full oxidation of
soot particles increases the temperature of the flame, and the increased temperature in
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turn increases the average temperature of the flame. The high flame temperature
inhibits the new The formation of soot particles.

Katzer et al. studied the effect of applying an electric field on the preparation of
TiOz [9]. The experiment summarized three important conclusions about the influence
of electric field on particles. 1. The ionic wind effect produced by the external direct
current field makes the particles of different charges in the flame fully react. 2. The
force generated by the ion wind effect causes the flame to move toward the electrodes
on both sides, and the flame center temperature decreases. 3. The decrease in the
temperature of the central flame makes the agglomeration of particles obvious, and
the size of the particles increases.

6.3 Effect of AC electric field on soot particles

Unlike the DC electric field, the polarity of the AC electrode changes with its
own frequency, and the ion wind formed is not continuous, but instead depends on the
free diffusion of charged particles and electrons to achieve the change in charge
distribution. Such characteristics cause the particle characteristics under the influence
of AC electric field to be somewhat different from the influence of direct current.
Research by Ohisa et al. found that the AC electric field can also effectively reduce
the emission of soot particles [110]. Different from the influence of the DC electric
field, the AC current has a cut-off value, that is, when the voltage increases to a
certain value, the medium will break down, produce arc discharge, and the current
will be cut off. as the figure 11 shows. Another difference is that the distance between
the two discharged electrodes in the DC electric field and the AC electric field has
completely opposite effects on the soot particles. When the electrode distance is
relatively large, the suppression effect of the DC electric field on the soot particles is
better, but the suppression effect of the AC electric field can be better displayed when
the two electrodes are close together. The author has not made a corresponding
explanation on this point, and the specific reasons need to be further explored.
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Figure 11. Changes in the mass concentration of soot particles in an AC electric field
with current [110]

The difference between the influence of DC electric field and AC electric field
on soot particles is also reflected in the number of ions in the flame [111]. The ion
concentration in the DC electric field is nearly 10 times higher than that in the AC
electric field, indicating that the continuous ion wind generated by the DC electric
field will significantly increase the number of charged particles at a similar electric
field strength. This phenomenon makes the matter in the flame faster The mixing and
reaction.

Although the diagnostic technology of particles has been greatly improved
compared with the past, there are still certain problems. First of all, the detection
technology needs to be improved. At this stage, it is not possible to accurately
measure the charged amount of soot particles. Secondly, the relationship between the
size and morphology of nano-scale soot aggregates and aggregates and the
electrostatic force between particles needs to be studied in depth. Finally, the
simulation technology needs to be more researched, and the corresponding
relationship between the characteristics of the soot particles at each growth stage and
the charging capacity needs to be studied in depth.

7. Conclusion

This article summarizes the current research on the influence of electric fields on
flame combustion. It can be seen from the above analysis that it has become possible
to use electric fields to enhance the flame combustion rate and control the flame
combustion characteristics, thereby increasing the energy conversion efficiency and
reducing the emission of polluting combustion products. However, no one has carried
out systematic research on different electric field forms and combustion flame
characteristics. There is a lack of corresponding basic data, a combustion reaction
kinetic model with electric field participation, a complete analysis of the coupling
mechanism of electric field and combustion field, and the flame characteristics of
solid phase fuel under electric field. , Magnetic field, sound field, gravitational field,
combustion field and other multi-field coupling research.

Some scholars have studied the changing laws of the combustion flame
characteristics of various fuels put into it by changing the form and parameters of the
electric field. The conclusions drawn in this article are as follows:

(1) Bidirectional ion wind effect, aerodynamic effect and electrochemical
reaction are the main reasons for electric field assisted combustion. But the two-way
ion wind mainly explains the stagnant flame. As for the influence of the flame in the
propagation process, more research is needed to find a more reasonable explanation.

(2) The simulation of flame is mostly concentrated in one-dimensional and
two-dimensional. Due to the high development cost and too many factors, few people
can build the three-dimensional model. Further research is needed for the
development of the model.
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(3) The distribution of the electric field and the application form of the electric
field will have different effects on the flame. The DC electric field has a smaller effect
than the AC electric field. The ion wind effect produced by the negative electric field
is more obvious, and the positive electric field can better promote the flame
combustion. The combustion-supporting effect of high-frequency electric field is
better than that of low-frequency electric field.

(4) The application of AC and DC electric fields can reduce the emission of soot
particles, and the effect of the positive DC electric field is better. Particle diagnosis
technology needs to be further developed to obtain more accurate values and observe
more subtle changes.
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