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Abstract—In the past, many experimental investigations for
glow or streamer corona induced plasma were conducted by
digital real-time or high frame-rate charge-coupled device (CCD)
cameras. In this work, the light emissions observed by the CCD
camera and optical spectrometers were compared and used in
numerical analysis in order to determine the effect of applied
voltage as well as the geometry effect in a non thermal spike-
plate plasma reactor. Normalized wavelength intensities of the
second positive band of nitrogen (wave length 310 to 340 nm and
normally proportional to plasma density) show a symmetrical
distribution around the maximum value. In contrast, the optical
emission profile of the visual spectra (wave length from 400 nm
blue to 700 nm red) has bimodal distribution that was also
observed by a CCD camera. Therefore, the light emission from
the CCD camera is not actually representative of a corona
discharge or a plasma channel. Hence, all detailed investigations
for any discharge plasma applications should be conducted by
optical spectrometers.

Index Terms—spike-plate plasma reactor, negative corona
discharge, optical spectrometer, 2™ positive band of the nitrogen
molecule.

I. INTRODUCTION

HE wire-plate type geometry is a standard geometry of

non-thermal plasma reactors (NTPRs) [1] and electrostatic
precipitators (ESPs) [2]. In general, the NTPRs or ESPs
consist of discharge and collecting electrodes. The discharge
electrode is connected to the high voltage power supply either
of positive or negative polarity [1], while the collecting
electrode is grounded. The high electric field in the vicinity of
a discharge electrode causes ionization of the gas molecules,
known as a corona discharge. lons are then moving along the
electric field lines towards the collecting electrode. On their
way to the collecting electrode, ions may attach to the surface
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of the suspended dust particles by diffusion or field charging
mechanism [2, 3]. Once charged, dust particles will be
removed from the flue gases due to the introduced external
electrical force in direction of collecting electrodes. When
charged dust particles reach the collecting electrode, they will
transfer their charge and form a dust layer. If pollutant gases
are present in the flue gas, the electron, ions, and discharge
generated radicals will react with pollutant gasses during
oxidation or reduction processes [1].

Recent emission standards for gaseous pollutants and
submicron particulate matter require development of advanced
new, or modifications of existing ESP and NTPR geometries
[1-3]. For example, the smooth wire-type discharge
electrodes, characteristic for very low corona-onset voltage
and high electric field near the discharge electrode but very
frequent mechanical breakdowns, have been replaced with a
more rigid type discharge electrodes such as rods and plates
with needles and spikes. Additionally, the experimental
studies by Parker and Hughes [4] and Howe and Houlgreave
[5] have showed that the spike type discharge electrode, when
oriented parallel to collecting electrodes, provide much better
collection efficiency in first few metres of ESP compared to
the smooth wire or rod type discharge electrodes.

Since, no comprehensive numerical and experimental
validations exist for spike-plate type ESP, an investigation
was conducted into the prediction of the electric field and ion
density distribution as an integral part of a comprehensive
study about the effect of discharge electrode geometry on
charging and collection efficiency of dust particles [6]. It has
been observed that the solution of the ion transport equation is
very sensitive to the boundary condition at the discharge
electrode surface [6, 7]. In the past, the boundary conditions
of the numerical simulations for the ion transport equations
were given by the continuum conditions. For example, the ion
density at the surface of discharge and grounded electrode
were approximately zero or order of Knudsen number (mean
free path of ions/characteristic length of electrodes) [8].
However, it was difficult to use these boundary conditions,
since a numerical simulation for corona discharge becomes
instable due to the large ion density gradient near electrodes
[18-20]. Hence, the boundary conditions near discharge and
grounded electrodes were approximated by the discharge
current flux near the electrodes. For a grounded electrode,



surface mounted disk type current probe was used [9] to
obtain the discharge current flux distributions. However, for
the discharge electrode, no other experimentally obtained
boundary conditions exist besides those based on the
observations of light emissions by optical cameras. In this
work, the boundary conditions were determined based on the
experimental investigation of spectroscopic light emission
near the spike-type discharge electrode. After that the
experimental validations of numerical simulations of current
flux near the collecting electrode wall were conducted.

II.  EXPERIMENTAL APPARATUS

A schematic diagram of the experimental set-up is shown in
Figure 1. Two different experiments were performed under
negative corona.

The first experimental set-up was used to determine the
light emitted near the discharge electrode surface by optical
spectrometry and digital CCD camera systems. Normally, a
digital camera or an eye can register visual wavelength spectra
ranging from 400 nm (blue) to 700 nm (red), and an optical
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Fig. 1. Schematic diagram of the experimental set-up for measurement of
light emission and current density near collecting electrode during corona
discharge. (Both CE are grounded. CEs length, height, and spacing are 20, 30
and 5 cm, respectively.)

spectroscopy can measure wavelengths below 400 nm,
additionally [5]. The optical spectrometry system (OCEAN
OPTICS, Model PC1000) was used. The optical spectrometry
probe (OSP) was connected via a single optical fibre to the
spectrometer card placed in the personal computer. An optical
fiber of 2 mm in diameter with SMA termination
(SubMiniature version A) was used as a probe. The sampling
rate of a spectrometer card was set to 1 kHz with an
integration time of approximately four seconds. In order to
minimize corona discharge disturbance by the OSP probe
location and prevent spark-over to probe, the OSP was
mounted on a rack that was placed 25 mm in front of the left
collecting electrode or 111 mm from discharge electrode
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Fig. 2. Sketch of spike-type discharge electrode: (a) side and (b) front view.
(Dimensions are: A=10 mm, B=1.5mm, C=D= 9 mm, E=64 mm)
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Fig. 3. Sketch of a disk-type current probe. (Dimensions are: A=6.86 mm;
B=4.59 mm; C=3.33 mm; D=1 mm)

spike. The extension rods allowed for the fine positioning in
X and Z directions with steps of 0.5 mm. For each (X, Z)
position, five data sets were recorded. Then, the light intensity
of the averaged data set was analysed and the corresponding
state of gas molecules or ions were determined based on the
emitted wavelengths. Additionally, the digital image of the
corona discharge recorded by the CCD camera (Sony CCD-
TRV) that was placed approximately one and a half metres
from the discharge electrode, was compared to visible
wavelengths from the optical spectrometry system to
determine indirectly the spatial resolution of the optical probe.
The spatial resolution of CCD system was 0.125 mm.

The second experimental set-up with disk-type current
probe (CP), electro-metre, and recording device was used to
measure the current density profile near the collecting
electrode. The current probe schematically sown in Figure 3
was mounted on the rack and moved in (Y) and (Z) directions
parallel with the surface of the left CE. For each (Y, Z)
position ten data sets are recorded and averaged.

III. MEASUREMENT OF LIGHT EMISSION FROM SPIKE
ELECTRODE BY OPTICAL SPECTROMETRY AND DIGITAL IMAGE
ANALYSIS



During corona discharge, the spectral emission lines in air
mainly originate from nitrogen molecules (N,) [8-12]. For
example, the nitrogen molecule can be transferred from the
ground state N2(X12g+) into N,(C’IT,) excited state by the
impact of electrons with energy greater than 11 eV. After
that, the excited N,(C’I1,) molecules will transfer into
N2(B3Hg) state by emitting a photon of the 337.1 nm
wavelength. If electrons have an energy greater than 18.7 eV,
nitrogen ions will be produced N, (B*Z,"), that will release a
photons of 391.4 nm wavelength by transferring into the
N2+(X22g+) state. Typical emission spectra measured in the
present system with indicated vibration levels [10-17] of N,
second positive band (N,-2"-PB) and N," first negative (N, '-
1*-NB) band are shown in Figure 4.

The optical intensity of various wavelengths at various
voltages is shown in Figure 5. For this test, the position of the
optical spectrometry probe was placed at (X=-0.75 mm, Y=-
125 mm, Z=0.5 mm). The curves have discontinuity at —17
and —24 kV. The first discontinuity was caused by small
misalignment of spike electrode due to which the corona
discharge for voltages ranging from [-8 kV| to |-17 kV]|
occurred mainly from the spike edge that was closer to the left
CE. As the magnitude of applied voltage was increased the
visual observations have showed formation of the new
discharge spots from edges close to the right CE. When the
magnitude of negative applied voltage exceeds 24 kV, the new
corona discharge spots are formed between the spikes on the
main body of the electrode, having as a consequence lower
spectral intensity at spike tips.

A. Optical Intensities of the Visual Band

The light emission profiles from the surface of the spike-
type discharge electrode registered by CCD camera at
different applied voltage are shown in Figure 6. The CCD
camera detected light emission of corona discharge at an
applied voltage of -10 kV, although the corona discharge on-
sets at approximately -7.5 kV. From -10 to -15 kV, the light
emission occurs from the spike edge close to the left CE. At
applied voltages from -17 to -26 kV, the light emission occurs
from both edges of the spike surface. The light intensity from
the left edge is higher than that from the right edge due to the
electrode miss-alignment or surface tip imperfection.

Figure 7 and 8 show normalized intensity profiles of visual
spectra by optical spectrometer along the various horizontal
and vertical locations with respect to the 4™ spike tip location.
The horizontal profile at vertical location denoted as zero
represents the light intensity profile along the spike tip
surface. The horizontal profile denoted as 1.5 represents the
profile on the line parallel with the spike tip surface at a
distance of 1.5 mm. At applied voltage of -15 kV the visual
band has a mono distribution with the maximum value
approximately 0.6 mm to the left from the electrode center. At
-22 kV, the light emission profile of visual band measured by
optical spectrometer has a dual distribution with peaks at -0.7
and 0.7 mm from the electrode center.

Compared to the light intensity profile of CCD camera, the
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Fig. 4. Typical optical emission spectrum from center of discharge
electrode surface at -22kV.
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Fig. 5. Optical intensity of various wave length spectra, belonging to the
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voltages.
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electrode surface captured by CCD camera for various applied voltages along
the horizontal line passing through the centre of the 4™ spike.
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Fig. 7. Normalized spectral intensities of visual band (1* NB of N,")
at -15 kV for spike part of discharge electrode.
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Fig. 8. Normalized spectral intensities of visual band (1* NB of N,")
at -22 kV for spike part of discharge electrode.

light emission profile by optical spectrometer has wider
distribution and not very defined peaks. The difference is
believed to be due to the spatial resolution of the optical
spectrometer probe that depends on the distance between the
light source and OSP, as well as the OSP size. The spatial
resolution of OSP was determined indirectly. Namely, the
light intensity profile by CCD camera was integrated across
various diameters and compared with the profile of visual
spectra from optical spectrometer. When the integration area
equals the optical probe size, the integrated CCD profile was
very similar to the OSS profile. This indicates that the actual
light intensity profiles is narrower than that measured by
optical spectrometer.

B. Optical intensities of the UV band

The horizontal profiles of the normalized wavelength
intensities of 2™ positive band of N, (UV band) at various
vertical positions with respect to the 4™ spike tip location for
applied voltage of -15 and -22 kV are shown in Fig. 9 and 10.
Both figures show a symmetrical profile around the maximum
value. The actual location of the maximum of emission
intensity at -15 kV is approximately 0.5 mm shifted to the left
of the centre of the electrode, similar to that of the visual
band. However, the light emission profile of UV band is

narrower than the profile of the visual band. At applied
voltage of -22 kV, emission profile of UV band is symmetrical
with respect to the spike centre. In contrast, the visual bands
has bimodal distribution.

IV. DISCUSSION AND NUMERICAL VALIDATION

The light emission of the UV band is usually associated
with the electron impact of the energy greater than 11 eV and
the light emission of the visual band is usually associated with
the electron impact of the energy greater than of 18.7 eV. By
correlating the electron energy with electric field intensity and
by examining the electric field intensity near the spike tip
surface, it has been observed tat the electric field intensity
near the edge of the spike is higher than the value in the center
of the spike. Thus, around the edges of the spike ionization
zone that in the present case less than 1mm or few Debye
lengths, the electrons have enough energy to produce mainly
the nitrogen molecule excited ions N,"(B,Z,") and low energy
electron. The light emission of excited N, is small since all
N2+ will be converted in various heavy ions before they reach
the edge of the ionization zone [21]. Therefore, the visual
band emission has the light intensity peaks near the spike edge
location where electric field is higher. On the other hand,
NL(C°I1,) excited molecules associated with lower electron
energies and electric fields are produced mainly in the center
of the spike. Therefore the maximum of the emission intensity
of the UV band is at the center of the spike. During the
electron—Nz(X'Z;) impact, the electron will lose most of its
energy and it will be suitable for the electron attachment
reaction and formation of the negative ions. Therefore, the
profile of the optical emission of the UV band (2™ positive
band) was used to determine the boundary conditions on the
discharge electrode surface required in the calculation of the
negative ion density distribution.



Multi-dimension ESP code (MESP) [6], also described in
Appendix, was used to predict the ion density and electric
field for the spike-plate geometry given in Fig. 1. The results
were obtained for applied voltage of V4= -22 kV and total
discharge current of 1.61 mA in still ambient air of T=300 K.
It was assumed that the N,O, ion is a dominant negative ion
[21] with the ion mobility (u,) and ion diffusion (D)
constants of 1.577x10™* [m*Vs] and of 3.984x10° [m?s],
respectively. The absolute value of the electric field number
[Fe/=leVa/kT| is very high ([Fg=8.7x10° ), therefore the
major ion transport was due to the drift of ions in electric
field. The convection of ions due to the main gas flow is
neglected since the mean gas velocity is zero. The
electrohydrodynamically (EHD) induced secondary flow does
not affect the ion transport itself, since the coupling is mainly
one-way and therefore it can be neglected. The predicted
current flux density near the grounded electrode was
reconstructed from the numerically obtained ion density and
electric filed. The measured current profiles are shown in
Figures 11 and 12 whereas the comparison between predicted
current density profiles and the measured results at the
horizontal Line 1 are shown in Figurel3.

The current profile near the collecting electrode surface
reflects the complexity of the discharge electrode geometry.
Due to the staggered arrangements of the spikes and their
parallel orientation with respect to collecting electrode plane,
the current distribution is not symmetrical with respect to the
Z coordinate. Figure 11 shows the current measured along the
five horizontal lines. Line 1 is aligned with the projections of
the fourth spike tip. Line 5 is aligned with the projections of
the symmetry line between the third and fifth spike oriented
towards the ESP inlet. The measured currents are not
symmetrical with respect to the central vertical line. Figure 12
shows the current profile along two vertical lines. High
current densities were observed near the projection of the
spike tip and low current densities were observed in the
regions between spikes projections and in the region of the
projection of the discharge electrode strip. The standard
deviation of the measured current density is location
dependant. For points located between -100 and -68 mm the
standard deviation of the measured current is in the range
from 1 to 2 %. For points located between -65 to -18 mm, the
standard deviation is less then 1 %. The standard deviation of
points between -15 and 0 mm is ranging from 10 to 31%.

The predicted current density near collecting electrode
based on the UV and constant profiles of negative ion density
are within 1 % difference, in spite of much larger difference
in an electrode space. The current density based on the CCD
profile is 5 to 17 % smaller than the previous two. Therefore,
the best agreement between the measured and predicted
current density is when the boundary conditions are
determined based on the UV and constant profiles.
Disagreement between measured and predicted current density
observed at locations -20<Y[mm]<-15 is due to the placement
of the boundary conditions at the surface of discharge
electrode instead of at the periphery of the ionization zone. At
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Fig. 11. Normalized current along five horizontal lines near the collecting
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present the extent of the ionization zone in Y direction could
not be measured due to the shade of the structure that holds
the discharge electrodes. In the region from -15<Y[mm]<0 the
disagreement between experimental and predicted values is
caused by the coarse grid mapping of the region, which
requires further improvement.
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APPENDIX

NUMERICAL MODEL

Detailed description of the model can be found in Ref. [6].
For completeness, a short description of numerical model is
introduced in this appendix as follows. The high spectral
intensity of the N,-2"-PB together with spectral intensity of
the N,"-1-NB bands can be used to reconstruct the mean
density (N) of excited molecules in discharge from Eq. 1.

- | o 1)
NeTa(g)-f(g,Te)-v(g)-dg Ne-a

Here, I is the optical intensity, N, is the electron density,
o(e) is the cross section of reactions, f(g,Te) is the electron
energy distribution, v(¢) is the electron velocity, ¢ is the
electron energy, T, is the electron temperature and o is the
reaction rate coefficient [10]. This approach would require the
modeling of the complex corona chemistry [19, 21]. In this
work, the problem was simplified by assuming that from the
edge of ionization region only ionic current consisting of
negative ions is injected in an inter-electrode space [14].
Positive ions and electrons, found in a corona-glow zone near
a discharge electrode, are not considered as a consequence of
by-passing of corona chemistry and a fact that the corona-
glow zone is normally very thin ( within few Debye lengths
and less than Imm in present case). Only, the normalized
profile of the measured optical intensity has been used to set
the boundary conditions for negative ions at the discharge
electrode. In order to validate the boundary condition the
multi-dimension ESP code (MESP) [13] has been developed
that allows for the comparison between predicted and
measured current densities near collecting electrode.

The MESP code, consisting of three sections as shown in
Figure 14. The first section labeled as ESP geometry and
operating parameters involves the selection of: (a) collecting
and discharge electrode dimensions, (b) magnitude of dc
applied voltage, (c) operating main gas parameters such as:
flow rate, gas composition, and temperature. After that, the
program proceeds with initial calculations, that include
analytic approximations for the main gas flow, Laplace’s
electric field, and guessed number of initial ions (Nj,,) based
on electric field on the surface of discharge electrode, and

ESP GEOMETRY AND OPERATING CONDITIONS
1) DE and CE geometry

2) Gas temperature, composition and velocity

3) Operating voltage and current

(]
INTTIAL CALCULATIONS
1) Laplace's electric field (E_ (xy.2))
2) Electric field on the surface of DE (E;)
3) Guessed initial ion density (N )
4) Ton density based on Laplace electric field (N, (xy,2))

[]

Nio SEARCH ALGORITHM

1) Ion density based on Poisson's electric field
2) Poisson's electric field (E,(x.y.2))
3) Electric field on the surface of DE (E;)
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on Newton method
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(]
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Fig. 14. Block diagram of the MESP code.

predicted averaged current from current-voltage (I-V) model.
The next section labeled as N;, search algorithm is based on
the Newton method and it couples ion transport and Poisson’s
electric field equations in iterative way until the critical
electric field (approx. 2 MV/m) near the discharge electrode
surface was reached. After that the Poisson’s and ion transport
equations with Nj, value from the search algorithm together
with a boundary conditions based on a measured light
emission from spike surface were coupled in an iterative way
until the solutions were self-consistent. The whole procedure
can be time consuming, especially for three dimensional
studies, therefore the estimate of the first initial N;, value is
quite critical. The last section of MESP code calculates the
current density profile near the collecting electrode and total
discharge current delivered to the collecting electrodes.

A. lon Density

In general, the spike electrode creates complex electric field
and ion density distribution in an inter-electrode spaces [6].
Additionally, the ion density distribution, obtained from the
ion transport equation, is highly affected by the boundary



conditions on the discharge electrode surface. The ion density
calculations were based on the steady-state frozen chemistry
ion transport equation for three dimensional domain. The
dimensionless form of the equation for the case of negative
ions, constant ion mobility (u,) and ion diffusion (D),
chemistry with balanced source and sink term (S,; - R,=0) is
shown in (2a). The production and loss of negative ions due to
the electron attachment, detachment or positive ion
recombination is considered zero outside the ionization zone,

Rad, -Vn, —F.n,V-&-F.&-Vn, -V’n, =S -R;(2a)

Ra, =U,L/D, ; F. =8V, /(KT) (2b)
where V =LV is dimensionless operator, L [m] is the
characteristic length, Ra; is the dimensionless diffusion
Reynolds number, Fg is dimensionless electric field number,
u,=U,/Uj, is the dimensionless gas velocity, Uy [m/s] is the
mean gas velocity, n;=N,;/N;, is the ion number density ratio,
Ni, [# of ions/m3] is the initial number density of ions,
&= —V®"is the dimensionless electric field, V, [V] is the
applied voltage, D,; [m?/s] is the ion diffusion, L [m] is the
characteristic length, e=1.602x10"" [C] is the charge of one
electron, k=1.381x10% [J/K] is the Boltzmann constant, T
[K] is the gas temperature. The ion mobility (L) is considered
to be invariant to the electric field and is correlated with ion
diffusion (D,;) over Einstein’s relation (= Dy;e/kT).

With respect to the boundary conditions, the normalized
profile of the optical emission of the 2™ positive band of N,
molecules that is directly proportional to the electron density
and hence proportional to the negative ion distribution, was
used to set the boundary condition near the discharge
electrode surface. The profiling function Ay obtained by
fitting to the experimental data is shown in dimensionless
form (3),

A (X") =—0.4366(x')* +1 (3)

where x’=x/B is the normalized horizontal position with
respect to the length of the spike tip (B) (-0.5<x’<0.5).
Locations of discharges in the axial direction is determined by
spike tip positions. In addition to the boundary conditions
based on the profile of the 2™ positive band, Gaussian-like
distribution that covers the whole surface of the spikes, two
other conditions were tested. These are: (a) based on the
profile obtained by CCD camera, that looks like a bimodal
distribution with the peaks at the edges of the spikes, and (b)
based on the assumption of the constant ion density along the
whole surface of the spike tip. The boundary condition at
collecting electrode is set to zero. The ion density gradient in
the direction normal to the inlet, outlet, bottom and top planes
of the ESP is set to zero ion density.

Equation (2a) is of the steady-state quasilinear second-order
elliptic partial differential equation of convection-diffusion
type and its solution depends on the Ra; and Fg ratio. For
considerable ion drift ( |-Fg [>>Ra;), the value of n,; remains
very close to the conditions at discharge electrode. The
upwind differencing method [22], for which the value at the

interface is equal to the value at the grid point on the upwind
side, is the well-known approach used for the formulation of
terms containing Vn,. The second term that contains the
(V-&) is usually substituted by Poisson’s equation (4a).
Central differencing method is used for the fourth term.

B. Electric Potential

The electric potential is obtained from the Poisson’s
equation (4a) written in dimensionless form,

F20" = —Db, 1, (3-110¢h))
Db,"=Db,>/F. ; Db,=L/2, (4b)
Aoy = AT /&N, (4c)

where the ®*=d/®, is the dimensionless electric potential
ratio, ®=Fg=eV,/(kT) is the electric field number, Db" is
Debye (Db) versus electric field number (Fg) ratio, Ap [m] is
Debye length, n=N;/Nj, is the dimensionless number of
negative ions, Nj, [#/m’] is the initial number of ions
£=8.854x107"2 [F/m)] is the electrical permittivity of free space,
e=1.602x10"" [C] is the charge of one electron, V,[V] is the
applied voltage, k=1.381x10% [J/K] is the Boltzmann
constant, T [K] is the gas temperature.

The boundary conditions for electric potential are: (a)
O*=0 at the collecting electrodes, (b) ®*=1 at corona
discharge electrode, and (c) the voltage gradient in the
direction normal to the boundary at the inlet, outlet, bottom,
and top plane of the ESP is zero.

Equation (4a) can be classified as a second-order partial
differential equation of elliptic type, whose solution for spike-
plate geometry was obtained by finite difference method.

The current density J [A/m?] near collecting electrode is

reconstructed from and according to Eq. 5.

- N, D . PSS
) =e'0fm(Raiﬁgnni —Fengg&—vny) )
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