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Abstrat�The present report desribes numerial ther-

mo�uid simulation results of various gas ars in a noz-

zle spae at atmospheri pressure on the assumption of

loal thermodynami equilibrium ondition. It is ruial

to investigate fundamentals on ar extintion phenomena

by numerial simulation approah as well as experimental

approah. The SF

6

, Ar, CO

2

and N

2

ars in our experimental

setup were treated for the present alulation beause

we an aurately ontrol the voltage and ar urrent in

our experimtants and we an perform aurate eletron

density measurements for fundamental investigation and

omparison. Two-dimensional temperature distributions in

various gas-blast ars were alulated in a steady state at

a diret urrent of 50 A. Furthermore, transient tempera-

ture distributions in these ars were omputed under free

reovery ondition. Then, we alulated transient responses

under free reovery ondition by using alulated results in

the steady state. The alulated ar voltage in the steady

state and the transition of eletron density under free

reovery ondition were ompared with those obtained by

laser Thomson sattering method in our experiments.

Index Terms�gas iruit breaker, SF

6

, ar, thermo�uid

simulation, alternative gas

I. Introdution

Sulfur hexa�uoride (SF

6

) gas is widely used as an ar

quenhing medium in a high-voltage gas iruit breaker

(GCB) beause SF

6

has 100 times higher ar interruption

performane than air. However, it has 22,800 times higher

global warming potential (GWP) than CO

2

, and thus it

has been spei�ed as one of gases to redue its release

amount. From this reason, it is greatly desired to redue

the amount of SF

6

use in GCBs as less as possible.

To redue use of SF

6

amount, muh e�ort has been

made to searh for alternative gases as an ar quenhing

media [1℄, [2℄. The andidates has been high pressure

CO

2

, N

2

, CF

3

I and their gas mixtures. However, these

gases or gas mixtures have still muh lower ar inter-

ruption performane ompared to SF

6

. In addition, ar

interruption phenomena are markedly omplex beause

there inlude various underlying physis suh as ar

plasma, high intensity radiation and absorption, turbulent

�ow, interations with the eletrode and nozzle materials

and so on, involving high gas-temperature and high speed

gas �ow. Furthermore, he suess or failure of interruption

is determined in very short time of the order of �s. For this

reason, it is ruial to study the ar extintion phenomena

in detail again with both aurate experimental approah

[1℄, [3℄ and aurate numerial simulation approahes [2℄,

[4℄, [5℄, [6℄.

We have onduted a fundamental study for eluidation

of the ar extintion phenomena in both numerial and

experimental approahes. In our previous experimental

approah, we established a new system of deaying ar

plasma using a diret-urrent power soure and an in-

sulated gate bipolar transistor (IGBT). This experimental

system an aurately ontrol the supplied urrent and

applied voltage to ar plasmas in a gas �ow. Using this

system, we observed the fundamental behaviors of ar

disharges in SF

6

, Ar, and Ar/SF

6

gas �ow in a nozzle

spae in a steady state, and also under free reovery

ondition with a high speed video amera [7℄. In addition,

deaying proesses in the eletron density in SF

6

, Ar,

and Ar/SF

6

ar plasmas were also aurately measured

using a laser Thomson sattering method [8℄. On the other

hand, we also performed numerial simulation approah,

in whih Ar plasmas in SF

6

, Ar, and Ar/SF

6

gas �ow

in a nozzle spae were numerially simulated on the LTE

assumption [9℄. Other advaned numerial modeling for

SF

6

ars has been also made with onsideration of non-

equilibrium e�ets [10℄.

In this paper, we alulated two-dimensional tempera-

ture distribution of ar plasmas in various gas speies in a

steady state and under free reovery ondition as the �rst

fundamental approah. The model adopted here assumes

loal thermodynami equilibrium (LTE) ondition for ar

plasmas. For omparison and fundamental investigation

of alternative gases, SF

6

, Ar, CO

2

and N

2

were used

as �ow gases. The ar voltage in a steady state and the

transient eletron density around the nozzle throat under
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Fig. 1. Spei� heat of SF

6

, Ar, CO

2

and N

2

at a pressure of 0.1 MPa.

free reovery ondition were also alulated in numerial

simulation. The alulated results were ompared with

experimental results to on�rm the dominant physis in

deaying ars.

II. Thermodynami and transport properties of various

gases

The numerial simulation for ar plasmas requires the

thermodynami and transport properties of the thermal

plasmas and gases. In this alulation, the thermody-

nami and transport properties of SF

6

, Ar, CO

2

and

N

2

were omputed in the temperature range of 300

- 30,000 K. Equilibrium ompositions of those gases

were alulated by minimization of Gibb's free energy

of a system. Using equilibrium omposition alulated,

their thermodynami properties were omputed suh as

the mass density, enthalpy, and spei� heat at on-

stant pressure. The transport properties suh as eletrial

ondutivity, thermal ondutivity and visosity were

omputed by the �rst order approximation of Chapman-

Enskog method together with ollision integrals between

the speies onsidered. Figures 1 and 2 show the spei�

heat and thermal ondutivity, respetively, of SF

6

, Ar,

CO

2

and N

2

at atmospheri pressure 0.1 MPa. As for

SF

6

, the peuliar peaks are seen in the spei� heat

and thermal ondutivity at temperatures around 1800,

2000 and 2200 K. The thermal dissoiation/assoiation

reations from SF

6

to SF

4

, SF

4

to SF

2

and SF

2

to SF

ause this e�etive inrease in these properties. The other

gases have also thier peuliar peaks due to the thermal

dissoiation/assoiation reations, respetively.

III. Modeling of the ar plasma in a nozzle spae

The numerial modeling for ars in SF

6

, Ar, CO

2

and N

2

gas �ow was onduted under the following

nine assumptions only for simpliity. (1) The alulation

domain has axisymmetri struture. (2) The ar plasma is

in loal thermodynami equilibrium (LTE) ondition. (3)

The �ow is laminar �ow, thus turbulent e�et is negleted.

(4) The ar plasma is optially thin. (5) The phenomena

on the eletrode surfae suh as eletron emission, ion
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Fig. 2. Thermal ondutivity of SF

6

, Ar, CO

2

and N

2

at a pressure of

0.1 MPa.

bombardment are negleted. (6) The eletri �eld has

only axial diretion omponent. (7) We neglet density

�utuations aused by pressure �utuations in a steady

state. (8) Ablation e�ets of the eletrodes and nozzle

are negleted. (9) We onsider heat ondution inside the

eletrodes and nozzle.

A. Governing equations

The present model assumes that the ar plasma is

governed by the following �uid equations.

Mass onservation equation:

��

�t

+ r �
(
�u

)
= 0 (1)

Momentum onservation equation:

�
(
�u

)

�t

+ r �
(
�uu

)
= �rp + r � � + ��

0

(
E � H

)
(2)

Energy onservation equation:

�(�h)

�t

+ r � (�uh) = r � (

�

C

p

rh) +

Dp

Dt

+ �jEj

2

� P

rad

(3)

Law of Ohm:

E

z

=

I

R

1

0

2��rdr

(4)

Law of Ampare:

H

�

=

1

r

Z

r

0

�E

z

�d� (5)

where t：time, z：axial position, r：radial position, u：
axial gas �ow veloity, v：radial gas �ow veloity, �：mass

density, p：pressure, h：enthalpy, �：thermal ondutivity,

C

P

：spei� heat at onstant pressure, P
rad

：radiation loss,

�：eletrial ondutivity, �
0

：magneti permeability E：

eletri �eld, H：magneti �eld,

D

Dt

=

�

�t

+u�r: Lagrangian

derivative.



Fig. 3. Experimental setup
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B. Calulation domain and ondition

Figure 3 shows the ar devie and eletri iruit used

in the experiment [7℄. In the present alulation in this

paper, the ar devie used in the experiment were treated.

Figure 4 shows the two-dimensional alulation domain,

whih orresponds to the ross setion of the nozzle

spae in the ar devie shown in Fig. 3. The alulation

domain is 170 mm � 50 mm. The eletrodes having

di�erent diameters are loated with a distane of 50

mm. The ar plasma is assumed to be formed between

the eletrodes. Gas is supplied at the inlet at an axial

position z=0 mm, and the gas �ows out freely at an axial

position z=170 mm. The nozzle throat inlet is loated

at 20 mm distane from the upstream eletrode tip. The

nozzle throat has a diameter of 10 mm and a length of 10

mm. From our experiment, we found that a nozzle throat

inlet was one of the key positions to deay ar plasmas

in the nozzle. Figure 5 shows the alulation grid. The

alulation domain is divided non-uniformly into 170 �

153 grids.

We assume that the nozzle was made of polytetra�u-

oroethylene (PTFE), the same material as in the experi-

ment. The temperature at the gas inlet z=0 mm was �xed

at 300 K, and the pressure at one point of the gas outlet

was �xed to 0.1 MPa. For omparison and fundamental

investigation among alternative gases, we seleted SF

6

,
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Fig. 6. Two-dimensional temperature distribution of ar in a steady

state in SF

6

, Ar, CO

2

and N

2

gas �ow.

Ar, CO

2

and N

2

as �ow gases in numerial simulation as

well as in the experiment. Ar is noble gas and is widely

used for plasma appliation suh as welding ars et. The

CO

2

and N

2

have been investigated for alternative gases.

The gas �ow veloity at the gas inlet was set to 1.768 m/s.

The gas �ow veloity of 1.768 m/s is the value dedued

from the gas �ow rate of 100 L/min in our experiment.

Therefore, its value was adopted in this alulation for

omparison with experimental results.

First, we alulated the spatial distributions of gas �ow

and temperature �elds in ar plasmas at an ar urrent of

DC 50 A in a steady state. After that, transient distribution

of gas �ow and temperature �elds in ar plasmas under

free reovery ondition were alulated using the gas

�ow and temperature distributions in the steady state as

initial values. The free reovery ondition was realized

by hanging urrent value from DC 50 A to 0 A on 0 �s.

For the alulation, the SIMPLE algorithm was adopted.

IV. The two-dimensional temperature distributions of

ar plasmas in a steady state

A. The di�erene between various gases

Figures 6 shows the two-dimensional temperature dis-

tribution of ar in a steady state in ases of SF

6

, Ar,

CO

2

and N

2

, respetively. These �gures indiate that the
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SF

6

ar beomes most narrow in radial diretion among

the four kinds of gases. For example, if we de�ne the

ar radius by the eletrial ondutivity above 1000 S/m

in radial diretion in this report, the SF

6

ar plasma has

a 0.34 times smaller radius than the Ar ar. This ar

shrinkage arises from energy onsumption for e�etive

dissoiation of SF

6

into SF

4

or SF

2

around 2,000 K. For

every gas kind treated here, the ar plasma is thinner

around nozzle throat inlet z=70 mm. This is beause

of higher onvetion loss due to gas �ow around the

nozzle throat. Thus, we fous on the radial temperature

distribution at the nozzle throat here. Figure 7 shows

the radial temperature distributions around z=70 mm in

order to ompare the ar radius easily. As seen in Fig. 7,

while Ar ar has the wide high-temperature region above

5,000 K, SF

6

ar has remarkably narrow high-temperature

region. As a result, the axial temperature of thre SF

6

ar

reahes to 15,000 K. As for CO

2

, the ar shrunk not

so muh strongly as SF

6

. The temperature of N

2

ar is

similar to that of CO

2

ar in a radial position from r=0

mm to 1.5 mm. On the other hand, N

2

ar has higher

than CO

2

ar in a radial position from r=1.5 mm to 3.0

mm. This is beause N

2

does not has any dissoiation

reation while CO

2

has dissoiation reations around suh

temperature of 2,000 and 4,000 K.

B. Ar voltage in the steady state

The ar resistane is one physial parameter to indiate

the ar property. The ar voltage orresponds to the

ar resistane for the same urrent. The ar voltage is

also a�eted by the gas kind. Figures 8 and 9 show

the alulated ar voltage in the steady state and those

obtained in the experiment, respetivity. Note that the

ar voltage alulated here is only a olumn voltage

without onsideration of eletrode fall voltages. As for

the shape of nozzle, we used the PTFE nozzle for Laser

Thomson sattering method in the experiment [8℄. The

gas �ow veloity at the gas inlet was set to 1.768 m/s

as the same ondition to the gas �ow rate of 100 L/min

in our experiment for omparison. As ompared Fig. 8

with 9, the alulated ar voltage of Ar ar is similar
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to the experimental one. However, the ar voltages of

SF

6

ar and CO

2

ar in the experiment are higher in the

experiment than those obtained in numerial simulation.

One reason is that we negleted the eletrode fall voltages

on the athode and the anode. The eletrode fall voltages

for SF

6

in Cu-W eletrodes were measured to be 17.5 V

[12℄. Other reasons inludes turbulent e�ets, eletrode

evaporation and non-equilibrium e�ets. In partiular, the

SF

6

ar is remarkably a�eted by turbulent �ow beause

of heavy moleular weight of SF

6

(146) and then mass

density. Therefore, the SF

6

ar voltage would be obtained

in alulation onsidering turbulent e�et.

V. Transient temperature distribution under free

reovery ondition in various gas ars

We alulated the transient temperature distribution of

various gas-blast ars under free reovery ondition to

study deaying ar behaviors in various gases. Figure 10

shows transition of the ar temperature distribution of

ar from t=0 �s to t=100 �s in SF

6

gas at atmospheri

pressure. After urrent down from 50 A to 0 A, the ar

plasma deays rapidly with time. The ar temperature

dereases in a whole ar region from t=0 �s to t=10

�s. The ar temperature around the nozzle throat inlet

dereases more rapidly. From t=50 �s to t=100 �s, the

ar temperature dereases slowly. Figure 11 shows time

variation in the temperature at an axial position z=78 mm,
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Fig. 10. Transition of temperature distribution in 100%SF

6

gas ars

(Gas �ow veloity at inlet：1.768 m/s)

the nozzle throat outlet, in SF

6

, Ar, CO

2

and N

2

gas-

blast ars. This position is seleted beause the eletron

density was measured by laser Thomson sattering in the

experiment, and the alulated eletron density an be

ompared with the experimental results as desribed later.

The �gure indiates that the SF

6

ar has a remarkably

fast deay in the temperature ompared to the ars in

other gases. The SF

6

ar has strong radial temperature

gradient from its high spei� heat and thermal ondu-

tivity around 1800, 2000 and 2200 K due to the thermal

dissoiation/assoiation reations of SF

6

. Therefore, the

rapid deay in the temperature is obtained after the input

power down to zero. In ontrast to SF

6

ar, the Ar ar

remains to have temperatures above 9,000 K and has

high ondutive property even at t=100 �s. The CO

2

ar
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Fig. 11. Transitions of the temperature in SF

6

, Ar, CO

2

and N

2

gas-

blast ars at axial position z=78 mm
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temperature also dereases rapidly from t=0 �s to t=20

�s, but the ar temperature dereases more slowly from

t=20 �s ompared to those in SF

6

. This similar tendeny

is seen in N

2

ar as well.

VI. Comparison of eletron density in numerial

simulation with experimental result under free reovery

ondition

Figure 12 shows transitions of the eletron density at

the nozzle throat outlet z=78 mm on the axis under free



reovery ondition from t=0 �s to t=150 �s, whih is

estimated by the present LTE numerial simulation. As

indiated in Fig. 12, the eletron density in a SF

6

gas-

blast ar drops markedly from 1�10

23

m

�3

to 6�10

19

m

�3

in t=50 �s. On the other hand, Ar ar keeps high eletron

density above 2�10

22

m

�3

at 50 �s after urrent down to

0 A. At 150 �s, SF

6

residual ar has the lowest eletron

density, and then the seond lowest eletron density is in

CO

2

. To ompare with the numerially obtained eletron

density, transition in the eletron density is plotted with

alulated result in Fig. 13, whih was obtained by laser

Thomson sattering method in the experiment from t=0

�s to t=50 �s [8℄. As seen in these �gures, the alulated

eletron density deays in CO

2

, N

2

and Ar are similar

to the experimental ones. The eletron density in SF

6

ars learly dereases muh more rapidly than Ar ars in

both experimental and alulation results. However, there

is still some di�erene in the eletron density between

the alulation results and experimental results in gases.

In numerial simulation result, the SF

6

gas-blast ar

has a higher eletron density and a slower deay than

those in the experimetnal result. These may be due to

negleted underlying physis suh as turbulent e�ets

and hemially non-equilibrium e�ets. Our future work

should onsider the above more detailed physis.

VII. Summary

In this paper, we performed a numerial simulation for

ar plasma in gas �ow in a nozzle spae under free re-

overy ondition on the LTE assumption. The ars in our

experimental setup were treated for alulation beause

we an aurately ontrol the voltage and ar urrent in

the experimtants and we an perform aurate eletron

density measurements. For omparison and fundamental

investigation of alternative gases, SF

6

, Ar, CO

2

and N

2

were seleted as gas �ow as with in experiment. First,

we alulated the temperature distribution of ar in those

gas �ows in the steady state. Then, transient responses of

the ar temperature were alulated under free reovery

ondition. We ompared the ar voltage in the steady

state and transition of eletron density under free reovery

ondition with experimental ones. As the results, the SF

6

ar has a fast deay in the temperature and the eletron

density ompared to the ars with other gases. Espeially,

this tendeny is shown remarkablely in ontrast to Ar ar

and this is similar to the experimental result. However,

there is a di�erene between the alulation result and

experimental result suh as the ar voltage andthe eletron

density deay espeially in SF

6

gases. Thus, the ar model

would be improved onsidering more detailed physis

suh as turbulent e�ets and non-equilibrium e�ets.
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