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Abstract—This paper deals with the experimental results on
prebreakdown phenomena and breakdown voltage characteristics
of a negative dc point-to-plane gap in-compressed carbon diox-
ide up to the supercritical pressure as the first step to develop
a plasma reactor with supercritical carbon dioxide. The gap
length and the curvature radius of the point tip were 200 and
around 35 pm, respectively. The experimental results show the
following: 1) corona discharge preceding complete breakdown is
observed more clearly in liquid and supercritical fluid than in
gas; 2) the estimated discharge onset voltage according to the
streamer theory is in fairly good agreement with the measured
breakdown voltage in the gas density region of 0.1-30 kg - m~3;
3) the breakdown mechanism in liquid can be classified into two
categories: bubble-triggered breakdown at lower pressure and non
bubble-triggered breakdown at higher pressure; 4) the breakdown
mechanism in supercritical fluid is similar to that in higher pres-
sured liquid; and 5) the density and temperature dependences of
breakdown voltage in liquid and supercritical fluid are related
closely with the breakdown mechanism.

Index Terms—Bubble-triggered breakdown mechanism, corona
discharge, electrical breakdown, plasma reactor, supercritical car-
bon dioxide (SC CO5).

I. INTRODUCTION

UPERCRITICAL carbon dioxide (SC COs) has recently

become an attractive fluid for a variety of potential ap-
plications such as solvent-free reactions and thermolysis of
organic system waste in chemical fields [1], [2], extraction of a
useful ingredient and removal of toxic components in medical,
pharmaceutical, and food processing fields [3]-[5], and a refrig-
erant for a heat pump in an air conditioner in a thermodynamic
field [6], [7]. This is because of its unique characteristics such
as high solubility, low viscosity, high diffusivity, nontoxic,
nonflammable, and low critical temperature of 304 K [8], [9].
On the other hand, an electric discharge plasma has higher
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chemical reactivity as well as benign properties for a global
environment [10]. Therefore, the combination of SC CO5 and
an electrical discharge plasma may offer the possibility of a new
horizon in future reaction fields.

Knowledge of the prebreakdown phenomena and breakdown
characteristics of pressurized CO5 up to supercritical conditions
is required in order to develop a plasma reactor using SC COs.
With respect to the electrical discharge phenomena in SC COo,
Ito et al. [11], [12] measured dc breakdown voltages in SC
CO; with a gap of tungsten coplanar film electrodes with a gap
length of pm-order, which was produced using lithography and
found the existence of a local minimum in the characteristics
of breakdown voltage versus pressure. They presumed that the
cause of the drastic decrease in breakdown voltage near the
critical point is electron attachment to existing clusters in dense
COz. Recently, Lock et al. [13] studied experimentally the
breakdown phenomena for a wire in a cylinder with an 84-um
gap length in SC CO, using a pulse voltage of 100-ns duration
and 10-ns rise time and reported that the breakdown voltage is
three times lower than the Paschen’s law estimations due to the
inhomogeneity of the CO5 density near the critical point. On the
other hand, in order to develop gases and gas mixtures superior
to pure SFg, which has excellent dielectric properties but a weak
point of high global warming potential, dc breakdown voltages
of CO, gas pressurized up to 1.5 MPa have been measured [14].
Unfortunately, several aspects of the breakdown mechanism
and characteristics in pressurized CO2 up to the supercritical
pressure still remain incomplete.

This paper deals with prebreakdown phenomena and break-
down voltage characteristics of a negative dc point-to-plane gap
in compressed CO» up to the supercritical pressure as the first
step to develop a plasma reactor with SC COs.

II. EXPERIMENTAL SETUP AND METHOD
A. Thermodynamic State of CO2 and Experimental Conditions

The thermodynamic state of CO; can be expressed by the
combination of two state parameters such as temperature 7'
and pressure P or density p and pressure. The ionization
phenomena in gas, liquid, and supercritical fluids are dominated
by the electron energy which is determined by the mean free
path under a given electric field. Therefore, it is desirable to
choose the density as one of two parameters to express the state
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Fig. 1. Regions of carbon dioxide pressure—density diagram.
of the tested COz since the density varies inversely as the mean
free path.

Fig. 1 shows the density versus pressure relation for COq
as a parameter of temperature [15]. The critical point is at
T. =304.1 K and P. = 7.38 MPa. Obviously, the state of
CO; is categorized into the three states of gas, liquid, and
supercritical fluid, as shown in the figure. For convenience in
later discussions, the liquid state was divided into two regions
of higher and lower pressures than the P.. They are called
“lower pressurized liquid” and “higher pressurized liquid” in
the paper, respectively. In the present experiments, the tem-
perature was set first, and the pressure was decreased from
supercritical to atmospheric pressure during the observation
of the prebreakdown phenomena. The chosen temperatures of
298, 305 and 313 K as the basic temperature conditions are
illustrated by three thick-solid lines, A — Ay — Ay — A — Ay,
B — B; — Bs and C — C; — G in the figure. These lines cor-
respond to normal, near critical, and supercritical temperatures,
respectively, and the change of CO state along the lines differs
by temperature.

B. Experimental Apparatus and Method

The electrode system was set in a chamber which will be
used as the test reactor for plasma production in the future.
The schematic diagram of the experimental set up is shown in
Fig. 2(a). The test chamber with a bore of 105 mm and length of
100 mm was made of SUS316 stainless steel and is able to hold
pressures up to 30 MPa. It was sealed with a double O-ring.
The power lead was fed through a special design high-voltage
bushing of polyetheretherketone resin into the test cell and was
sealed with a double O-ring.

A point-to-plane gap geometry with 200-pum gap width d
was chosen as the test gap since it is more convenient to study
prebreakdown phenomena compared with that in a uniform
field gap. The measured curvature radius of the point tip r
was in the range of 30—40 pm. The point electrode was made
of tungsten to limit erosion from the arc at breakdown. The
plane electrode was made of stainless steel. Assuming that the
point electrode is a hyperbolic shape with the tip radius of

double o-rings
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Fig. 2. Experimental setup and field distribution in the tested gap.

(a) Schematic diagram of the experimental setup: (i) Test cell, (ii) COz inlet,
(iii) CO2 outlet, (iv) syringe pump, (v) cooling system, (vi) CO2 container,
(vii) digital oscilloscope, (viii) dc power source, (ix) current transformer,
(x) high-voltage probe, (xi) damping resistance, 2 MS2, and (xii) PM.
(b) Calculated field distribution in tested point-to-plane gap with curvature
radius of tip 35 pm.

35 pm, the field distribution along the gap axis was calculated
according to

_ 2Vapp
~ (r+22)In(4d/r)

)]

where V,,, is the applied voltage, and  is the distance from the
point tip along the gap axis. Equation (1), as shown in Fig. 2(b),
will be used to estimate the discharge onset voltage in the gas
phase.

A dc power source with a rated current of 0.6 mA was
connected to the point electrode through a 2-M(2 damping
resistance to restrict the erosion of the point electrode by the
discharge. Since the voltage drop on the damping resistance be-
fore complete breakdown was negligible, the supplied voltage
may be applied fully to the tested gap. After the test cell was
evacuated, liquid CO, was transferred from a CO5 container
to the test cell with a high-pressure pump. The temperature
and pressure inside the test cell was controlled by a heater
installed outside of the chamber and a backpressure regulator,
respectively. After setting the wall temperature of the test cell
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for a desired value, it took about 20 h to balance the temperature
of the test chamber wall with that of the tested COs.

A series of experiments of prebreakdown observation and
breakdown voltage measurement was done by changing pres-
sure from higher pressure (14 MPa) to lower pressure (0.1 MPa)
at the three desired temperatures, which were shown in Fig. 1 by
the thick solid lines stated previously. After attaining the steady
state condition of COg, the dc negative voltage was applied
to the point electrode and increased at a rate of 2.5 kV/s by
using a function generator (SG-4115, Iwatsu, Japan) and an
amplifier (HAR-50R0.6, Matsusada Precision Inc., Japan). The
time interval between successive voltage applications was at
least 2 min to allow a steady state of the CO2 medium in which
the density inhomogeneity and turbulence generated by the pre-
ceding breakdown may be minimized. Although the discharge
current, discharge light, and acoustic emission were detected as
indicators of corona discharge, the light measurement through
the observation window of a chamber by a photomultiplier
(PM) (No. 722, Atago Bussan Co. Ltd., Japan) gave the highest
sensitivity. The PM signal and applied voltage were measured
simultaneously with an oscilloscope.

III. RESULTS AND DISCUSSION
A. Prebreakdown Phenomena

The corona light intensity I, and applied voltage Vi,
were recorded simultaneously to measure the corona onset and
breakdown voltages, as shown in Fig. 3. These were obtained by
additional experiments using a short gap of 80 um and a higher
rate of voltage increase to show Iy, and V., from corona
initiation to complete breakdown. Because the sensitivity of PM
was increased, the oscillogram shows the superposition of the
thermal white noise on the light signal which was illustrated by
the solid line on the trace.

The solid line on the light trace starts to rise at a critical volt-
age Vo and jumps suddenly until saturation of the PM output
when the applied voltage collapses at Vg. Here, V- and Vg are
defined as corona onset and breakdown voltages, respectively.
In the gas phase, the corona discharge is unstable, and weak
corona light is often recognized just prior to breakdown, as
shown in Fig. 3(a). In the liquid and supercritical phases, a
corona discharge initiates well before breakdown, and the light
intensity increases gradually with the applied voltage, as shown
in Fig. 3(b) and (c). The corona onset voltages were almost the
same for similar measurements of the medium state between
liquid and supercritical phases.

B. Breakdown Voltage

1) Density Dependency: As stated before, the three cho-
sen temperatures are normal, near critical, and supercritical
temperatures, respectively, and the change of the CO, state
with the increase of density depends on the temperature, as
shown in Fig. 1: at normal temperature of 298 K, via gas,
lower and higher pressured liquids as indicated by the line A —
Ay — Ay — A3 — Ay; at near critical temperature of 305 K,
via gas and supercritical fluid as the line B — B; — Bo; at
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Fig. 3. Negative corona onset and breakdown voltages of three phases.
(a) Gas phase. (b) Liquid phase. (c) Supercritical phase.

supercritical temperature of 313 K, via gas and supercritical
fluid as the line C — C; — Cs.

In Fig. 4, the average of four to five measured breakdown
voltages and their deviation at the given conditions are illus-
trated by an open circle and a vertical bar as a function of
the density. The density was estimated from the experimental
condition of the temperature and pressure by using the equation
of state [15]. A regression curve for the measured points was
added by a broken line in the figure for later discussions.

For each temperature, the measured breakdown voltage in-
creases with the density, and its slope changes discontinuously
at the points of A;, By, and C; which are indicated by the
closed circle in Fig. 4. The letter symbols, A,, B,, C,, are
the same as those used in Fig. 1. At normal temperature, it
seems that the broken line in the gas phase consists of a convex
upward curve in the low-density region and a convex downward
curve in the high-density region. No experiments were done
in the region between A; and A, since the state of medium
is a wet vapor of CO,. The average slope in the liquid phase
is comparable with that in the gas phase. At near critical and
supercritical temperatures, the characteristics in the gas phase
are similar to those at normal temperature. The discontinuous
points B; and C; are located near and above the critical
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Fig. 4. Breakdown voltage versus density of COg2 at temperatures of
(a) 298 K, (b) 305 K, and (c) 313 K.

pressure in Fig. 1, respectively. The measured average values
scatter widely in the higher density region.

2) Temperature Dependency: The state of tested medium
under a given density changes with the temperature, as shown
in Fig. 1. This means that the detailed collision process within
CO5 molecules is affected by the temperature even if the
density was kept constant. It is interesting to note the effect of
the change in collision process on electrical breakdown mecha-
nism. In order to study this effect from a macroscopic point of
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Fig. 5. Temperature dependence of breakdown voltage for five density
parameters.
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Fig. 6. Temperature dependence of the increasing rate of breakdown voltage
for two density parameters.

view, the temperature dependences of breakdown voltage and
of the increasing rate of breakdown voltage against the density
were investigated.

Taking the density as a parameter, the breakdown voltages
from Fig. 4 can be obtained as a function of the temperature,
as shown in Fig. 5. In the range of the concerned tempera-
ture, the change of the CO4 state for densities of p = 10 to
200, 720, and 780-800 kg - m~3 are only gas, via lower pres-
sured liquid — higher pressured liquid — supercritical fluid and
via higher pressured liquid — supercritical fluid, respectively.
The average value and deviation were illustrated by an open
circle and vertical bar in the figure since the data are scattered
widely in this region.

Fig. 5 shows a remarkable drop in breakdown voltage only
at p = 720 kg - m~? at which the state changes from a liquid to
the supercritical phase with increasing temperature.

Fig. 6 shows the slope of the breakdown voltage versus
density at p = 50, 760 kg - m~3. Clearly, the breakdown rate for
the liquid and supercritical phases decreases with temperature
but is almost independent of temperature for the gas phase. In
particular, remarkable is its change in the temperature region
where the state changes from liquid to supercritical phase.

C. Discussions

1) Prebreakdown Phenomena in Gas: It can be argued that
the discontinuous points A;, By, and C; which indicate the
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limit of gaseous breakdown voltage characteristics are not
necessarily in the gas phase and are located around a position
at which the state curve starts to saturate greatly, as shown in
Fig. 1. This means that the behavior of a gaseous discharge
may be lost when the electron mean free path starts to decrease
drastically by a slight increase of pressure.

As stated in Section III-A, the corona onset and breakdown
voltages nearly coincide in the gas phase. The measured break-
down voltage is then compared with the theoretical corona
onset voltage as follows. According to streamer theory, the
corona onset criterion can be given simply by [16]

/@dx =K 2)

where & is the effective Townsend first ionization coefficient,
and K is the ionization index which is determined empirically
by fitting calculated values for a uniform field to the Paschen’s
curve. The & of CO4 gas at room temperature can be calculated
using

o 2.587
F —17656)(1) |:E‘/P:| [1/Cm~kPa],
for 0.2 < E/P < 0.28 [kV/cm - kPa]
a 1.515
= =50. ——2221[1/cm - kP
IZ 503exp[ E/P}[ /cm - kPa],
for 0.28 < E/P < 100 [kV/cm - kPa] 3)

where P is the gas pressure in kPa, and F is the electric field
strength in kV/cm [17], [18]. Equation (3) also can be applied
to CO, gas at the different temperatures using equivalent gas
density which gives the same electron mean free path. The
quantitative value of gas density at a given gas temperature and
pressure was estimated assuming the tested CO5 gas as an ideal
gas. That is, we modify (3) by introducing the idea of equivalent
pressure P, which is given by

_ 23

P, T

P. 4)

Then, the gaseous CO5 at room temperature and pressure P,
gives the same density as that with pressure P and temperature
T. Now, we are ready to calculate the corona onset voltage
under pressurized conditions using (1) to (4). A constant K was
taken as 20, and the calculated corona onset voltage is shown
by a solid line in Fig. 4.

The predicted values are in fairly good agreement with the
measured one in the density region of p = 10-30 kg-m™3
with the discrepancy between them increasing with density.
However, it is noted that both curves for the measured and
estimated breakdown voltage show a convex upward curve in
the region of p = 10-230 kg-m~3. The causes of the dis-
crepancy seem to be that in the higher density region: 1) the
experimental conditions are out of the effective region of E'/P
for (3); 2) the equation of state for the real gas deviates
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from that of an ideal gas; and 3) the gas component changes
from pure CO5 to a mixture of COy molecules and clusters
(81, [9].

2) Breakdown Mechanism in Liquid and Supercritical
Liquid: As stated in Section III-A, corona discharge precedes
breakdown in the liquid and supercritical phases, and the corona
onset voltage is almost independent of the density. The calcu-
lated electric field intensity at the tip of the needle electrode at
the corona onset voltage shown in Fig. 3(b) and (c) is on the
order of about 450 MV/m which is enough to initiate the field
emission. This suggests that corona is triggered by field emis-
sion of electrons. That is, all the electrons which are injected
from the cathode point collide with CO5 molecules releasing an
instantaneous power density W = E - I, where F is the electric
field at a specific location around the needle electrode, and [
is the corona or emission current density from the cathode.
Due to the different kinds of elastic and inelastic collisions,
this power is stored by the CO2 molecules in different forms:
translational energy, rotational, vibrational, and electronic ex-
citation, and ionization energy. The translational and rotational
components contribute to an increase in the medium tempera-
ture around the cathode electrode. Ionization will occur only at
higher fields.

From Fig. 1, the increase in temperature makes the state
of CO; move horizontally from the original state to the left-
hand side of the graph since the pressure was kept constant
during the series of breakdown voltage measurements in our
experiments. It is interesting to note that the state of the medium
after the temperature rise depends on its origin: For the lower
pressured liquid, the state changes from liquid to gas, while
at higher pressured liquid, the state goes to supercritical. That
is, gaseous bubble generation will occur only in the lower
pressured liquid. Of course, the state is invariable in the su-
percritical phase. From the above discussion, the following
breakdown mechanism was suggested from the viewpoint of an
electrical discharge process: in the liquid and supercritical state,
ionization will start with electron emission from the cathode.
In the lower pressured liquid, a gaseous bubble is generated
due to the power transferred by the emitted electrons. A partial
discharge in the bubble will then precede complete breakdown
since the dielectric strength is lower than that of the liquid,
and the electric field is higher than that in the surrounding
liquid due to the greater permittivity of the liquid. In the
higher pressured liquid and supercritical fluid, the temperature
rise produces a lower density region, and a streamer-type
discharge may develop without bubble formation. That is, the
bubble-triggered breakdown mechanism will occur only in the
lower pressured liquid. This difference in breakdown mecha-
nisms by the experimental conditions may result in the large
change in the slope of the breakdown voltage versus density at
p="T60 kg -m~3 and the remarkable local drop of Vg at
T =298 K and p=720 kg-m~2 which are shown in
Figs. 5 and 6, respectively.

If the proposed breakdown process is true, the breakdown
voltage characteristics should change discontinuously near the
boundary between the lower and higher pressured liquids. To
confirm this, the measured breakdown voltages near the bound-
ary were illustrated in Fig. 7 after magnification of Fig. 4(a).
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As expected, a clear discontinuity appears near the boundary
point Ag.

IV. CONCLUSION

The prebreakdown phenomena and breakdown voltage char-
acteristics of a negative dc point-to-plane gap in pressurized
CO; up to supercritical conditions were investigated exper-
imentally as the first step to develop a plasma reactor with
SC COs. The gap length and curvature radius of the point tip
were 200 and 3040 pm, respectively. The obtained results can
be summarized as follows.

1) Negative corona discharge is unstable in the gas phase,
whereas it is stable in liquid and supercritical phases.

2) The estimated corona onset voltages by streamer theory
are in fairly good agreement with the measured break-
down voltages in the density region of 0.1 to 30 kg - m~3,
and the discrepancy between them increases with density.

3) Gaseous discharge behavior is maintained when the elec-
tron mean free path decreases almost linearly with the
pressure even if the pressure reaches or exceeds the
critical one.

4) The characteristics of the breakdown voltage versus den-
sity show different behaviors in the medium state: The
slope is the largest in the gas phase and decreases with
temperature in the liquid and supercritical phases, and the
measured breakdown voltage tends to scatter widely in
the supercritical and higher density region.

5) The breakdown mechanism of the liquid can be classi-
fied into two categories: bubble-triggered breakdown in
pressures lower than the critical pressure and non bubble-
triggered breakdown in pressures higher than the critical
pressure.

6) The breakdown mechanism in the supercritical phase is
similar to that in liquid pressurized higher than the critical
pressure: non bubble-triggered breakdown.

7) The density and temperature dependences of the break-
down voltage are related to the breakdown mechanism.

It is concluded that if the curvature radius of a higher stressed
electrode is smaller than several tenth micrometers, stable
corona discharge as a source of cold plasma may be obtained

in liquid and supercritical fluid for a COy plasma reactor. In
the discussed experiments, the drastic decrease in breakdown
voltage near the critical point [11] was not observed.

The prebreakdown mechanism would be affected by the
polarity of the point electrode. We already have some inter-
esting results about the polarity effect. They will be reported
elsewhere in the near future since the present paper focused
on discharge phenomena in a negative point-to-plane gap.
Moreover, detailed study of breakdown mechanism in higher
pressurized liquid and supercritical CO5 based on the electron
beam data such as electron collision cross sections of ioniza-
tion, excitation, and so on would be an interesting research
subject in the future.
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