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Dependence of Arc Interrupting Capability
on Spatial Distribution of Airflow Velocity
in Air-Blast Flat-Type Quenching Chamber

Yasunobu Yokomizu, Member, IEEE, Toshiro Matsumura, Member, IEEE, Akiji Matsuda, and Hideyuki Ohno

Abstract—The dependence of an interrupting capability on the
spatial distribution of airflow velocity was investigated in an air-
blast flat-type quenching chamber. To obtain a various distribu-
tion of airflow velocity, the axial position of a nozzle and the inlet
width of the nozzle were varied. For each of the axial positions and
each of the inlet widths, arc interruption tests for ac currents were
performed to measure the interrupting capability. Furthermore,
the distribution of airflow velocity in the quenching chamber was
calculated intentionally in the absence of the arc. From the test and
calculation results, we found out a definite relationship between the
velocity distribution and the interrupting capability.

Index Terms—Airflow, arc discharges, correlation, interrupting
capability, vortex.

I. INTRODUCTION

M ANY INVESTIGATIONS have been performed to un-
derstand the arc interruption process in air- and gas-blast

circuit breakers. Some of the studies researched the interrupting
capability of the breaker in terms of an arc conductance, arc tem-
perature, and operating pressure [1]–[8].

As is well known, the interrupting capability of a circuit
breaker adopting an axial blast of either air or SFthrough a
nozzle depends on many factors such as mass flow rate, the
ratio of upstream pressure to downstream pressure, a nozzle
shape, and a contact shape. However, this dependence of the
interrupting capability on these factors is considered to be
attributable to the following physical phenomena: these factors
significantly dominate the gas-flow condition and this flow
condition affects the arc properties, finally influencing the
interrupting capability. On the other hand, the interrupting
capability depends not only on the above factors but also on
the ability to move hot gases out of the arcing chamber after
interruption. This dependence is also considered to appear on
the basis of the physical phenomenon that the gas-flow condi-
tion affects the ability to eject the hot gases, then dominate the
interrupting capability.

From the above point of view, the interrupting capability
of the circuit breaker seems to have distinct correlation to the
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gas-flow condition in the arc quenching chamber. However,
little work has been done to investigate the relationship between
the arc interrupting capability and the gas-flow condition. The
objective of the present work is to research the dependence
of the interrupting capability on the spatial distribution of the
gas-flow velocity. A scaled-down flat-type air-blast quenching
chamber was used. Varying the axial position of a nozzle and
the width of the nozzle inlet enables obtaining different dis-
tributions of airflow velocities in the quenching chamber. For
each axial position and inlet width, a number of arc interruption
tests were carried out to measure an interrupting capability of
the quenching chamber. Furthermore, the spatial distribution
of the airflow velocity in the arc quenching chamber was cal-
culated theoretically. This calculation was intentionally made
in the absence of the arc. From the results of the calculations
and the interruption tests, we found a relationship between
the interrupting capability and the distribution of the airflow
velocity.

The distribution in the absence of the arc differs from that in
the presence of the arc, since physical quantities, such as a mass
density and a viscosity of the air, depend on the temperature.
However, we calculated the distribution of the airflow velocity
in the absence of the arc on the basis of two principal reasons.
First, the fact that even the airflow behavior for case without the
arc has a distinct relationship with the interrupting capability
is of great worth in the research field of circuit breakers. This
is because the relationship found in the present work is a great
advantage in that a nozzle shape, producing high interrupting
capability, is determined without complicated calculations for
arc behavior. Second, the calculation for the case in the pres-
ence of the arc frequently requires some procedures of assump-
tions and approximations to various physical factors. Thus, this
situation may cause the validity of the calculation results to re-
main obscure. On the contrary, since there is no need for neither
the assumptions nor approximations, the calculation for the case
without the arc is considered to provide exact velocities.

II. I NTERRUPTIONTEST

A. Experimental Setup

We have so far used a scaled-down flat-type air-blast
quenching chamber to research an arc interruption process
in terms of the electron density in the arc [9]–[11]. This is
because the adoption of the flat-type quenching chamber
enabled us to measure the electron density by detecting the
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Fig. 1. Flat-type air-blast quenching chamber of 3 mm in thickness. This
quenching chamber is sandwiched between two plates made of PTFE.

amplitude of 70-GHz microwave transmitted through the arc
plasma [12]–[14]. The present work also used this quenching
chamber since a number of interruption tests were capable of
being performed without any difficulty. Fig. 1 illustrates the
schematic diagram of the flat-type air-blast quenching chamber
that is 3 mm thick. This chamber was sandwiched between
two plates made of polytetrafluoroethylene (PTFE). Graphite
was used as an electrode material. This is because the graphite
electrode is rarely melted for the transient ac current arc so that
the arc is almost free from contamination of electrode vapor
[15], [16]. The gap length between the electrodes was kept to
be 50 mm.

Generally speaking, most breakers used in a power transmis-
sion system do not have a fixed set of contacts so the geometry
is always changing with the elapse of the time in the opening
process of the contacts. This means that gas-flow velocity dis-
tribution also varies with the passage of the time. However, in
the present research, the fixed set of the electrodes was inten-
tially adopted from the fundamental point of view to focus on
the gas-flow velocity distribution under stationary state.

In Fig. 1, dark-shaded portions represent a nozzle made of
PTFE. This nozzle is what is called orifice type, having a length
of 10 mm and a throat width of 10 mm. To obtain various dis-
tributions of airflow velocities in the quenching chamber, we
varied the axial position of the nozzle, namely the distance
between the tip of an upstream electrode and a nozzle inlet, to be
0, 5, 10, and 15 mm. In addition, for each distance, the width

of the nozzle inlet was also varied to be 15, 20, and 25 mm.
In this quenching chamber, air was supplied through tubes

besides the electrode on the left-hand side to blow an arc in an
axial direction at a rate of 2.5 10 m /s min . The
blast air passed through the nozzle, then leaving the chamber
through holes besides the electrode on the right-hand side. Pres-
sure in the quenching chamber was kept at 0.1 MPa throughout
the experiments.

B. Interrupting Capability

A damping sinusoidal current with a frequency of 60 Hz was
supplied from a capacitor bank of 3580F through a reactor
of 1.9 mH. Adjusting the charge voltage to the capacitor bank
generated the current with the peak valueof the first half
cycle in the range of 1.4 to 3.4 kA. The increase inraised the

Fig. 2. Result of interruption test for distanceK = 10mm between upstream
electrode and nozzle throat and widthL = 15 mm of nozzle inlet.

Fig. 3. Interrupting capability as a function of widthL of nozzle inlet for
different distancesK between upstream electrode and nozzle inlet.

rate of rise of recovery voltage, , immediately after the first
current zero proportionally. This relation is expressed by

(1)

Interruption tests were carried out to measure the inter-
rupting capability for each and . In the tests, whether
the arc quenching chamber interrupted the ac current at the
first current zero or not was recorded. Fig. 2 shows the result
of the interruption test for various in case of the distance

of 10 mm and the inlet width of 15 mm. In this figure,
an open circle and a cross denote the successful and failure
interruptions, respectively. As seen in Fig. 2, the quenching
chamber failed in interrupting the ac currents with a peak
value of 2.21 or 2.11 kA at the first interruption test. The
quenching chamber also failed in interrupting the ac current
with a peak value of 2.06 kA at the second interruption test.
However, the quenching chamber succeeded in successively
interrupting the ac current with of 2.01 kA five times. On the
basis of the test results, we regarded the interrupting capability
for mm and mm as 2.01 kA.

Similar interruption tests were performed for differentand
. Fig. 3 represents the measured interrupting capability as a

function of the width of the nozzle inlet for different distances
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. For of 0 mm, an increase in from 15 to 25 mm leads
a reduction in the interrupting capability from 3.31 to 2.66 kA.
For of 5, 10, and 15 mm, a rise in from 15 and 20 mm
increases the interrupting capability, while a further growth in

from 20 to 25 mm lessens the interrupting capability. On the
other hand, an increase indeclines the interrupting capability
for the same .

III. CALCULATION OF SPATIAL DISTRIBUTION OF

AIRFLOW VELOCITY

A. Distribution

As stated before, the interrupting capability varies with the
distance and the inlet width . To interpret this variation,
we calculated two-dimensional (2-D) distribution of the airflow
velocity by solving the following equations of mass and mo-
mentum conservation with the aid of a computer fluid dynamic
tool:

(2)

(3)

(4)

where and are coordinates shown in Fig. 1. Variablesand
are and directional components of the flow velocity, respec-
tively. The quantity is an air pressure. Thenand are a mass
density of 1.1774 kg/mand a viscosity of 1.983 10 Pa s
for air at a temperature of 300 K, respectively [17], [18]. In this
way, the 2-D distribution of the airflow velocity was obtained
under the condition of the air temperature of 300 K, namely in
the absence of the arc.

Fig. 4(a) presents the derived velocities in a general view
for the distance of 10 mm and the inlet width of 15 mm.
Fig. 4(b) and (c) show the calculated velocities in front of an up-
stream electrode and in a region within the nozzle, respectively.
Details of the flow velocity distribution will be discussed.

B. Profile of Flow Velocity at Nozzle Throat

As is well known, physical phenomena at nozzle throat have
a great influence on arc interruption performance. Thus, we
paid attention to the flow velocity at the nozzle throat. Fig. 5
represents the flow velocity at the cross section of the nozzle
throat as a function of a distancefrom the central axis of the
nozzle. This figure presents the velocities calculated for three
cases as examples. Whereas moving at a velocity of approxi-
mately 90 m/s at distances around mm, the air for the
distance of 0 mm and the inlet width of 20 mm flows at

Fig. 4. Airflow velocity vectors calculated for distanceK = 10 mm from
upstream electrode to nozzle throat and widthL = 15mm of nozzle inlet under
conditions of airflow rate of 2.50� 10 m /s and air temperaure of 300 K.

Fig. 5. Airflow velocity at a nozzle throat as a function of distance from central
axis of nozzle for three cases. (Airflow rate: 2.50�10 m /s, air temperature:
300 K).

a lower velocity at positions more adjacent to the central axis
of the nozzle. In other words, the greater part of the air flows
at distances around mm. On the other hand, the air for

mm and mm moves at almost uniform ve-
locity over the cross section of the nozzle throat. In comparison
with the case for mm and mm, the velocity for

mm and mm is high at the locations near the cen-
tral axis, but are low at the positions in the vicinity of the nozzle
wall. In other words, the majority of the air for mm and

mm flows at the locations that are somewhat more ad-
jacent to the central axis than the nozzle wall.

As described before, the profiles of the airflow velocity at
the nozzle throat markedly depend on the distanceand inlet
width . We defined the following expression to quantitate the
profile of the mentioned velocity distribution:

(5)
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Fig. 6. Index
 of airflow-velocity profile at nozzle throat as a function of
width L of nozzle inlet for different distancesK between upstream electrode
and nozzle inlet. (Airflow rate: 2.50�10 m /s, air temperature: 300 K).

where is the width of the nozzle throat, 10 mm,is the dis-
tance from the central axis of the nozzle, is an average value
of the flow velocity at the nozzle throat, 83.3 m/s.

The physical meaning of may be better understood by re-
arranging (5) in the form

(6)

where

(7)

The quantity is equal to the center of the airflow-velocity
profile at the nozzle throat, and thus, varies in range from 0
to with the profile . Accordingly, declines linearly
from 1 to 1 with a rise in from 0 to in accordance with
(6).

For instance, the entirely uniform profile of results in
being , thereby causing to be zero. By way of another

example, the profile similar to that for mm and
mm gives of to , thus producing of a negative

value. In contrast, the profile similar to that for mm and
mm causes to be in the range from 0 to , thus

giving a positive value.
Fig. 6 indicates determined from (5) as a function of the

inlet width for different distances . Although having a pos-
itive value for of 5, 10, and 15 mm, has a negative value
for mm. For of 10 and 15 mm, slightly decreases
from approximately 0.06 to 0 with a rise infrom 15 to 25 mm.
Similar dependence ofon is seen for of 5 mm. However,

for of 0 mm markedly grows from 0.18 to 0.03 with
from 15 to 25 mm.

C. Vortex

Fig. 4(b) shows that vortex occurs in front of the upstream
electrode. This vortex causes a back flow on the central axis of
the quenching chamber. Fig. 7 represents the flow velocityon
the central axis of the quenching chamber as a function of axial
distance from the tip of the upstream electrode. In this figure,

Fig. 7. Airflow velocity on central axis of quenching chamber as a function
of axial distance from the tip of upstream electrode forK = 10 mm andL =

15 mm. (Airflow rate: 2.50�10 m /s, Air temperature: 300 K).

Fig. 8. Vortex length as a function of widthL of nozzle inlet for different
distancesK between upstream electrode and nozzle inlet. (Airflow rate:
2.50�10 m /s, air temperature: 300 K).

the velocity is taken to be positive in case the air flows toward a
downstream electrode. As seen in Fig. 7, the velocity is negative
between the tip of the upstream electrode and a position 5.7 mm
downstream from the tip. This negative velocity results from the
back flow due to the vortex.

We paid attention to the vortex. Let us define the lengthof
the vortex as the length of the region where the velocity is nega-
tive on the central axis of the quenching chamber. The length
of the vortex is determined to be 5.7 mm in case of Fig. 7.
Fig. 8 shows the obtainedas a function of the inlet width
for various distances . The vortex length for mm and

mm is 4.2 mm, which is the lowest in comparison with
those for the others and . The vortex length for mm
and mm is 14.9 mm, which is 3.5 as long as that for

mm and mm. Therefore, the vortex length sig-
nificantly varies with both and .

IV. DEPENDENCE OFINTERRUPTINGCAPABILITY ON

AIRFLOW-VELOCITY DISTRIBUTION

Fig. 9 summarizes the results shown in Figs. 3, 6, and 8. In
Fig. 9, the interrupting capability measured by the interruption
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Fig. 9. Interrupting capability measured by interruption test as a function of
vortex length determined by airflow-velocity calculation.

test is plotted against the vortex length calculated by airflow-ve-
locity analysis. In addition, the plotted points are classified into
five groups in accordance with the magnitude of. Whereas
differing from the distribution in the presence of the arc, the air-
flow-velocity distribution described in the present paper proved
from Fig. 9 to have a definite relationship to the interrupting ca-
pability of the quenching chamber. The detailed explanation is
provided.

1) The interrupting capability increases with a reduction in
the length of the vortex for the same. By way of the
example, the interrupting capability rises from 1.66 to
2.51 kA with a diminution in the length of the vortex from
14.9 to 5.4 mm for of 0 to 0.05.

2) The interrupting capability grows with a declination in
for the same length of the vortex. By way of the example,
for the vortex length of approximately 6 mm, the inter-
rupting capability augments from 2.01 to 2.66 kA with
decreasing from 0.053 to 0.033.

As far as nozzles adopted in the present research are con-
cerned, the relationships described in the items mentioned be-
fore lead to the conclusion that either a loweror a shorter re-
gion of the vortex in front of the upstream electrode causes the
quenching chamber to have higher interrupting capability.

V. CONCLUSION

We investigated the interrupting capability of the flat-type
air-blast quenching chamber from the viewpoint of the airflow
distribution. Varying the axial position and the inlet width of the
nozzle permitted obtaining various distributions of the airflow
velocities. Under each condition, the interruption tests were car-
ried out to measure the interrupting capability. Furthermore, the
distribution of the airflow velocity under each condition was
calculated intentionally in the absence of the arc. As a result,

the interrupting capability proved to correlate with the velocity
distribution of the airflow at the nozzle throat and the length
of the vortex in front of the upstream electrode. The results
obtained in the present work are restricted to the scaled-down
quenching chamber with an interrupting capability of thousands
of amperes, which is considerably lower than that in an actual
full-scale circuit breaker. However, the relationship found in the
present work is expected to be held for the actual full-scale cir-
cuit breaker.
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