Journal of Advanced Marine Engineering and Technology, Vol. 48, No. 2, pp. 72~80, 2024

J. Advanced Marine Engineering and Technology (JAMET)
https://doi.org/10.5916/jamet.2024.48.2.72

’i) Check for updates

ISSN 2234-7925 (Print)
ISSN 2765-4796 (Online)
Original Paper

Influence of nonlinear DC electric fields on premixed flame characteristics

Dae Won Im' » Sung Hwan Yoon'

(Received April 22,2024 : Revised April 23,2024 : Accepted April 26, 2024)

Abstract: This study analyzed the dynamic behavior of premixed flames propagating through a finite channel under the influence of

an external electric field. A spatially varying nonlinear electric field was employed, examining changes in displacement flame velocity

and flame curvature at points where the field strength increased abruptly. The experimental results revealed that as the flame approached

the space with the applied electric field, the flame surface area expanded. Subsequently, when a positive voltage was applied, the flame

surface area experienced negative stretch upon entering the electric field, leading to a rapid decrease in both the flame surface area and

the displacement flame velocity. Conversely, when a negative voltage was applied, the flame surface area underwent positive stretch

upon entering the electric field, resulting in a rapid increase in both the flame surface area and the displacement flame velocity. Ulti-

mately, the derived flame curvature and the displacement flame velocity were found to be directly proportional in a linear relationship.
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1. Introduction

Combustion typically represents a complex physical and
chemical process that generates intense light and thermal energy.
The vast majority of energy resources consumed across indus-
tries, including the marine and shipbuilding, have been supplied
through the combustion of fossil fuels, a method expected to con-
tinue for decades to come [1][2]. In the case of engines providing
thrust for ships, stricter regulations for combustion devices are
demanded due to various exhaust gas regulations by the Interna-
tional Maritime Organization (IMO) [3]-[5]. For instance, in
terms of NOx, harmful substance emission regulations (Tier III)
limit emissions to 7.7 g/lkWh when the per-minute rotation rate
is over 2000 [3][4]. For COz, which is a major contributor to
greenhouse gases, a goal has been set to reduce emissions by 50%
compared to 2008 [5].

From this perspective, electrically assisted combustion is gain-
ing attention as an environmentally friendlier combustion tech-
nique compared to conventional methods, with benefits such as
extending flammability limits [6]-[8], reducing NOx and CO
emissions [7][8], and minimizing soot [9][10]. However, despite
the various advantages of electrically assisted combustion, the

basic physical and chemical operating mechanisms remain to be

elucidated, implying that the reliability of simulations for electri-
cally assisted combustion is still low [11].

Typically, when an external electric field is applied to a hydro-
carbon flame, the charges generated by chemical ionization move
along the applied electric field according to their respective po-
larity. Due to the mobility difference between the mostly density-
rich electrons among the negative charges, and positive ions, the
applied electric field within the flame induces a relatively strong
electric field towards the cathode side [12]-[14]. In particular, the
profile of the electric field depends on ion chemistry, the density
of charges, and their electrohydrodynamic transport in the sur-
rounding gas [15]. However, the majority of studies have focused
on analyzing combustion in a steady state [11][13][16][17] and
DC electric field in a linear state [11][13] [16]-[19], Conse-
quently, there is a significant lack of literature related to unsteady
combustion with applied nonlinear DC electric field.

In this study, as depicted in the conceptual diagram shown in
Figure 1, we adopted a method that applies a dielectric barrier
discharge (DBD) electric field to only part of the space through
which a premixed flame propagates within a finite area. A non-
linear electric field was introduced by adopting external elec-

trodes only in parts of the combustion field, where the flame
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Table 1: Tested gas composition
C,H, 0, Cco, @ S, T,
(o] [o] (%] [cm/s] [K]
0.042 0.263 0.695 0.8 13.0 1913

propagates in an unsteady state. In particular, the dynamic behav-
ior of the flame was intensively analyzed and interpreted based
on the polarity of the external electric field, which was config-

ured with a single electrode.

Burned side

Unburned side
Non-electric field “Electric field

Figure 1: Conceptual diagram of unsteady electrically-assisted com-

bustion under nonlinear DC electric field

2. Experimental Method

Figure 2 illustrates the schematic of the experimental setup
utilized in this study. The apparatus consisted of a combustor, a
flow controller, an electrical power unit, and visualization equip-
ment. The combustor is an acrylic cylinder with one closed end

and the other open, featuring an inner diameter of 3 ¢cm and a

length of 90 cm.
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Figure 2: Schematic of the experimental equipment setup

To apply an electric field, a single electrode was installed
wrapping around the outer surface of the tube. When high voltage
was applied to the inner wall of the tube, irregular streamers oc-
curred due to direct contact between the flame and the electrode.
To prevent this issue, the electric field was configured in a DBD

(Dielectric Barrier Discharge) form, and the electrode was

attached starting 10 cm from the top of the acrylic tube to form a
DC nonlinear electric field. The electrode utilized an ITO (In-
dium Tin Oxide) film, which is composed of indium tin oxide,
offering moderate strength along with high electrical conductiv-
ity and optical properties. Particularly, ITO is transparent, allow-
ing for the capture of images of the flame propagating inside the
tube. The DC (Direct Current) voltage range adopted was 0, + 3,
+5,+7,and + 10 kV. The voltages were generated using a func-
tion generator (Keysight 33400B series) and a high-voltage am-
plifier (Trek 10/10B-Hs).

Regulation of the premixed gas composition was achieved us-
ing a mass flow controller (MFC), with the gas uniformly distrib-
uted through a ceramic honeycomb positioned at the bottom.
Specific compositions of the premixed gas utilized in these ex-
periments are detailed in Table 1. Propane (C3Hs) served as the
fuel, with carbon dioxide (COz) added as a diluent in the basic
gas mixture. Flame characteristics such as laminar burning ve-
locities (SL) and adiabatic flame temperatures (To) were com-
puted using CHEMKIN (Premix code) based on the USC II re-
action mechanism [20].

The experimental procedure commenced with the introduction
of the selected premixed gas into the combustion chamber, ini-
tially with the pneumatic cylinder cover in the open position.
Subsequently, the cover was closed to allow the system to stabi-
lize for 90 seconds. An automated system, incorporating a pneu-
matic device and function generator, was employed. Activation
of the button initiated the opening of the cylinder cover via the
function generator, simultaneously igniting the spark. Concur-
rently, a high-speed camera (Photron Fastcam, SA3) captured the
flame's progression, commencing from the top of the acrylic tube
and spanning a total length of 25.5 cm. The high-speed camera
operated at a resolution of 256 X 1024 pixels with a frame rate

of 1000 frames per second (fps).

3. Results and Discussion

3.1 Dynamic Flame Behavior Under Nonlinear DC Elec-
tric Fields
This section exclusively examines the dynamic flame behavior

with various DC electric fields. Specifically, we aim to analyze
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the displacement flame velocity and changes in flame surface
area before and after the attachment point of the electrode. Fig-
ure 3 and 4 illustrate the temporal evolution of flame propagation
distance under various applied voltages. Figure 3 represents
cases corresponding to Vpc = 0 kV, + 3 kV, and + 7kV, while
Figure 4 corresponds to Vpc =0 kV, + 5 kV, and + 10 kV. Here,
L = 0 cm represents the top of the tube, and a single electrode is
installed around the outer surface of the tube, starting 10 cm be-
low the top and extending to the bottom. The red dotted line in
the figures indicates the position within the tube where the ITO
electrode is installed. Note that the baseline flame, where no elec-
tric field is applied (Vpc = 0 kV), is designated as the baseline

flame.
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Figure 3: Temporal flame propagation distance with various ap-

plied voltages (Vpc =0kV, £ 3kV, and + 7 kV)
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Figure 4: Temporal flame propagation distance with various ap-

plied voltages (Vpc =0kV,£5kV, and + 10 kV)

Upon initial observation of the baseline flame, variations in

displacement flame velocity arise due to the generation of

ignition kernel. Subsequently, the flame demonstrates downward
propagation. Initially, except for the ignition onset, the baseline
flame exhibits a constant displacement flame velocity, indicating
steady propagation. At this case, the flame displacement velocity
corresponds to 17.6 cm/s.

When applying Vpc ==+ 3 kV and + 7 kV, the initial displace-
ment flame velocity is similar to that of the baseline flame. How-
ever, as the flame approaches the installed ITO, the slope in-
creases rapidly. The displacement flame velocity before reaching
the ITO electrode is 36.3 cm/s, 28.9 cm/s, 27.8 cm/s, and 22.6
cm/s for Vpc=—7 kV, =3 kV, + 7 kV, and + 3 kV, respec-
tively. Subsequently, as the flame enters the area where the ITO
electrode with relatively strong electric field is installed, changes
in flame displacement velocity occur depending on the polarity.
In the case of negative voltage applied, Vpc = — 7 kV, — 3 kV,
the displacement flame velocity increases to 42.4 cm/s and 34.4
cm/s, respectively. On the other hand, for positive voltage ap-
plied, Vbc= + 7kV, + 3 kV, the displacement flame velocity de-
creases to 24.5 cm/s and 17.5 cm/s, respectively. Despite the de-
crease in displacement flame velocity at negative voltage, it re-
mains comparable to or faster than the baseline displacement
flame velocity.

Figure 4 illustrates the temporal flame propagation character-
istics for Vpc=+ 5 kV, and + 10 kV. As expected, the propaga-
tion characteristics in Figure 4 align with those in Figure 3. That
is, the flames with applied electric fields propagate faster than the
baseline flame before reaching the location of the installed ITO.
Subsequently, when the flame enters the area with the installed
ITO, the flame displacement velocity increases further when the
polarity of the electric field is negative. However, when the po-
larity of the electric field is positive, the displacement flame ve-
locity decreases but still remains similar to or faster than the
baseline displacement flame velocity. The displacement flame
velocity before reaching the ITO electrode is 39.7 cm/s, 28.6
cm/s, 33.5 cm/s, and 23.4 cm/s for Vpc=— 10kV, = 5kV, + 10
kV, and + 5 kV, respectively. The flame displacement velocity
after entering the ITO is also determined as 45.9 cm/s, 32.1 cm/s,
22.5 cm/s, and 19.1 cm/s for Vpc= — 10 kV, — 5 kV, + 10 kV,
and + 5 kV, respectively.

Figure 5 visually represents the flame propagation behavior
according to the applied voltage. Following ignition, an ignition
kernel occurs, and the flame surface area sharply increases until
the flame reaches the inner wall of the tube. At this stage, the

effect of the electric field is not prominently observed. As evident
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Figure 5: Sequential flame images demonstrating the propagation distance over time with various applied voltages

from the figure, regardless of the presence of the electric field,
the time for initial flame formation remains almost the same,
ranging from 0.03 to 0.06 seconds, and the growth rate of the
flame surface area is also nearly identical. It is presumed that this
growth rate determines the initial flame displacement velocity.

However, due to the relatively large distance of 10 cm between
the ignition location and the ITO, the influence of the electric
field is considered negligible. As the flame progresses toward the
location where the ITO electrode is installed, variations in flame
surface area occur depending on the presence of the electric field.
In the case of the baseline flame where the electric field is not
applied, the flame reaches the ITO within 0.5 seconds. The flame
surface area decreases slightly compared to when the ignition
kernel occurs, approaching almost the cross-sectional area of the
tube. Considering that the laminar flame propagation velocity is
13 cm/s, it is presumed that the diminished flame surface area is
due to volumetric flow induced by buoyancy.

For downward propagating flames, the critical velocity due to
buoyancy can be defined as follows based on the results of Kriv-

ulin et al.'s high-g centrifuge experiments [21]:

Siim = (ga)*/3 M

Here, g represents the gravitational acceleration, and a de-
notes the thermal diffusivity. The critical velocity due to buoy-
ancy is determined by the preheating effect of the flame front in-

dependent of the Lewis number. By utilizing Equation (1) to

derive the critical velocity due to buoyancy under the experi-
mental conditions, it is found to be 45.7 cm/s, which is higher
than the adopted flame propagation velocity of 13.0 cm/s in this
experiment. Therefore, the flame propagation characteristics are
predominantly governed by the hydrodynamic effects induced by
buoyancy. It is inferred that the suppression effect of buoyancy-
induced flame surface growth outweighs the growth rate of flame
surface area due to the gas expansion effect of incoming reactants
[22].

In the case of a flame with an applied electric field, as shown
in Figure 5, it can be observed that the flame surface area prop-
agates in an expanded state relative to the baseline flame up to
the ITO installation position. Examining the cases where a posi-
tive voltage was applied first, the arrival time at the ITO was
faster than the baseline flame in all instances, and showed a trend
of increasing speed with increasing applied voltage. Regarding
the changes in flame surface area, in all cases, the flame main-
tained a relatively expanded surface area compared to the base-
line flame, although it was smaller than the flame surface area
shown by the growth of the ignition kernel, except for the + 10
kV case. For the + 10 kV case, the surface area right after igni-
tion was similar to that of the grown flame, and among the flames
with applied positive voltage, it showed the largest flame surface
area.

Next, examining the cases where a negative voltage was ap-
plied, similar to those with positive voltage, the arrival time at

the ITO was faster than the baseline flame in all instances, with
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a tendency to increase speed as the applied voltage increased. Re-
garding changes in the flame surface area, in all cases, the flame
maintained a relatively expanded surface area compared to the
baseline flame. Moreover, a more expanded flame surface area
was observed compared to that shown by the growth of the igni-
tion kernel.

To evaluate changes in flame behavior due to polarity changes,
Figure S is revisited. As can be seen in the figure, the flame sur-
face area for the case where a negative voltage was applied was
relatively larger compared to when a positive voltage was ap-
plied, and the displacement flame velocity was also relatively
faster. The sizes of the two-dimensional flame surface areas at
Vpc=+ 10kV and — 10 kV were 3.71 cm? and 12.9 cm? respec-
tively, showing a difference of 3.5 times. These results can be
understood in terms of the differences in mobility of the charge
carriers that induce ionic wind.

Combustion based on hydrocarbon fuels typically involve the
presence of both positive charges (CHO',H;0%, etc.) and nega-
tive charges (electrons, O,~, OH™) due to chemical ionization.
When an electric field is applied, charged particles experience a
force known as the Lorentz force, which accelerates them to-
wards the electrodes based on their polarity. This motion of
charged particles transfers momentum to the neutral particles,
which constitute the majority of the number density, resulting in
a large-scale bulk flow known as "ionic wind" [16]-[19]. Elec-
trons, which constitute about 90% of the negative charge density,
are known to have a mobility 1000 times higher than that of pos-
itive ions, resulting in a field intensity between the flame and the
anode that is negligibly small compared to that at the cathode.
However, the ionic wind towards the cathode cannot be ignored
due to the phenomenon of Oz attachment, which results in a sig-
nificant conversion of electrons into negative ions [16]-[19].
Therefore, even when a positive voltage is applied as shown in
Figure 5, it can be understood why the flame surface area is rel-
atively elongated compared to the baseline flame, and the flame
displacement velocity also increases as the area consuming the
reactants increases. Nevertheless, it is important that the effect of
flame surface area expansion is not as significant when the posi-
tive voltage is applied compared to when the negative voltage is
applied.

The flames entering the ITO electrodes, as depicted in Figures
3 to 5, exhibit variations in flame surface area and displacement
flame velocity depending on the polarity, influenced by the elec-

tric field. This can be understood as an effect of flame stretching

caused by the ionic wind, and a detailed explanation will be pro-

vided in Section 3.2.

3.2 Effects of Flame Stretch on Polarity Changes

In this section, we aim to discuss the changes in flame behavior
when a propagating premixed flame enters a dielectric barrier
with an installed ITO electrode where high voltage is applied.
Alongside Figure 5, discussed in the previous section, we intend
to selectively analyze the cases where the effects of the electric
field were most pronounced at Vpc ==+ 10 kV.

Figure 6 illustrates the changes in displacement flame velocity
and flame surface area along the flame propagation distance, ac-
companied by images of the flame at specific locations. For qual-
itative analysis, the baseline flame and the cases with Vpc ==+ 10
kV were selected. Initially, as mentioned in the previous section,
the baseline flame experiences a reduction in flame surface area
due to natural convection driven by buoyancy after the ignition

kernel, maintaining a constant surface area in steady motion.
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Figure 6: Correlation between flame displacement velocity and
flame surface area as a function of flame propagation distance for

Vpc=0kV and £ 10 kV

In the case of Vbc = — 10 kV, it can be observed that the flame
displacement velocity increases up to 56.1 cm/s near the ITO be-
fore entering the dielectric barrier, where it temporarily de-

creases. This is evident from the flame image in Figure 6, where
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the flame briefly anchors due to the strong electric field near the
edge where the ITO is installed, then increases its surface area
before propagating further. Typically, in electromagnetism, the
curvature radius of the surface decreases near the edges of elec-
trodes, leading to a concentration of charge and an intensified
electric field [23]. This sharp increase in electric field intensity
likely causes the temporary anchoring of the flame. Once the
flame surface area sufficiently extends and thermal diffusion to
the reactants is adequate, there is a temporary increase in the
flame propagation velocity, causing the flame to move away
from the electrode edge. This increase in flame surface area can
be attributed to positive stretch effects on the flame.

In the context of flame dynamics, the flame stretch, k, is de-
fined as the fractional rate of change of a Lagrangian surface el-

ement, A, and is expressed by Equation (2) [24]:
Kk = (1/A)(dA/dt). 2)

This relationship can be elaborated further, as derived in pre-

vious studies [25][26]:

K=V, Vo + V-1V, 7). 3)

This formulation provides a quantitative measure of the dy-
namic stretching behavior of the flame front. The first term on
the right-hand side consists of the tangential velocity vector, the
second term represents the unsteady term, and finally, the third
term pertains to the flame curvature.

Considering the flame stretch relationship in Equation (3), ap-
plying a negative voltage to the ITO electrode results in the flame
experiencing strong positive radial stretch, leading to an expan-
sion of the flame surface area. Particularly, as mentioned in the
previous section, since the mobility of positive ions is about 1000
times lower than that of electrons, the quantity of charge in the
space at any given moment will be predominantly negative. This
leads to relatively strong stretching and a rapid expansion of the
flame surface area. This analysis explains why the flame within
the dielectric barrier experiences greater elongation when a neg-
ative voltage is applied compared to when a positive voltage is
applied.

In contrast, for Vpc = + 10kV, the flame displacement velocity
increases up to 34 cm/s near the ITO before entering the dielec-
tric barrier, where it then temporarily decreases sharply and even-

tually converges to a velocity similar to the baseline flame. This

Sung Hwan Yoon

phenomenon can also be observed in the flame images in Figure
6, where the flame briefly anchors due to the strong electric field
near the corner where the ITO is installed, and then propagates
after a reduction in surface area. While this temporary flame be-
havior can be understood as an effect of the edge of the electric
field, the decrease in flame surface area, contrary to the increase

observed when a negative voltage is applied, is highly unusual.

—— Preceding flame sheet
- === Subsequent flame sheet
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# Positive charge = Negative charge
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Figure 7: Conceptual image of the ionic wind changes around

the dielectric barrier due to polarity change

To further understand this mechanism, Figure 7 illustrates a
conceptual image of the changes in ionic wind around the dielec-
tric barrier due to polarity changes. The top image represents the
case where a positive voltage is applied, and the bottom image
represents the case with a negative voltage applied. From left to
right, the flame propagates, and the area where the ITO electrode
is installed is on the right. The gray crescent shape indicates the
preceding flame sheet over time, while the dashed crescent shape
shows subsequent changes in flame behavior.

When examining the case with a positive voltage applied, it
can be hypothesized that before entering the ITO, electrons at the
flame front adsorb onto oxygen contained in the reactants, con-
verting into negative ions and generating ionic wind. This ionic
wind at the flame front could lead to a relative decrease in the
convective flow induced by buoyancy, thereby extending the
flame surface area. Particularly, the ionic wind caused by posi-
tive ions in the downstream is unlikely to significantly affect
flame behavior due to the rapid velocity of the exhaust gases
caused by gas expansion. Considering an adiabatic flame temper-
ature of 1913 K, the expansion ratio of the exhaust gases is esti-
mated to be approximately sixfold based on the ideal gas law.
However, as the flame enters the dielectric barrier installed with
ITO, the movement of negative charges can be considered negli-

gible. This is because the direction of the ionic wind shifts
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radially relative to the flame surface area, and the collision fre-
quency of electrons with oxygen along their path significantly
reduces, diminishing the scale of the ionic wind. Nevertheless, as
positive ions move toward the tube's central axis due to repulsion,
radial convective flow occurs, and the flame surface area con-
tracts (i.e., negative flame stretch). This mechanism explains why
the flame surface area decreases as it enters the dielectric barrier.

Next, examining the case where a negative voltage is applied,
it is inferred that prior to entering the ITO, the relatively high
density of positive charges at the flame front induces strong ionic
wind, causing the flame surface area to extend more than when a
positive voltage is applied. Once the flame enters the dielectric
barrier where the ITO is installed, the movement of positive
charges shifts radially relative to the flame surface, and the flame
experiences strong positive stretching. Consequently, the flame
surface area dramatically increases, and the flame displacement

velocity is understood to rise sharply.
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Figure 8: Variation in average displacement flame velocity 5 cm
before and after the ITO electrode according to the applied volt-

age

Figure 8 illustrates the variation in average displacement
flame velocity 5 cm before and after the ITO electrode according
to the applied voltage. Given that the installed range of the ITO
spans 10 cm along the tube length, the red symbols represent the
average displacement flame velocity within the 5 - 10 cm range
from the top of the tube. Conversely, the green symbols indicate
the average displacement flame velocity in the 10 - 15 cm range
from the tube top. As shown in the figure, cases with a negative
voltage applied exhibit faster displacement velocities than the

baseline flame across both before- and after-ITO regions, with

velocities being relatively faster upon entering the ITO. In con-
trast, with a positive voltage, the displacement velocities before
and after the ITO are similar to or faster than those of the baseline
flame. Unlike the negative voltage cases, the displacement veloc-
ities before entering the ITO are faster than those within the ITO.
These experimental results are consistent with the inferences pre-

viously discussed.

Figure 9: Definition of flame curvature

To measure the radius of flame curvature as shown in Figure
9, the image captured by the high-speed camera was used to ob-
tain the x, y coordinates using MATLAB, and points were ob-
tained using triple points. Then, the radius of flame curvature was

calculated using Equation (4) below.

1 _VvOENH

Teur V£l (4)
w 50

£ -

= T I‘LDCHJ =,

“ 3kvv | & | @ e.”
5404 | 5w [ v | % e

£ kv | @ | @ L

3 kv | & | @ L

° @

> e

g 301 L

s e

E 20 "ﬁm

- ,’I $

E * - @

o e

]

D 10 T T T T

0.00 0.03 0.06 0.09 0.12 0.15

Flame curvature, x [1/mm]

Figure 10: Correlation of frame curvature and displacement

flame velocity with various applied voltages

Figure 10 shows correlation of frame curvature and displace-
ment flame velocity with various applied voltages. As shown in
the Figure 10, flame curvature and displacement flame velocity
increase when the electric field is applied based on Vpc = 0 kV

(baseline flame), and the flame curvature and velocity increase
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especially when the electric field is applied. As indicated by the
flame stretch relationship in Equation (3), applying a negative-
voltage results in increased displacement flame velocity due to
the strong positive stretch on the flame surface caused by ionic
wind within the electric field. Conversely, despite negative
stretching of the flame surface when a positive voltage is applied,
the displacement flame velocity is observed to be faster than the
baseline flame. This can be attributed to the extended flame sur-
face at the ITO forefront, which likely leads to an overestimation
due to the transition time during which the displacement flame
velocity decrease. Such overestimation indicates the need for fu-
ture studies to expand the observation area of the flame to derive

more quantitative values.

4. Conclusion

This study explored the complex interaction between combus-
tion and electric fields by applying a dielectric barrier discharge
(DBD) electric field to a confined space in which a premixed
flame propagates. This study differs from previous studies by ap-
plying a spatially nonlinear electric field.

First, significant changes in flame behavior were observed
when the voltage around the electrode was varied. The displace-
ment flame velocity varied with the polarity and magnitude of
the applied voltage; in general, the higher the applied voltage, the
faster the flame velocity, with distinct trends before and after en-
tering the electrode region.

Furthermore, the effects of positive and negative electrodes on
the flame behavior were closely investigated to elucidate the role
of the ionic wind in driving the flame dynamics. Although the
bulk flow before entering the electrode affected the increase in
flame velocity, inside the electrode, the flame velocity tended to
decrease with the application of positive electrodes, while it
tended to increase with the application of negative electrodes.
This variation is mainly due to the differing number densities be-
tween positive and negative charges, with and without electron
impact attachment.

In particular, a strong correlation was observed between flame
curvature and displacement flame velocity as a function of the
applied electric field. The flame curvature increased with the
strength of the electric field, suggesting a complex interaction

between the flame dynamics and the external electric force.
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