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ABSTRACT As a new environmental-friendly gas insulating medium, perfluoroisobutyronitrile (C4F;N)
has been widely concerned in recent years due to its relatively low global warming potential and excellent
dielectric strength, which has the potential to replace the most greenhouse gas, sulfur hexafluoride(SFg).
However, there are a few systematic studies on the influence of gas pressure and mixing ratio on the dielectric
strength of C4F7N/CO; gas mixture at present. In this paper, the power frequency breakdown characteristics
of C4F7N/CO; gas mixture under different pressure and mixing ratio conditions were tested using the
gas insulation performance test platform. The optimal mixing ratio and pressure range of C4F;N/CO;
gas mixture for engineering application were also discussed. It is found that the breakdown voltages of
C4F7N/CO; gas mixture show a saturated growth trend with gas pressure and mixing ratio. The breakdown
voltage of the gas mixture with 10% C4F7N can reach 80% of pure SF¢ under the same condition. The
insulation performance of the gas mixture with 20% C4F7N can reach more than 95% of pure SFg. Relevant
results indicate that the gas mixture with 4%—12% C4F7N has the potential to be applied to high-voltage
gas-insulated equipment.

INDEX TERMS C4F;N/CO,, SF¢ alternative gas, quasi-homogeneous electric field, power frequency

breakdown characteristics.

I. INTRODUCTION

SFe has been widely used as dielectric medium in power
industry due to its excellent insulation and arc extinguishing
properties [1], [2]. However, SFg is a severe greenhouse effect
gas with the GWP value of 23,500 and atmospheric life of
3,200 years [3]. Its large amount of emission will cause great
harm to the global climate.

According to the [IPCC WGI Fifth Assessment Report,
the atmospheric SFg content increased rapidly. The global
annual mean SF¢ in 2011 was 7.29 ppt (part per billion),
increasing by 1.65 ppt than that of 2005 [4]. In 1997,
the Kyoto Protocol ranked SFg as one of the six major green-
house gases [5]. The Paris Agreement in 2015 also explicitly
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proposed to limit the emission of greenhouse gases [6], [7].
Therefore, reducing or limiting the use of SFg is an urgent
task. In recent years, seeking for an environmental-friendly
gas insulating medium to replace SFg has become a hot topic.

Perfluoroisobutyronitrile (C4F;N) is a new type of
environmental-friendly insulating gas with great application
potential, which has received extensive attention from schol-
ars all over the world in the past three years. C4F7N has
a relatively low greenhouse effect: its GWP is 2,090 and
the ozone depletion potential (ODP) is zero [8]. It is non-
flammable and compatible with most electrical equipment
materials. The dielectric strength of pure C4F7N is about
twice than that of SFg [9], [10]. Moreover, C4F7N/CO; mix-
ture has been characterized through a variety of toxicological
studies and classified as nontoxic in acute inhalation studies,
so the gas mixture requires no specific label: the LCsy of
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the typical C4F7N/CO, gas mixture used in high voltage
equipment would be equal to roughly 120,000 ppm (part per
million) [11]. The disadvantage of C4F7N is that its liquefac-
tion temperature is relatively high (—4.7 °C) [12]. And it is
necessary to mix C4F7N with CO,, N> and other buffer gas
to meet the lower operating temperature requirement.

At present, several achievements have been made in the
insulation performance of C4F;N gas mixture. Li et al. [13]
and Zhao et al. [14] performed a detailed calculation and
measurements of the basic physical properties, dielectric
strengths, and arc-quenching capabilities of C4F7N/CO; mix-
ture. Zhang et al. [15] conducted an experimental study
on the dielectric strength and partial discharge characteris-
tics of C4F7N/CO; mixture under low pressure conditions
(0.1 MPa-0.2 MPa). Tu et al. [16] and Wang et al. [17]
conducted a pilot study on the breakdown voltage, insu-
lator flashover voltage and the partial discharge inception
voltage of C4F;N/CO; gas mixture under DC electric field.
Nechmi et al. [18], [19] explored the effective ionization coef-
ficient and critical breakdown electric field of C4F7N/CO,
gas mixture using a steady state Townsend device, and the
breakdown voltage of C4F;N/CO; gas mixture considering
four mixing ratios (3.7 %, 6.8 %, 11 % and 20 %) at
0.1 MPa were also tested using sphere-to-sphere electrodes;
Kieffel et al. [2] pointed out that the dielectric strength of
C4F7N/CO; gas mixture with 18%~20% C4F7N can reach
the same level of SFg. Hopf et al. [20] tested the insulation
properties of C4F7N/CO, gas mixture under DC voltages
under quasi-uniform electric field. Owens [21] analyzed the
dielectric properties of C4F7N mixed with N, CO, and
dry air using the plate-plate electrode with the gap distance
2.5mm and found that the insulation strength of C4F7N/CO»,
gas mixture was the best under the same conditions;
Preve et al. [22] conducted the lightning impulse test of
C4F7N/dry air mixture.

Nowadays, there are few systematic studies on the influ-
ence of gas pressure and mixing ratio on the insulation
performance of C4F;N/CO; gas mixture. Considering that
the internal electric field environment of the gas insulated
equipment during its normal operation is mostly a quasi-
homogeneous field [23] and CO; has a better arc extin-
guishing capability relative to N [11], we tested the power
frequency breakdown characteristics of C4F7N/CO, gas mix-
ture at different gas pressures and different mixing ratios
(defined as the volume fractions of C4F;N gas in the gas
mixture) using the sphere-sphere electrode to simulate a
quasi-homogeneous field in this paper. Relevant results were
also compared with SF¢ under the same condition. The
synergistic effect between C4F;N and CO;, was also ana-
lyzed, and the feasibility of using C4F;N/CO, gas mix-
ture in medium and high voltage equipment was discussed
in combination with the liquefaction temperature. Relevant
results not only reveal the influence of mixing ratio and
pressure on dielectric strength of C4F;N/CO; gas mixture,
but also provide significant guidance for its engineering
application.
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Il. METHOD

A. LIQUEFACTION TEMPERATURE OF C4F;N/CO,
Liquefaction temperature is an important factor that limits
the practical engineering application of new insulating gas.
Although C4F7N has excellent dielectric strength, the lique-
faction temperature of —4.7 °C at 0.1 MPa makes its applica-
tion extremely limited and another buffer gas is needed. As to
C4F7N/CO, gas mixture, the gas pressure and mixing ratio
could have a direct influence on the liquefaction temperature
of gas mixture. Thus, it is necessary to determine the applica-
ble pressure and mixing ratio range of the gas mixture based
on its saturated vapor pressure characteristics.

= Data from 3M
- The fitting result of Wagner Equation |

0.6

0.4 4

0.2 4

0.0 4

Saturated vapor pressure of C F.N(MPa)

T T T T T
240 260 280 300 320
Temperature(K)

FIGURE 1. Saturated vapor pressure of C4F7N.

The Wagner equation is a scientific method which can be
used to correlate the saturated vapor pressure and tempera-
ture data of known gases. This method has high precision
for fitting experimental data. According to the C4F7N sat-
urated vapor pressure data reported by 3M ™ (as shown
in Figure 1), the Wagner type equation of C4F;N can be
obtained as shown in equation (1):

Inp’ = (ar F bt perd dr6) /T, (1)

where pf = p/p., T, = T/T;, t = 1 — T, p is the corre-
sponding partial pressure (MPa) of C4F7N in the C4F7N/CO;
gas mixture, p, is the critical pressure (MPa), T is the thermo-
dynamic temperature, and 7 is the critical temperature (K).
T, = 385.928K, p. = 2.5028MPa, a = —6.84453, b =
—1.64783, ¢ = 9.26244, d = —165.39152 [24], the coeffi-
cient of determination (R?) of the fitting equation is 0.99982.

According to Figure 1, the liquefaction temperature of
pure C4F7N will reach 13.06 °C when the pressure increases
to 0.2 MPa, which means the pure C4F7N has almost no
engineering application value. The liquefaction temperature
of C4F7N is greatly reduced after mixed with CO,. Since the
liquefaction temperature of CO; at 0.1 MPa is —78.5 °C,
which is much lower than that of C4F;N, the gas mixture
can be regarded as an ideal gas. In this case, the liquefaction
temperature of the gas mixture will depend on the content
of C4F7N.

For ideal gases, according to Dalton’s law of partial pres-
sure, the corresponding partial pressure P of C4F7N is the
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FIGURE 2. Liquefaction temperatures of C;F;N/CO, gas mixture.

TABLE 1. Experimental mixing ratio and pressure.

Group Mixingratio Maximum
Pressure

1 0%, 2%, 4%, 5%, 6%, 8% 0.7 MPa

2 10%, 12%, 15% 0.6 MPa

3 20% 0.4 MPa

Gas
Transformer chamber
Protection
resistor
Voltage
Regulator

Capacitive J__
divider -

FIGURE 3. The schematic diagram of the test platform.

total pressure Pt of the C4F;N/CO; gas mixture and the
volume fraction k of the C4F7N in the gas mixture, ie:

P = kPr @

Combined with Equation (1), the curve of liquefaction
temperature with mixing ratio of C4F7;N/CO; mixture under
different pressures can be obtained, as shown in Figure 2.

It can be seen found that for the minimum operating tem-
perature at —25 °C, the mixing ratio k should be less than 6%,
12% and 18% when the gas pressure is 0.6 MPa, 0.3 MPa
and 0.2 MPa, respectively. As for the minimum operating
temperature at —10 °C, the mixing ratio k should be less
than 10%, 16% and 20% when the gas pressure is 0.8 MPa,
0.5 MPa and 0.4 MPa.

Considering the liquefaction temperature of the gas mix-
ture and the working condition of the equipment, we carried
out power-frequency breakdown characteristics of the gas
mixture under the following conditions. (See Table 1.)

B. TEST PLATFORM

Figure 3 shows the schematic diagram of the power frequency
breakdown characteristics test platform. The 50 Hz AC volt-
age regulator has a voltage regulation range of 0~400V and

19102

the transformer transformation ratio is 1/250, so the sec-
ondary side maximum output voltage is 100kV. The protec-
tion resistor (10k€2) is adopted to limit the current at the
breakdown of the electrode gap and protect the experimental
device. The capacitive divider has a voltage divider ratio
of 1/1000 (500 pF/0.5 uF), which is used to measure the
voltage applied to the test chamber. The tests are carried out
using the gas chamber as shown in Figure 4.

I
| mﬁ
g

FIGURE 4. The schematic diagram of the gas chamber.
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FIGURE 5. The simulation result of the ball electrodes.

The radius of the brass sphere electrode is 25mm, and
the gap distance between electrodes is set to 2mm during
the experiment. The electric field distribution of the elec-
trodes is simulated by COMSOL Multiphysics (as shown in
Figure 5). The electric field utilization coefficient is 1.024,
which belongs to the quasi-homogeneous field [25].

C. TEST METHOD

The interior wall of the chamber and the electrodes were
carefully cleaned before the test. Then the gas chamber was
evacuated using a vacuum pump.

The main gas was charged first, followed by the buffer gas.
Considering that C4F7N and CO; gas can be treated as an
ideal gas in engineering applications, thus the mixing ratio is
equal to the partial pressure ratio of the gases according to
Dalton’s law of partial pressure [26]. For example, the corre-
sponding partial pressure of C4F7N and CO; is 40 kPa and
360kPa for the 10%C4F7N/90%CO, gas mixture at 0.4 MPa.
To ensure that C4F7N was thoroughly mixed with CO3, it was
allowed to stand for 12h after the end of the inflation.
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During the experiment, when the gas gap broke down,
the overcurrent protection regulator would automatically trip,
and the voltage was recorded as the breakdown voltage of the
gas mixture. Each group of test was repeated 5 times and the
experimental interval was set to 5 min to ensure the insulation
properties of the gas mixture cab be effectively restored after
breakdown.

The C4F7N gas BM™NOVEC™4710) is supplied by
3M™China with a purity of 99.2%. The CO, and SF¢ are
supplied by Wuhan Newred Special Gas Co., Ltd. with a
purity of 99.999%.

D. STRATIFICATION OF C4F;N/CO, GAS MIXTURE

Due to the different density of C4F;N and CO, gas, whether
stratification will occur after long-term placement is an urgent
problem for researchers to figure out. Considering that the
stratification is actually a slight difference in the mixing ratio
of the gas mixture at different heights inside the gas chamber,
the relationship between the height difference and the mixing
ratio is discussed as follows.

P l
dh
P2 T
mg
FIGURE 6. The schematic of a gas layer.

Since the gas in the closed container is under the equilib-
rium condition of forces [27], [28], the following relationship
exists for a thin gas layer as shown in Figure 6:

p1S — p2S =mg 3)

Because the pressure p; at lower height is a little larger.

—Sdp = gpSdh (4)
And
dp m pM
—_—— = = _—= —_— 5
an =8P =8y =8%7 &)
d M
P ©)
p RT
h—h,
P _ 7)

Po

Treating the gas as an ideal gas, the ratio of pressure is
considered to be equal to the ratio of molecular density.
N _r _ g—% 8)
No  po
where H = RT /Mg, called the scale height; M is the mass
of one molecule of gas; T is the thermodynamic tempera-
ture; g is the acceleration of gravity; R is the gas constant
(8.314 J/(moleK)). Considering that the room temperature
is 20 °C, the scale heights of C4F7N and CO; are 1275.117m
and 5652.247m, respectively.
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According to Dalton’s law of partial pressure, each gas
component is distributed as it exists alone, thus the relation-
ship between the mixing ratio of the gas mixture and the
height difference can be obtained according to equation (9):

1 1
k_ e’(h’h‘))(?ﬁﬂ*z) 9)
ko
where k and ko are the mixing ratio at the height & and the

reference height hg. The relationship between the mixing
ratio and height difference can be obtained as Figure 7.

0.20 —\

20% C,F,N/80% CO,
015+ 10% C,F.N/90% CO,

R e

The mixing ratio (k)

0.05

0.00 J J J
0 50 100 150 200

Height difference (h-h) /m

FIGURE 7. Relationship between the mixing ratio and height difference.

The height of the gas chamber used in this paper is less
than 3m. For the 20%C4F7N/80%CO; gas mixture, the mix-
ing ratio at 3m is 19.964%C4F;N/80.036%CO;, that is,
the height difference of the gas chamber has little effect on
the mixing ratio.

Moreover, according to the kinetic theory of gases,
the molecules are in constant, rapid and random motion, and
the average speed of the gas molecules can be obtained as
follows [29]:

8RT
aM

Considering that the room temperature is 25°C, the average
speed of C4F7N and CO; molecules are 178.358 m/s and
375.476 m/s, respectively. If there are no chemical reaction
occurs between the components, each gas is evenly dis-
tributed throughout the container, that is, the gas can be fully
mixed after a enough time [30]. Therefore, the C4F7N/CO,
gas mixture will not stratify during the experiment.

(10)

V=

Ill. RESULTS AND DISCUSSION

A. EFFECT OF PRESSURE ON POWER FREQUENCY
BREAKDOWN VOLTAGE OF C4F;N/CO, MIXTURE

Figure 8 shows the power frequency breakdown voltages of
C4F7N/CO; gas mixture and SFg at different pressures. It can
be found that the influence of pressure on the breakdown
voltages of gas mixture is consistent. The breakdown voltage
increases linearly with the pressure within 0.1MPa~0.5MPa.
When the gas pressure reach above 0.5MPa, the breakdown
voltage tends to be saturated. The occurrence of this phe-
nomenon can be attributed to the fact that C4F;N is more
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FIGURE 8. Influence of pressure on the power frequency breakdown
voltages of C,F;N/CO, gas mixture at different mixing ratios.

sensitive to the unevenness of the electric field under high
pressure.

In fact, with the increase of gas pressure, the mean free
path length of electrons in the mixture is compressed, thus
the kinetic energy accumulated by electrons between the
two collisions is reduced, thereby reducing the generation of
ionization. Therefore, the breakdown voltage increases with
the pressure. However, the growth rate of the breakdown
voltage decreases after the gas pressure reaches to a certain
level, showing a saturated growth trend (see Figure 8). This
may due to some factors such as the surface state of electrodes
and the electrodes area. These factors has little effect on
the breakdown voltage under the low pressure conditions,
while their influence will be amplified when the pressure is
high [31]. Considering that the influence of the surface state
of electrode will be amplified under high pressure, when there
is a bump on the surface, the local electric field strength at the
point of the bump is much stronger than the average electric
field in the gas gap. At this time, an extremely intense ion-
ization process will be generated near the bump, and a large
amount of electron collapse will be rapidly generated with
electron collapse expanding toward the other end electrode.
When the applied voltage is not high enough for the dis-
charge to expand through the entire gas gap, a stable corona
discharge is formed. During corona discharge, the ionization
and luminescence of the gas are limited to a thin layer called
“‘corona layer” near the surface of the electrode. In the layer,
the electric field outside the corona layer is weak, and the
gas does not collide and ionize, thus the breakdown voltage
increases. The partial discharge inception voltage (PDIV)
under low gas pressure conditions increases with the gas
pressure, and the shielding effect of the corona layer makes
the breakdown voltage significantly higher than the PDIV.
When the gas pressure reaches a certain level, the migration
and diffusion of the space charge are limited, and the corona
layer is compressed and the shielding effect is weakened, thus
the growth rate of breakdown voltage is significantly reduced.

In order to compare the insulation performance of
C4F7N/CO; gas mixture with pure SFg gas more clearly,
the ratio of breakdown voltage of the two gases under
the same conditions is defined as the relative SFg power
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FIGURE 9. Influence of pressure on relative SF6 power frequency
breakdown strength of C;F;N/CO, gas mixture at different mixing ratios.

frequency breakdown strength. The relationship between the
relative SFg power frequency breakdown strength and the
pressure of C4F7N/CO; gas mixture at different mixing ratios
is shown in Figure 9.

It can be found that the relative power-frequency break-
down strength of the gas mixture increases first and then
decreases slightly with the increase of the pressure, and has
a minimum value at 0.5 MPa, and finally rises. This trend
indicates that at low pressure (<0.2 MPa), the growth rate
of the breakdown voltage of the C4F7N/CO, gas mixture is
better than that of SFg, that is, the increase of pressure under
low pressure conditions has a greater influence on the gas
mixture than that on SFg. When the pressure increases to
0.2~0.5MPa, the growth rate of the breakdown voltage of
pure SF¢ will be slightly higher than that of C4F7N/CO, gas
mixture. The growth rate will decline when the pressure rises
to 0.5 MPa, which corresponds to the inflection point of the
trend in Figure 8. As to the pressure higher than 0.5MPa,
the relative power frequency breakdown strength of the gas
mixture will rise slowly, indicating that the saturation trend
of the gas mixture is weaker than that of SF.

B. EFFECT OF MIXING RATIO ON POWER FREQUENCY
BREAKDOWN VOLTAGE OF C4F;N/CO, MIXTURE

Figure 10 shows the relationship between the breakdown
voltage of C4F7N/CO; gas mixture and the mixing ratio k
at different pressures.

It can be found that the addition of a small amount of
C4F7N can significantly increase the breakdown voltage of
COy. This phenomenon is more obvious under high pressure
conditions. For example, when the mixing ratio k increases
from 0% to 2%, the breakdown voltage growth rate is 35.20%,
51.61% and 58.48% under 0.2MPa, 0.4MPa and 0.6MPa,
respectively. As k continues to increase, the growth rate of
the breakdown voltage becomes smaller. For example, when
the mixing ratio increases by 5%, the growth rate of the
breakdown voltage is about 98%, 17%, 15% and 7% under
0.4MPa, respectively, presenting a saturated growth trend.

Actually, C4F7N is a strong electronegative gas which can
easily adsorb free electrons to form negative ions. The mean
free path length of ions is shorter than that of electrons,
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FIGURE 10. Influence of mixing ratio on the power frequency breakdown
voltages of C4F;N/CO, gas mixture at different pressures.

so the accumulated kinetic energy of ions is less than that of
electrons. The ions are more likely to lose their accumulated
kinetic energy during the collision with the gas molecules,
which will reduce the probability of impact ionization of
gas molecules, and ultimately hinder the development of
gas discharge. Moreover, considering that the free electrons
have a smaller mean free path length in a gas with a larger
molecular radius [25], and the radius of C4F7N molecule is
much larger than that of CO; molecule. Therefore, the higher
the content of C4F7N in the gas mixture, the smaller the mean
free path length of the free electrons in the C4F;N/CO; gas
mixture will be, which ultimately weakens its ability to cause
impact ionization.

Besides, due to the fact that the chance of recombination
between positive and negative ions is much higher than that
between positive ions and electrons [31], the recombina-
tion probability increases when free electrons adsorbed by
electronegative gas molecule and change into negative ions.
Then the amount of charged particles will be reduced and
the dielectric strength of the gas insulating medium can be
enhanced. It should be noted that the free electrons gener-
ated by various factors in the gas mixture cannot increase
indefinitely. When the content of C4F7N in the C4F7N/CO,
gas mixture further increased, most of the free electrons
have been captured by C4F7N to form negative ions, so the
breakdown voltage will not significantly increase, that is, the
breakdown voltage of the gas mixture will be saturated as
the mixing ratio k increases.

Figure. 11 is the relationship between relative SFg power
frequency breakdown strength of the gas mixture and the
mixing ratio k.

It can be found that the relative power frequency break-
down strength of the gas mixture exhibits a saturated growth
trend with the mixing ratio. The insulation performance
of the gas mixture with 5%, 10% and 15% C4F;N can
reach 60%~65%, 80% and 90% of pure SFg under the
same condition, respectively. The insulation performance of
20% C4F7N/80%CO, gas mixture can reach to more than
95% of SFg, which is consistent with the conclusion in
literature [32].
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breakdown strength of C,F;N/CO, gas mixture at different pressures.

TABLE 2. Synergistic effect coefficient calculation result.

Press Mixingratio k&
ure( 2% 4% 5% 6% 8% 10%  12%  15%
MPa)

0.10 0378 0392 0381 0352 0.288 0.269 0.216 0.139
0.15 0424 0360 0341 0305 0300 0310 0.251 0.214
0.20 0.446 0376 0.360 0.339 0.321 0.355 0.324 0.213
0.25 0360 0.328 0.322 0.312 0.301 0.359 0.339 0.254
0.30 0338 0324 0326 0334 0320 0367 0382 0.347
0.35 0314 0314 0.320 0319 0.327 0.400 0.407 0.322
0.40 0.291 0.289 0.303 0.303 0.335 0.413 0.392 0.338
0.50 0318 0323 0321 0351 0.406 0.450 0.343 -
0.60 0.288 0.341 0.319 0.353 0.359 0.355 0.277 -
0.70 0412 0.535 0.448 0.562 - -

C. SYNERGISTIC EFFECT OF C;F;N/CO, MIXTURE
In order to further analyze the influence of mixing ratio k
on the insulation performance of the C4F;N/CO; gas mixture,
the synergistic effect calculation formula is used to calcu-
late the synergistic effect in the mixing ratio in this paper.
In equation (11), U is defined as the breakdown voltage at
the highest C4F7N content under a certain pressure condition
in the experimental interval, U, is the breakdown voltage of
COy (k = 0%) at the same pressure as Uy, and Up, is the
breakdown voltage of the gas mixture at other mixing ratios
under the same condition. C is the synergistic effect coeffi-
cient, K is the equivalent mixing ratio in this experimental
interval, equal to k(Up,)/ k(Uy) [33].
K (U — Uz)
K+ -K)C’

The calculated C values are shown in Table 2. It can be
found that the synergistic effect coefficient C of the gas
mixture with 2%-15%C4F7N is between 0.1 and 0.6, which
belongs to synergistic effect type [34]. The smaller C means
a more pronounced synergistic effect [35], that is, the gas
mixture at the mixing ratio having the smaller C under the
same pressure condition is much more suitable using as the
insulating medium.

According to Table 2, the smaller C value exists under a
high mixing ratio and low pressure (0.10 MPa-0.25 MPa)
conditions. But with the increase of gas pressure, the mix-
ing ratio where smaller C values exists reduced. Thus,
the arrangement of combination between gas pressure and
mixing ratio is crucial.

Uy=U+ Uy > U an
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D. FEASIBILITY ANALYSIS OF APPLICATION

OF C,F;N/CO, GAS MIXTURE

Combined with the liquefaction temperature and power fre-
quency breakdown characteristics of the C4F;N/CO; gas
mixture discussed above, the mixing ratio and pressure range
with practical application value can be obtained.

From the perspective of pressure, the gas pressure should
not be too high. Firstly, the gas mixture under high pressure
conditions will be easily liquefied. Secondly, the improve-
ment effect of the breakdown voltage caused by the gas
pressure rise is not very great under high pressure conditions.
Finally, the high pressure will pose a safety hazard to the
equipment. Therefore, in combination with the test results
in Figure 8, the application pressure of the gas mixture is
recommended to be less than 0.6 MPa.

From the perspective of liquefaction temperature, com-
bined with the calculated results in Figure 2, when the gas
pressure is not higher than 0.6 MPa, the mixing ratio of the
C4F7N/CO, gas mixture is recommended to be less than
6% and 12% to meet the minimum operating temperature of
—25°C and —10 °C, respectively.

From the perspective of environmental protection, the total
GWP of the gas mixture can be obtained from the sum of the
weight fractions of the individual substances multiplied by
their GWP [32], calculated as follows:

kx195%2090 4+ (1 — k) x44 % 1
GWP = (12)
kx1954+ (1 —k)x44

Figure 12 shows the relationship between the GWP value

and the mixing ratio of the C4F7IN/CO, gas mixture. It can be

found that the gas mixture with C4F7N content of 12% have

a GWP value of 800, which is only 3.4% of SFg. Therefore,

the use of the C4F7N/CO; gas mixture can effectively reduce
the greenhouse effect.

1200

1000
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600

GWP

400

200

0 2 4 6 8 10 12 14 16 18 20
Mixing ratio k(%)

FIGURE 12. The GWP of C4F;N/CO, gas mixture.

For cabinet gas insulated switchgear (C-GIS), the working
pressure is generally not higher than 0.20 MPa (absolute
pressure). If C4F7N/CO, gas mixture is used as the insu-
lating medium, the C4F7N content can be added to 12% or
more, which can meet the minimum operating temperature
of —25 °C and achieve more than 85% of SFg insulation
performance.
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Similarly, for gas insulated transmission lines (GIL) and
gas insulated switchgear (GIS), the working pressure is
0.3~0.4MPa and 0.4~0.6MPa respectively when using pure
SFg as the insulating medium [36]. For C4F7N/CO; gas mix-
ture using as the insulating medium in these equipment, the
C4F7N content in GIL and GIS should not exceed 10% and
6% to meet the minimum operating temperature of —25°C
and —10°C separately.

IV. CONCLUSION

In this paper, the power frequency breakdown characteris-
tics of C4F7N/CO; gas mixture under quasi-homogeneous
field were tested using the gas insulation performance test
platform. The influence of pressure and mixing ratio on the
breakdown voltage of the gas mixture were systematically
analyzed and compared with SFe. The content range of
C4F;7N with practical application potential was also obtained,
which provided guidance for further research and application
of C4F7N/CO; gas mixture. Relevant results were obtained
as follows:

(1) The power frequency breakdown voltages of
C4F7N/CO; gas mixture show the saturated growth
trend with the increase of gas pressure and mixing
ratio. The addition of a small amount of C4F7N (2%)
can greatly improve the breakdown voltage of CO, by
about 50%.

(2) The gas mixture with 10% C4F7N content can reach
80% of the SF¢ insulation strength, and the gas mixture
with 20% C4F7N content can reach more than 95% of
SFg insulation strength, which is close to the insulation
performance of SFe.

(3) C4F7N and CO; gas have a synergistic effect and the
arrangement of combination between gas pressure and
mixing ratio is crucial.

(4) Combined with the liquefaction temperature and
power frequency breakdown characteristics of the gas
mixture, the gas mixture with 4%~12%C4F;N has
great engineering application potential, and the GWP
value will be reduced by more than 96% compared
with SFg.
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