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Parallel plate discharge of a CQ fluid under the supercritical condition is known to exhibit a
peculiar Paschen's law [1,2]; the teakdown voltage is significantly lower at the critical point
than that under the equivalent normal (i.e., no critical) conditions. In the present work a
theory to account for this phenanenon is proposed, which attribues the increase of ionization
rates to the formation of micro cavities (i.e., electron channels) due to the cluster formation of
fluid atoms (or molecules) under supercritical conditions.

I. Introduction When the pressure and temperatira fluid are sufficiently high, the
difference between the gas and liquid phases no longer exist. The point in the phase space
at which the phase boundagtween the gas and liquid peaglisappears is called the
critical point and the fluid that has slightBrger pressure and temperature than those of

the critical point is called supercritical flujd]. For example, the critical point of carbon

dioxide (CQ) is given by the critical temperatufB = 304K, critical pressure
p. = 74bar =7.4MPa (72.9atm), and critical mass density=0.468 g/cm (molecular

number densityn=6.40x 16" /cmi ) [4,5]. Supercritical fiids typically possess
combined characteristics of gas and liquid sashgas-like large transport coefficients
(e.g., viscosities and thermal conductivitiesdl #iquid-like large densities. For industrial
applications, supercritical fluids are oftarsed as solvents for enhanced chemical
reactions.

Ito and Terashima [1] have shown using digetent (DC) parallgblate discharges in
CO, supercritical fluids that the breakdown valsof the fluid is ginificantly lower near
the critical point than what one would exptotm the ordinary Paschen's law [1,2]. In the
present work, we attempt to explain this abnormality of the breakdown voltage as a

function of the product of the pressure and electrode gap distance.

II. Model Before discussing our supercriticascnarge model, we briefly outline the
Townsend discharge model for an ordinarydl(gas). Let us consider a one-dimensional
parallel plate discharge, where thestdnce between the two electrodes and the

charge-neutral gadensity are given by andN,. When a voltage is applied to the
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electrodes, a constant electric fidld appears in the inter-electrode space. In what
follows, we assume the charge density is sigfitly low, so that no space-charge effects

need to be considered. The electron densitgs a function of the distangemeasured
from the cathode satisfies the relation

dn,
=an,
dx

1)
wherex , defined as

a(E) =N, (Vo ) Ve, (2)
is called as the first Townsend coefficiendagenerally a function of the local electric
field E. In Eq. (2),0

ion

is the differential crss section for ionizationy is the electron
velocity, v, is the electron drift velocity, an(j> represents the average over the

velocity space. The solution to Eq. (1) lead$itfx) = n,exp(ax). The condition that a

discharge be maintained between these electrodes is that positive ions created in the
ionization process reach the cathode armmtlypece a sufficient number of electrons to
replenish the electrons that are lostite anode. This condition may be written as

y[exp(ad)-1]=1 (3)
where y represents the secondary electromssion coefficient at the cathode.
For an ordinary gas, it issually assumed that the filedwnsend coefficient is given

by a(E) = AN, exp(-BN, /E) with Aand B being some constants, as given by the blue
curve in Fig. 1. (In Fig.1¢(E)/E is plotted as a function of the gas density normalized
by the electric fieIng/E .) For supercritical fluids, wexpect the dependence of this

coefficient onE changes due to the following reasobnder supercrital conditions, it
is known that the atoms (or molecules) ctiashg the fluid formmicro clusters, which
may also be considered as nano-scale liquigldts, due to the attractive interactions
among fluid atoms (or molecules). The formatadmmicro clusters wvih little change of
the total fluid volume naturally creates som&&inter-cluster space (aono cavities) [6].
We note that atoms forming such a cluster arge themselves rapidly, typically in the
time scale of pico seconds [7]. The miaavities created by cluster formation also
presents open space where electrons are adeeldmhigher energies by the electric

field E, which then leads to higher ionizatiortes For this reason, we also call the
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micro cavities "electron channels"”. Duethe limited page space here, we are unable to
present the details of how theerease of ionization rates will alter the dependence of the

first Townsend coefficient on the applied elecfrédd, but let us assume that it is given

by the red curve in Fig. 1 with the increasex(fE) at the critical density (which is given
at N, /E=3in this case). Based on this curve, we solve Eq. (3) with respegt of

numerically and plot the breakdown voltage- Ed , which is given by the red curve in
Fig. 2. (The blue curve is the welldwn Paschen's law for an ordinary gas.)

It should also be notetthat, near the critical point, é¢hdensity and pressure is not
proportional for a given temperature. For examitile,blue line in Fig. 3 represents the
equation of state for an ideal gas whereas the red curve represents a typical equation of
state for a fluid near the tidal point. With this equatn of state, we redraw the

breakdown voltage curves given Fig. 2 with respect ob,d, instead ofN,d with
p, being the fluid pressure, which are given ig.F. The red curve in Fig. 4 qualitatively

reproduces the experimentally observed kdean voltage curves of supercritical €0

fluid given in Ref. 1 and 2.
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Fig. 1: The first Townsend coefficients as Fig. 2: The normalized breakdown voltages
functions of the fluid density. (Values are all as functions of the product of fluid density
normalized.) The red curve is the one in the and gap distance. The red curve is the
neighbourhood of the critical point. Paschen curve for a fluid near its critical

point.
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Pressure vs. Density Breakdown Voltage
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Fig. 3: Models of the equations of state for ~ Fig- 4: Normalized breakdown voltayeas

an ideal gas (blue) and a fluid near the a  functon  of the  normalized
critical point (red) for a constant pressure-distance product. The blue and red
temperature. Note that, near the critical curves represent the cases for the ideal gas
point, the density varies significantly with and a fluid near supercritical conditions. At
small variation of the@ressure. the critical pressureRd = 45in this case),
the breakdown voltage is shown to be
lowered.

[l Summary In the present work, we have outlined our theory to account for the
breakdown voltage drop under supercriticainditions. The central issue regarding
supercritical fluid discharge is the formatiohmicro clusters of fluid molecules. The
formation of such clusters creates micro cavities (i.e., electron channels), where electrons
gain higher kinetic energies from the apgleectric field thanhtose in a normal liquid

under similar conditions. This effectivelycireases the ionization rate and therefore

reduces the breakdown voltage.
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