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A Method for Analysing and Characterizing the Arc
Cooling Effect of Different Gases in Strong Axial
Flow With SFg and Air as Examples

Kaiyuan Zhang ", Sili Yao", Yi Wu

Abstract—A method of quantifying the abilities of different gases
to cool an axis-symmetric arc in strong axial flow is established. It
is able to quantitatively account for the contributions of different
energy exchange processes, such as convection, conduction, radi-
ation and turbulent mixing, towards arc cooling (i.e., increase of
arc resistance) during the current zero period of the interruption
process. Applying the method to a decaying SF¢ arc and an air arc
in a converging-diverging nozzle with the arc current ramped down
linearly from 1 kA to zero at a rate of 13.5 A/us, it is shown that the
arc cooling effects of turbulence and radial convection, in terms of
the reciprocal of their arc cooling characteristic time (1/7), keep
increasing in SFg in the last 2 us before current zero, but remain
effectively unchanged in air. The arc cooling index (ACI) defined at
1 ps before current zero is found to be 2.59/us for SFg and 0.96/us
for air. The SFg arc resistance at current zero is approximately 4
times that of air under the arcing conditions used in this study.

Index Terms—Arc cooling ability, SFg alternative gases,
supersonic nozzle, switching arc, thermal interruption.

I. INTRODUCTION
A. SFg and its Alternatives

Fg is an excellent dielectric and arc quenching gas with
S low boiling temperature and other physical and chemical
properties fit for industrial applications [1], [2], [3]. Its first use
in electrical industry was seen in the 1950 s with a voltage level
up to 132 kV [4] and its widespread use in extra-high voltage
and ultra-high voltage ranges started in the late 1970 s and early
1980 s [5]. Meanwhile, from as early as 1973, SFq as a trace
gas in the upper atmosphere was added to the list of gases with
potentially adverse environmental effect [6] and started to be

Manuscript received 24 April 2023; revised 21 September 2023; accepted
16 November 2023. Date of publication 29 November 2023; date of current ver-
sion 26 March 2024. Paper no. TPWRD-00516-2023. (Corresponding author:
Jiu Dun Yan.)

Kaiyuan Zhang is with the Department of Electrical Engineering and
Electronics, University of Liverpool, L69 3GJ Liverpool, UK. (e-mail:
kaiyuan.zhang @liv.ac.uk).

Sili Yao is with Xi’an High Voltage Apparatus Research Institute Company
Ltd (XIHARI), Xi’an, Shaanxi 710077, China (e-mail: yaosili@xihari.com).

Yi Wu is with the State Key Laboratory of Electrical Insulation and Power
Equipment, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China (e-mail:
wuyic51 @xjtu.edu.cn).

Jiu Dun Yan is with the Department of Electrical Engineering and Elec-
tronics, University of Liverpool, L69 3GJ Liverpool, U.K. (e-mail: ya-
neee@liverpool.ac.uk).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPWRD.2023.3336822.

Digital Object Identifier 10.1109/TPWRD.2023.3336822

, Senior Member, IEEE, and Jiu Dun Yan

, Senior Member, IEEE

sampled in the stratosphere under Project AIRSTREAM [7].
A good account of the history of SFg in the atmosphere can be
foundin [8]. Itis the Kyoto Protocol [9] that officially announced
the greenhouse effect of SFg and since then the environmental
impact of SFg has been attracting more and more attention,
leading to its restricted use in electrical industry as proposed
by the European Commission [10].

The past 10 years have witnessed an avalanche of activities
relating to the replacement of SFg in electrical apparatuses.
Most of them focused on the dielectric behaviour of different
gases, especially the g gases and their mixtures [11], [12]. The
experimentally measured dielectric strength agrees reasonably
well with the prediction [13]. On the switching side, it is a
different story. While some test results were obtained [14],
[15], the challenge is with the understanding and explanation
of the differing interruption performances of different gases. It
is evident that circuit breaker design has a significant influence
on the interruption capability, however the fact that SFg has
been dominating high voltage switching applications is a far
cry that it is the material properties that ultimately underpin its
dominance. For example, the differences in material properties
between SF¢ and air are clear, but how their properties lead to
the difference in their interruption capability, especially their
thermal interruption capability, remains to be answered. This
creates a knowledge gap that has to be filled before a theory is
established to define the relative superiority of each gas in terms
of their thermal interruption potential, or arc cooling ability in
a gas blast environment.

B. Characteristics of Gas-Blast Arcs and Role of Turbulence

Arc quenching is a complicated multi-physics process further
complicated by the turbulence phenomenon. There is no analytic
solution to the arc governing equations. To computationally
study the arc cooling process, certain simplifications have to
be introduced. For example, in a commercial gas-blast circuit
breaker, at least one hollow contact (tulip contact) is used to
ensure firm electrical contact with the other contact (normally
a solid plug contact). Such a design provides practical benefits
to the operation of the circuit breaker, but it also allows the arc
column at low current to deform freely in three-dimensional
space. To focus on the influences of material properties on the
arc quenching process, a simple nozzle structure with a solid
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contact to stabilize the arc root would be preferred, such as the
arrangement adopted in [16].

The ultimate objective of using the gas blast principle is to
cool the arc and increase its electrical resistance rapidly near
current zero to withstand the transient recovery voltage from the
network. Among the vast number of publications on switching
arcs, the work in [16] and [17] examined a large number of gases
for current interruption both theoretically and experimentally
under well-defined test conditions. The “interruption capability”
of these gases, as referred to by the authors, was measured.

Sufficient knowledge of the underlying physical mechanisms
involved in switching arcs is essential to meaningful computer
simulation. The 1970 s and early 1980 s have witnessed a large
volume of optical and spectroscopic diagnosis of switching arcs,
focusing on the role of flow turbulence and arc temperature
measurement [18], [19], [20], [21]. These studies provided
vital information on the dynamic behaviour of switching arcs,
especially the dominant role of turbulence in arc cooling [22],
[23]. It was categorically shown that even in the upstream and
stagnant region of the arc flow, turbulence enhances the heat
transfer by a factor of 50-100 with reference to the molecular
thermal conductivity. The radius of the arc column at current
zero is in the order of 1 mm. Turbulence increases with the axial
position in the downstream part of the nozzle.

The experiments reported in [24] concluded that turbulence
eddies of different sizes lead to the distortion of the thin arc
column shortly before current zero and the increase in arc
voltage and resistance. Laminar flow prediction of the critical
RRRYV [25] is at least one order of magnitude lower than the
measurement for both nitrogen and SFg [23]. The importance of
turbulence in switching arcs was also confirmed by the work in
[26], [27].

C. Contribution of Different Processes Towards Arc Cooling

In parallel to the commercial application of SFg in switch-
ing equipment, effort to theoretically understand the superior
interruption capability of SFg in comparison with other gases,
especially air, also started in the 1960 s. A typical example of
the effort to relate the arc cooling time constant to the material
properties can be seen in [28] where the relationship between
temperature and electrical conductivity was used but the arc was
treated as a uniform column of conducting gas with an a fixed
overall cooling power. Around the same time, more sophisticated
relationships for the time constant of current interruption in short
line fault and the critical RRRV were both derived in [29]. While
the important role of energy balance relating to arc cooling
and the dependence of arc conductance on temperature were
correctly identified, the difficulties in treating the distributed
nature of arc cooling in strong gas flow rendered the approach
very limited use in practice.

On the other hand, numerical solutions provide detailed re-
sults with excellent spatial and temporal resolution. The required
assumptions are minimal. While the contribution of different
energy exchange processes towards energy removal from the
arc column were studied in [29], [30], [31], there is a lack of

understanding on the contribution from each process towards
the variation of the arc resistance or conductance.

In the present work, a method to quantify the arc cooling
ability of different gases, with SFg and air as examples, is
established. Its main novelty is the clear accountability of the role
of different energy transport processes in influencing the change
of arc resistance, which is a significant step forward from the
work in [32] where the relative strength of each energy exchange
process towards energy removal from the arc column is studied,
but no link to the change of arc resistance was established.

D. Interruption Capability and Arc Cooling Ability

The term “arc cooling” appears frequently in literature, how-
ever its true meaning in relation to current interruption has
not been mathematically defined. This term is re-visited in the
present work (Section III-A) and a clearer definition is proposed.
In addition, the term “interruption capability” is commonly
reserved for the performance of a circuit breaker with a specific
design. In this work, the term “arc cooling index” (ACI) is
proposed to describe the ability of a gas for arc cooling and
quenching under selected arcing conditions (geometry and gas
pressure).

The arc model and the experimental cases are introduced in
Section II with a discussion on the approximations made. The
arc model is calibrated with one set of test result for SFg and air,
and the selection of turbulence model parameter is justified. This
is followed by the establishment of the arc cooling quantifying
method in Section III. In Section IV, results are presented and
analysed. Conclusions are drawn in Section V.

II. THE ARC MODEL AND THE EXPERIMENTAL CASES
A. The Arc Model

The governing equations of the arc flow are based on the time-
averaged turbulent Naiver-Stokes equations in two-dimensional
axisymmetric space with an additional partial differential equa-
tion for current continuity and the equation of state for the gas.
These equations can be expressed in the following conservation
form:

9 .
PO (poV) -V @O =S ()

where ¢ is the dependent variable to be solved, p the density, ¢
the time and V the velocity vector of the gas. The source terms
S and diffusion coefficients I'y are listed in Table I.

In Table I, the notations have their conventional meaning with
the subscripts / and ¢ denoting, respectively, the laminar and
turbulent part of the diffusion coefficient. The expression for
the viscous terms is given in [33] and will not be repeated. The
material properties for the two gases are from [34], [35]. The
approximate radiation model [36] based on the net emission
coefficient (NEC) is adopted to calculate the radiative energy
source of ¢ in Table I. NEC is defined for an isothermal sphere
of hot gas with a radius of Rygc. When this concept is used
for switching arcs, an equivalent Rygc needs to be defined at
each axial position in the arc column [32], and this equivalent
radius is called the emission radius in this work. It depends on



742

TABLE I
DETAILS OF THE TERMS AND COEFFICIENTS OF (1) IN CYLINDRICAL POLAR
COORDINATE SYSTEM

Equation é ol S,
Continuity 1 0 0
z-momentum w + -0P/0z + J,By+ viscous
i term
-OP/0r - J.Bgt+ viscous
r-momentum v L+ i o
oE> — q + dP/dt +
Frhalpy " Vlat VT viscous dissipation
Current continuity ® o 0

the radial temperature profile at the axial position. The radiative
energy emitted from the arc core (from axis to the position
corresponding to 83% of the axis temperature) is calculated
based on the NEC with an emission radius of 0.5(Rgs + R3x),
where Rgg is the radius of the point corresponding to the 83%
of the axis temperature and Rsx is the radius of 3000 K from
the axis. 80% of the radiative flux from the arc core is absorbed
in the region from R g3 to Rk (the net absorption zone) [37]. A
reduction of the absorption percentage from 80% to 60% [38]
for air only leads to 2% difference in the arc resistance. The NEC
data are taken from [39] for SFg and [40] for air.

As stated in Section I, turbulence plays an important role in arc
cooling near current zero. The simplest Prandtl mixing length
model (PML) provides satisfactory prediction of the turbulent
effect in switching arcs provided that the turbulence parameter
is properly chosen [41], [42]. The PML can be expressed by:

ov > )

0z
where c is a turbulence parameter and rs [33] is the thermal
radius of the arc defined as:

1 R T
rs = \/ }OO (1 — 500) 2mrdr 3)
m™ 0 T

where R 5 is the radial distance of the 500 K isotherm from the
axis. The use of 500 K as the boundary of the cold surrounding
gas is based on the fact that cold gas in regions further beyond
500 K is hardly disturbed.

The focus of the present work is to understand and quantify
the contributions of different energy exchange processes, the
arc model needs to be verified first. The turbulence parameter
is calibrated with the measurement in [17] at 1.53 MPa for
SFs and 1.3 MPa for air. ¢ is 0.042 for SFg and 0.076 for
air. Results in Fig. 1 show that the predicted critical RRRVs
without considering turbulence is far too low compared with the
measurement [17], [43]. It is fair to state that the PML model
adequately represents the turbulent effect for both gases over the
large range of upstream pressure. Quantitative analysis of the
results obtained with the PML model should correctly reflect
the role of turbulence in arc cooling.

ow
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Fig.1. Predictedcritical RRRV for SFg and air at different upstream stagnation
pressures with an imposed di/dt of —13.5 A/us. Measurements are from [17].
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Fig. 2. Geometry of the computational domain based on information in [17].

B. Computational Domain, Initial and Boundary Conditions

The present work is based on the experimental cases reported
in [17]. The computational domain shown in Fig. 2 includes
a convergent—divergent nozzle, two electrodes and an exhaust
tank (to maintain a constant background pressure).

The computation domain is divided into different zones, see
Fig. 2. A total of 199 (axial) x 88 (radial) rectangular cells are
used in Zone 2A. The size of the non-structured grids in other
zones are also set appropriately so it does not affect the accuracy
of solution in the arc region. The nozzle has a half expansion
angle of 15°. Other dimensions are given in Fig. 2.

On the axis, axisymmetric conditions are imposed for all
variables. Inlet and outlet boundary conditions are based on
the test conditions in [17]. The mass, momentum, and enthalpy
fluxes at the inlet are calculated by the isentropic relationships
assuming an upstream stagnation temperature of 300 K and a
stagnation pressure of Py. The outlet pressure (P.) is 0.25 of
the inlet stagnation pressure. The nozzle wall is assumed to
be thermally insulating and slippery to flow. No heat exchange
between the gas and the electrodes are considered. Due to the
very short arc duration (< 74 ps), the effect of upstream electrode
erosion is expected to be insignificant based on information
provided in [44]. Version 19.1 of ANSYS Fluent was used to
implement and solve the arc model.
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Fig. 3. Schematic diagram as basis for arc cooling analysis.

III. A NEW METHOD OF EVALUATING THE ARC COOLING
ABILITY OF GASES

A. Derivation of Arc Cooling Effect

The rate of change of arc resistance before current zero is
central to thermal interruption. The arc resistance is collectively
determined by each section of the arc column. Arc cooling is a
term that is often used in literature to refer to the effect of thermal
energy removal from the conducting arc column. During the
current zero period, arc cooling helps lower the arc temperature,
reduce its size, and increase the arc resistance. Therefore, arc
cooling over the current zero period ultimately refers to the
effect in increasing the arc resistance, instead of only reducing
the total energy content in the arc column. This effect can be
quantitatively described by the rate of change of arc resistance
(dR/dr), or the relative rate of change of arc resistance (dR/dt/R),
giving a rate of percentage change in arc resistance.

As shown in Fig. 3, the arc column is segmented by structured
grids (red grids as example). The arc resistance is the sum of the
contributions from all segments between the two electrodes. At
low current, the arc column is slender, and the radial electric
field component is negligible. For each segment, or each slab as
it is conveniently called, Ohm’s law can be applied:

r =R,
I :EZ/ o-2rrdr=FEz -G, 4)
r=20

where G; is the conductance of the i”* slab scaled to a unit
thickness dz = 1. R, is the radius of the conducting column that
is defined by a threshold electrical conductivity. dr and r are,
respectively, the radial thickness of a grid cell and the radius of
its centre.

Neglecting the relatively weak effect of pressure change on
electrical conductivity, the change of electrical conductivity at
a point in the arc is mainly affected by the change in specific
enthalpy or gas temperature at constant pressure:

do (h,p) _ 0o Oh ( 1 60) oh

== &) B (5)

ot "~ oh ot
where C,,, h, T and o are the specific heat capacity at constant
pressure, specific enthalpy, temperature, and electrical conduc-
tivity, respectively. ¢ is the time. With a slowly changing R,,,
the rate of change of the arc conductance in the i’ slab can be
expressed as below, with the help of (5):

9G; r=Ra 9o r=Ra /1 95\ Oh
615 —/T:O E27T7’d’l" N/TZO (O_pa_T) 527('7"(17'

(6)

Radiation
Radial convection out

AT

Fig. 4. Illustration of the main physical processes involved in arc cooling.

The term Oh/Ot serves as a critical link between arc cooling
(increase in arc resistance) and the energy content in the arc. It
is to be noted that energy balance, as described by the governing
energy equation, is based on energy density (ph). A decrease
of temperature in a grid cell does not mean its energy density
will also decrease. This is because when the gas temperature
decreases, the gas density increases, so the energy density may
increase. It is therefore not accurate to use energy balance
analysis to describe the effect of arc cooling. The governing
energy equation can be rewritten as:

oh 1 dP
— == (oF?— g+ — — H
o p (” g Y

0 [V?
-‘rV'(k'effVT)-l-GD—pa (7>) (7)

where H is the total specific enthalpy, k.yy = k; + K, Gp the
viscous and turbulence dissipation term and other variable have
been given in Table I. Substituting (7) into (6) leads to an
expression for the contributions of different processes towards
the change of electrical conductance in a slab:

G, N dP
— = 21— —— (oE? — g+ —
ot /r:o AT oG, (" 1

o (V2
—pWH‘FV(keffVT)‘FGD—pE 7
(@)

B. Arc Cooling Effect Due to Different Processes

The main energy transport processes considered in (8) are
illustrated in Fig. 4 where the arc is sustained by Ohmic heating.
Radiation (yellow spring arrow) takes energy from the arc centre
and part of it is absorbed at the arc edge. Axial convection (black
arrows), radial convection (white arrows), and radial conduction
(red dotted arrows) affect the cooling process. A positive effect
is defined as one that tends to increase the arc resistance and
help extinguish the arc. Conversely, a negative effect tends to
decrease the arc resistance.

The right-hand side of (8) is split into 6 parts according to the
processes shown in Fig. 4 which are:
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1) Ohmic and viscous heating (negative contribution)

G, r=Re  9g 1,
(6t >1—/T_0 27TT87TTC'I)(E +GD)dT

2) Radiation (positive effect)

G, = —/T o ZWTa—UL T
ot ),  Je—o T pC,

3) Radial convection

0G; _/7“=Ra
ot )y Jrzo

4) Axial convection

9G; /"—Ra
ot ), Jr—o

5) Radial conduction (positive effect)

AN /’”—Ra
ot 5_ r=20

6) Local pressure change

aG;\
ot )

/”‘R”Q 9o 1 (dP 9 (VZN\Y
o arpc, at Pa\2)) "

In the above expressions, the pressure work accounts for less
than 1% towards the arc resistance change, which will not be
included in the discussions below. Its fluence in energy balance
calculation for low current arcs (< 2 kA) was also ignored in
previous work [33], [45]. The relative rate of change of arc
resistance for a single slab can then be derived as:

1 dRr; _Zi: 1 (aacii)k

R, dt G; ©

where k represents the energy exchange processes. For the whole
arc column, the total resistance is:

i=M =M
Rarc =

dz; ;
= (10)
; JBe o 2nrdr —= G
where M is the number of slabs or slices that the arc column is
cutinto by the structured grid system. The relative rate of change

of arc resistance for the whole arc column is then:

Ly z(zZM (<>))
e (11

k=1
Representing the right-hand side of (11) by 1/7, then the
variation of R . with time will be:

1 dRgrc
Rore dt

to dt

Ry = Ry el = (12)

where 7 can be interpreted as a characteristic time of arc resis-
tance growth and it may change with time. The quantity 1/7
is thus a quantitative measure of the arc cooling effect in a
flow field. The effect of arc cooling for each energy exchange
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Fig. 5. Pressure on the axis and arc resistance build-up from the upstream

electrode (0 mm) at 10 A before current zero. The yellow shade indicates the
geometry of the nozzle for convenience of reference.

mechanism can be represented by its corresponding character-
istic time, which can be written as 1/7, as in (13). The smaller
this characteristic time is, the stronger the arc is cooled.

=i (4(59),)

M dz,
i1 &

13)

IV. RESULTS AND DISCUSSIONS

The analysis of the relative importance of different energy
exchange processes on arc cooling can be conveniently divided
into two steps. In the first step (Section IV-B), analysis will
focus on the variation of different energy exchange processes
with respect to the axial position in the nozzle. This will provide
a full picture of the distributed nature of arc cooling along the
arc column. In the second step (Section IV-D), the overall arc
cooling effect by each mechanism will be summarized and a
quantitative indicator of the arc cooling effect for each gas is
defined.

Conditions reported in [17] are used in this investigation.
The current is linearly ramped down towards current zero at
a constant di/dt of —13.5 A/us. The method proposed in this
work is applicable to other values of di/dt. Before the current is
ramped down, a steady state arc at 1 kA is first obtained. The
upstream stagnation pressure is 1.5 MPa, and the background
pressure is 0.375 MPa.

Arc induced contact evaporation may occur at high current
[46] or at low current with an arc duration of 1 ms or longer
[47]. In the experiment [17], the upstream contact is set as the
cathode, and it took only 74 us for the current to decrease from
1 KA to zero. For such a short arc duration, no obvious contact
erosion has been observed in [47]. Therefore, upstream electrode
erosion is not considered in the present work.

A. Selection of Arc Length for Arc Cooling Analysis

Cooling by gas flow to the arc column is not uniform [48]. This
is also true in the simulation results. Fig. 5 shows the position
of the flow shock (axial position at 30 mm). Our results show
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that the section of the arc column downstream the flow shock
has weak contribution (<5%) to the total arc resistance because
of the broadening of the arc column, as reported in previous
work [37], [48]. This is true for both SFg and air. Upstream the
shock there is steep pressure gradient in the axial direction to
accelerate the gas flow. For the study of the arc cooling ability of
different gases due to the difference in their material properties,
only the section of the arc column upstream the flow shock is
considered. The maximum Mach number on the axis is 2.6 for
SFg and 2.9 for air.

In previous work [49], the accuracy of the energy balance
analysis is affected by the choice of the radial boundary of the
conducting column where gas temperature is low, but density
is high. With the method developed in Section III, this source
of inaccuracy is eliminated as a result of the inclusion of the
term 0o/0T in the cooling terms (0G;/01);. Considering the
difference in electrical conductivity between SFg and air the
conducting column boundary is defined by the location of 5000
K for SFg and 4000 K for air.

It has to be noted that the arc cooling abilities of SFg and
air are compared under identical arcing conditions including the
nozzle geometry. The present work is not intended to compare
the best possible cooling effect of the two gases, which is difficult
to define. Giving the closeness in Mach number, the conclusions
drawn in this should be representative.

B. Distributed Arc Cooling Along the Arc Length

When the arc current reduces its magnitude before current
zero, the arc column size and the relative importance of the
cooling mechanisms both changes. Four instantaneous currents
(100 A, 50 A, 10 A and 0 A) were chosen to demonstrate the
cooling dynamics. Details are given in Fig. 6. The curves were
calculated from the simulation results according to (9).

Choosing air at 100 A as an example, the solid black curve
is the overall result based on (9) and the positive values along
the arc length mean that the electrical resistance for each slab
of the arc column increases. The relative rate of change for
arc resistance (//R;xdR;/df) is roughly 0.25/ps at the typical
axial position of 20 mm. This implies that the arc resistance
in the slab increases by 25% in one microsecond. The solid
blue curve represents the cooling effect due to turbulence. At
the axial position of 20 mm, it drives a cooling rate of 0.65/ps
(65% increase in arc resistance in one microsecond), but Ohmic
heating (solid red curve) cancels this cooling effect at almost the
same rate.

The direction of convection matters in arc cooling. Over the
axial locations from 15 mm to 30 mm, gas flows towards the
nozzle wall in the radial direction for both air and SFg at 100
A. This outward flow tends to bring the hot gas out and broaden
the arc column. An increased arc column leads to reduced arc
resistance, therefore negative arc cooling rate. On the opposite, if
cold gas flows inside the arc column, it tends to constrain the arc
size and increase the arc resistance. In this case the arc cooling
rate will be positive. This indeed happens in a small region near
the upstream electrode at 100 A, and also in an extended region
in the case at 0 A.

Radiation makes a very small contribution towards arc cool-
ing. Therefore, the overall arc cooling effect at the axial position
of 20 mm is only 0.25/pus at 100 A despite the velocity on axis
reaches 4000 m/s. At 100 A, the arc cooling effects are close to
each other for SF¢ (0.4-0.5/ps) and air (0.3/ps for air). In SFg,
radiation takes more energy away from the arc column. This
is due to the higher axis temperature and a smaller arc radius.
Radiation loss increases rapidly when the temperature increases
in the range from 10000 K to 20000 K (proportional to the
fourth power of temperature for ideal radiator). Ohmic heating
is also stronger as a result of its small arc radius.

Moving towards lower current, arcs in SFg and air exhibit
very different behaviour. The root cause is that SFg arc column
shrinks faster than that in air. Firstly, the NEC is sensitive to the
emission radius and increases rapidly when the emission radius
reduces, implying that SFg arc emits more radiative energy at
lower current. At 10 A, radiative cooling effect in SFg is much
stronger than that in air (0.75/pus for SFg and 0.1/ps for air at
20 mm). Secondly, the axial electric field in SFg arc becomes
higher than that in air when the current approaches zero. This
leads to stronger Ohmic heating effect in the SFg arc, as clearly
shown in Fig. 6. Thirdly, due to the reduced arc column size in
SFg turbulent arc cooling (radial thermal conduction, solid blue
curve) increases from 0.5/pus at 100 A to 5/us at current zero,
whereas in air turbulent arc cooling does not vary significantly.
The overall effect at current zero is 7/ps for SFg and 0.6/us for
air, showing significant difference in their arc cooling ability
in strong axial flow. It is evident that turbulence enhanced arc
cooling is the main influencing factor, and its strength is closely
related to the arc column size near current zero.

C. Arcs Dynamics

The fact that the arc cools down at different rates in SFg and
air is also seen clearly in Fig. 7. At 500 A, the radius of the
conducting column at the typical axial position of 20 mm, is 1.6
mm in SFg based on a conducting threshold temperature at 5000
K (0 = 1). In comparison, the conducting column’s radius in air
is 2.57 mm at a temperature of 4000 K (¢ = 1). The ratio of the
radius in SFg to that in air is 1:1.6. The highest temperature in
SFg is 20400 K while that in air is 17900 K. Reaching current
zero, the conducting radius is 0.23 mm in SFg and 1.3 mm in air.
The ratio becomes 1:5.65. The difference in axis temperature and
arc column size along the axial direction in the nozzle is given
in Fig. 8.

Experiment in [50] show that the arc cooling time constant
in strong gas flow is proportional to the arc cross sectional
area. Besides turbulence, the present work also shows that radial
convection can become important for thin arc column, as shown
by the dotted red line in Fig. 6 for SF4 arc at current zero when
non-conducting cold gas enters the arc column (black arrows in
lower half of Fig. 9 and dashed red curve for current zero of SFg
in Fig. 6). For air, non-conducting gas enters the arc column up
to the axial position of 15 mm contributing to arc cooling. but
hot gas moves out of the arc column in the downstream region
leading to heating effect. This is shown by the upper half in
Fig. 9 and the diagram at current zero for air in Fig. 6.
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Fig. 6.

The arc cooling behaviour of a gas is determined by its
material properties. A qualitative explanation can be constructed
by comparing the energy density, which is related to the product
of specific heat capacity at constant pressure and mass den-
sity (pCp), in the electrically conducting arc column and the
surrounding gas [32], as well as the relative largeness of arc
radius between the two gases as shown in Fig. 7, which again
is related to pCp through turbulent viscosity [32]. A thin arc
column and low energy density inside the arc would benefit the
thermal interruption process through faster arc cooling.
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Variation in arc cooling effect of different mechanisms along the axis and their evolution towards current zero for nozzle arcs in air and SFg.

D. Variation of Arc Resistance Towards Current Zero and
Quantitative Indicator for Arc Cooling Ability

The arc cooling effect of different mechanisms vary along
the arc column as well as with time, as a result of the changes
in flow field and current (di/df). These changes collectively
determine how the arc resistance evolve towards current zero and
beyond. Adding up all the slabs based on (11) from the upstream
electrode to the slab upstream the flow shock, the contribution by
different mechanismsis presented in Fig. 10 over § instantaneous
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current values from 1000 A to OA. The bar chart is plotted in
terms of the relative importance of each of the energy exchange
process with respect to the total cooling effect, i.e., the sum of all
positive terms evaluated in the right-hand side of (11). Therefore,
the sum of all contributions for cooling is always 100%. It is to
be emphasized here that the term “arc cooling effect” is defined
as the ability of a process, such as turbulence or radial thermal
conduction, to grow the arc resistance, measured as the relative
increase of the arc resistance (the sign has to be positive).
From Fig. 10, Ohmic heating counter plays the cooling mech-
anisms, preventing the arc resistance from growing rapidly for
current above 100 A. Radiation plays a decreasing role when the
current approaches zero while turbulent arc cooling enhances.
The following features are identified:
e The relative strength of radial convective arc cooling in-
creases towards current zero for both SFg and air (green

1000K|

(Ol 15000K

0 5 10 15 20 25 30
Axial position (mm)

Fig. 9. Variation of temperature (color contour) and radial velocity (arrows in
grey scale) in air and SFg arcs at current zero. The 4000 K and 5,000 K isotherm
gives an indication of the size of the conducting column.
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all slabs up to the flow shock) with respect to the total arc cooling effect. Blue
represents turbulent cooling and negative values reduce the arc resistance.

patches). For SFg, there is an increase in the absolute power
of arc cooling by radial convection (shown in Fig. 6). For
air the absolute cooling power decreases (Fig. 6).

® Axial convective cooling is still significant in air arc at
current zero. It takes about 20% of the arc cooling effect
in air, while in SFg it is only 5%. This difference is related
to the larger arc diameter as shown in Fig. 8.

Fig. 11 presents a summary of the arc cooling abilities of SFg
and air. Focusing on the two green curves firstly, the variation in
arc resistance can be calculated from (12) with a time dependent
7. The difference between arc resistance for SFg and air can be
chased back with (13) with 1/7, plotted in Fig. 11. The total 1/7
is indicated by the solid black curves which are the summation
of the effect of five energy exchange mechanisms.

A positive value leads to increase in arc resistance and a nega-
tive value reduces the arc resistance. Clearly the arc resistance in
SF¢ increases much faster than that in air due to the accelerated
increase of resistance in SFg caused by the smaller characteristic
cooling time of radial conduction and radial convection. At
current zero, the arc resistance in SFg (433 2) becomes roughly
4 time that in air (100 ©2).

E. Arc Cooling Index (ACI) of Gases

Returning to the question of assessing the arc cooling ability
of a gas, which is mainly controlled by its material properties
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and weakly influenced by the design, it is necessary to define
the conditions under which the ACI is evaluated. The present
work is aimed at the establishment of the evaluation method
and test it against known facts. The arcing geometry is a typ-
ical converging-diverging nozzle with a di/dt = —13.5 A/ps,
equivalent to a 30 kArms power frequency current at 50 Hz.

The variation of the characteristic time (7) describes the
changing arc cooling environment when the arc current reduces.
Itis difficult to use such a changing quantity to characterizing the
arc cooling ability of a gas. Replacing 7 in (12) with a constant
equivalent time constant between instant t before current zero
and the current zero point, (11) can be rewritten as:

—t
Teq = InR., —InR;

where R; and Ry are, respectively, the arc resistance at 7 (a
negative value) before current zero and the arc resistance at
current zero, calculated from (10). Plotting the instantaneous
7 and the equivalent time constant 7, in Fig. 12, it can be seen
that the two equivalent time constants are decreasing in parallel
up to 1 pus before current zero. However, most of the difference in
arc resistance is developed in the final 1 ps. It is thus a reasonable
choice to use the reciprocal of the equivalent time constant at 1
ps as the arc cooling index (ACI) to differentiate the arc cooling
abilities of the two gases. Itis 2.59/ps for SFg and 0.96/ps for air.
Further splitting into the different energy exchange mechanisms,
it can be shown that (11) can be used to arrive at the following
expression:

(14)

5
1

5 j'oﬁ > 5 &
Rcz = Ry H et TE = Ryer=1""
k=1

s)
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TABLE I
ARC COOLING INDEX OF SFg AND AIR BASED ON A CONVERGING-DIVERGING
NOZZLE OF 15° HALF EXPANSION ANGLE, AN UPSTREAM PRESSURE OF 1.53
MPa AND A di/dt OF -13.5 A/ps.

Arc cooling index SFe Air
(ACD (1/ps) (%) (1/ps) (%)
Overall ACI 2.59 100 0.96 100
Ohmic heating -1.09 -42 -0.20 -20

Radiation 0.09 3 0.002 0

Radial convection 0.69 26 0.23 24
Axial convection 0.20 7 0.17 17
Turbulent mixing 2.70 104 0.76 79

The arc resistance increases at current zero is ¢* where x is the ACI.

and
1076 0 at
—-[< (16)
Teq, k t Tk
where t = —107 s. The final results are given in Table II.

V. DISCUSSIONS AND CONCLUSION

A method has been developed in the present work for
analysing and characterizing the arc cooling abilities of different
gases with the aim to help search and select an alternative gas
to SFg in high voltage switching applications. Using a single
converging-diverging nozzle and one di/dt value before current
zero, it is shown that the method is able to:

® quantitatively evaluate the contributions towards arc cool-

ing from different energy exchange mechanisms, including
Ohmic heating, radiation, radial convection, axial convec-
tion, and turbulent mixing, in space (different axial location
in the nozzle) and in time.

e define an overall arc cooling index (ACI) for each gas. It

is 2.59/ps for SF6 and 0.96/ps for air.

e split the overall ACI into contributions by different energy

exchange mechanisms (see Table II) for profiling purposes.

The meaning of arc cooling is clarified. It is defined as
the effect of an energy exchange process (Ohmic heating or
turbulence as examples) on the increase of arc resistance. It is
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not only about energy removal from the conducting arc column,
as done in the previous work. This is because the total energy
content in the conducting arc column may not always decrease
when the arc is cooled down and electrical resistance increases.

The arc cooling effect of an energy exchange mechanism
is defined as the reciprocal of a characteristic time (1/7) that
changes in space and time due to changes in gas flow and current.
Having identified the pattern of change of the overall equivalent
arc cooling time constant (7 ,), the ACI of a gas is proposed to be
the reciprocal of the equivalent arc cooling time constant (1/7 ;)
at 1us before the current zero point since the arc resistance in
SFg increases significantly in the very last microsecond before
current zero. Depending on the arcing geometry, definition of
ACI at a different time before current zero is also possible.

It is found that when applying the method to SFg and air, the
arc cooling effects (1/7) of turbulence and radial convection
keep increasing in SFg in the last 2 ps before current zero but
they remain effectively unchanged in air. It is these two energy
exchange mechanisms that make SFg superior to air for thermal
interruption. At 500 ns before current zero, the overall equivalent
arc cooling time constant in air is 4 times that in SFg, and the
diameter of the arc column in air is also 4 times that in SFg. The
air arc resistance at current zero is approximately % that of SFg.

It must be noted here that the accuracy of the method de-
veloped in the present work relies on the calibration of the
turbulence model against the measured critical RRRV although
one value is only needed. No measurement error was given in the
relevant references despite the overall good agreement between
the prediction and measured RRRV as reported in Section II.
To quantify the ACI of other gases, the turbulence model has
to be calibrated against at least one measured RRRV or arc
resistance before current zero. In addition, when a different
nozzle geometry is used, the ACI may change. For the purpose
of benchmarking, a nozzle and typical arcing conditions have to
be agreed before applying this method.

While it is expected that electrode erosion does not play an
important role in the measured critical RRRV over the short arc-
ing period of 74 ps, evidence from future experimental diagnosis
would be helpful to confirm this assumption.

The last point to note is that the method from the present
work is intended for quantifying the arc cooling ability of gases
in simple nozzle arrangement. The results should not be directly
compared with the thermal interruption results of different gases
in circuit breakers where the dual flow design (including the
use of a hollow contact), nozzle ablation or contact erosion
at high current can severely modify the overall arc behaviour.
The present work will nevertheless provide an essential tool
for further work on benchmarking or ranking potential SFg
alternative gases.
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