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ABSTRACT Perfluoroisobutyronitrile (C4F7N)/CO,/O, has been considered as a potential eco-friendly
gas insulating medium to replace SFg due to its unique dielectric properties. Nowadays, few studies on
the thermal stability and decomposition properties of C4F7N/CO,/O> gas mixture were reported, which
needs to be evaluated comprehensively. Herein, for the first time, we explored the effect of oxygen and
temperature on thermal decomposition characteristics of C4F7N/CO,/0O, gas mixture. It was found that CFy,
CsFg, C3Fg, CO, COF,, CF3CN, C,F5CN and C, N are the main by-products of C4F7N/CO,/0; gas mixture
upon decomposition. The addition of 2%-10% O, in the C4F;N/CO; gas mixture yielded decreased of C3Fg
and C,N» while the increase of other by-products. The yields and effective formation rates of C3Fg and COF,
accelerated when the content of O, was higher than 8%. In terms of practical application, adding 4-6% O; to
C4F7N/CO; gas mixture is appropriate and COF,, C2N;, C2F5CN can be used as the characteristic products
to reflect the severity of partial overheating fault of C4F7N/CO,/O; gas insulated equipment.

INDEX TERMS C4F;N/CO,/0;, partial overheating fault, decomposition characteristic, SFg alternative

gas, MV equipment.

I. INTRODUCTION
Sulfur hexafluoride (SFg) has been widely applied in
the power industry considering its excellent arc extin-
guishing and insulation properties, such as gas-insulated
switchgear (GIS) and gas-insulated line (GIL) [1]. However,
SFg is an extremely strong greenhouse gas with high global
warming potential (GWP, 23500) and long atmospheric
lifetime (3200 years), this will influence global warming
seriously at a long time [2], [3]. Seeking for the eco-
friendly gas-insulating medium to replace SFg employed
in gas-insulated equipment (GIE) have become a hot topic
now [4], [5].

Recently, Perfluoroisobutyronitrile (C4F7N) gas mixture
was introduced as eco-friendly gas-insulating medium to
replace SF¢ using in GIE. Perfluoroisobutyronitrile (C4F7N)
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has the GWP of 2100, dielectric strength twice that of pure
SFg and the boiling point of —4.7°C [6], [7]. CO; has been
selected as the bugger gas for C4F7N due to its significant arc
extinguishing performance, exhibiting strong synergy with
C4F7N [8]. The GWP of C4F7N/CO; gas mixture containing
4%, 6% C4F7N are 327 and 462 respectively, which is 98%
less than that of SF¢ [7]. As for engineering application,
a420kV C4F;N/CO; GIL using and 145kV C4F;N/CO; GIS
have been put into trial operation [9].

For GIS application, it was reported that O, should be
added to the C4F7N/CO; gas mixture as the second additive
gas to improve the switching performance and reduce the
generation of harmful solid by-products (carbon particles)
[10], [11]. The influence of O, addition on the thermal sta-
bility of C4F7N gas mixture must be re-evaluated consid-
ering the strong oxidizing properties of O for long term
application period although the above advantages occur dur-
ing engineering applications [12]. At present, there are few
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reports on the effect mechanism of O, on the thermal stability
and decomposition characteristics of C4F7N/CO,/O, gas
mixture.

In addition, when GIE possesses defects such as poor
contact, magnetic saturation effect or overloading, the ther-
mal stability of the defective part will be destroyed, which
will cause partial overheating fault (POF) [1]. On one hand,
the degradation can be accelerated at the presence of POF,
even damaging the insulating material and causing partial
discharge (PD) or insulation breakdown. On the other hand,
POF also induces decomposition of gas insulating medium
to generate various by-products. For example, several by-
products such as HzS, SO,, SOF;, SO,F; can be found to be
used as operation state assessment components for GIE with
SF¢ as insulating medium [13]. GIE with C4F7;N gas mix-
ture as insulating medium can also be monitored and diag-
nosed by detecting the characteristic decomposition products.
Although the influence regularity of O, on dielectric and
discharge decomposition properties of C4F7N-CO;-O; gas
mixture has been revealed [12], the reaction mechanism of
gas mixture is different under discharge and POF condition
considering the unequal energy release amount and duration
time. Our group has investigated the effect of temperature
and pressure on the thermal decomposition characteristics of
C4F7N/CO; gas mixture [14], while there are still few studies
focusing on the effect of O, on the POF decomposition
properties of C4F7N/CO,/0; gas mixture.

In this article, we explored the thermal stability and POF
decomposition characteristics of C4F7N/CO,/0O; gas mix-
ture. The effect mechanism of oxygen and temperature on
the POF decomposition characteristics of C4F7N/CO,/0; gas
mixture was revealed. And the optimal O, addition ratio was
also obtained. Related research results not only revealed the
thermal stability of C4F;N/CO,/O; gas mixture, but also
provides guidance for diagnosis of POF in C4F;N/CO,/0,
GIE.

Il. EXPERIMENTAL SETUP AND MEASUREMENT

A. THE POF DECOMPOSITION TEST PLATFORM SETUP
The POF decomposition platform shown in Figure 1 mainly
includes sealed stainless-steel gas chamber, switching power
supply, POF physical defect model (heating element), tem-
perature sensor, temperature controller, solid-state relay and
barometer. The heating element is used to simulate par-
tial overheating inside the GIE located in the center of
the stainless-steel gas chamber. The switching power sup-
ply provides low-voltage DC power (24V, 120W) to the
heating element. The temperature control system is com-
posed of temperature sensor and solid-state relay, meanwhile
proportional-integral-derivative (PID) method is adopted.
The working temperature of the heating element is measured
using the temperature sensor (K-type thermocouple) and the
PID control link compares the set value with the feedback
signal, then outputs a trigger pulse signal to the solid-state
relay according to the calculation result. The no-deviating
regulation between the working temperature and the set value
is achieved in this system. The stainless-steel gas chamber
(10L) is made of 304L stainless steel, which could withstand
a pressure of 0.7MPa.
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FIGURE 1. The schematic diagram of local overheating decomposition
test platform.

TABLE 1. Separation Conditions in Gas Chromatograph.

Chromatograph condition Parameter setting

32°C hold for 9 min
Oven 60°C/min to 150°C
hold for 2 min
Injection port temperature 200°C
Ton source temperature 200°C
Split ratio 10:1

B. POF DECOMPOSITION PRODUCTS DETECTION SYSTEM
Gas chromatography-mass spectrometry (GC-MS, QP2010
Ultra) was used to examine the decomposition products of
C4F7N-CO;,-0O; gas mixture (as shown in Fig. 1). The column
model is CP-Sil5CB (60m * 8um * 0.32mm), which can
effectively separate CF4, CoFg, C3Fg, C3Fg, CO, CF3CN,
C,yFsCN, COF,, (CN);. The separation conditions of gas
chromatography are given in Table. 1.

Quantitative analysis is conducted based on the external
standard method for CF4, C,F¢, C3Fg, C3Fg, and CO. For
other characteristic decomposition products without stan-
dard gas, a manual quantitative peak area integration method
was adopted for relative quantitative analysis based on the
National Institute of Standards and Technology (NIST14.0)
database.

C. TEST METHODS AND STEPS

Normally, gas pressure in medium-voltage (MV) equipment
generally lower than 0.20 MPa (absolute pressure) [15], [16].
It was pointed out that the content of C4F7N in the gas mixture
should not exceed 18% in order to satisfy the minimum
operating temperature of —25°C at 0.1-0.2 MPa [8]. In this
article, we used gas mixture with 15% C4F7N at 0.14 MPa to
explore the POF decomposition properties of C4F7N-CO;-
O, gas mixture under different oxygen contents and temper-
atures conditions. As shown in Table 2, totally 11 groups
of tests were conducted according to the following steps:
(1) The gas chamber was cleaned using anhydrous alcohol to
remove impurities and then connected. (2) C4F7N-CO;,-0O,
gas mixture was filled and then vacuumed for three times to
remove gaseous impurities. (3) The relevant POF temperature
value was set, then the test was conducted for 12h. The gas
in the chamber was collected every 2 hours, followed by the
analyses through GC-MS.
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TABLE 2. Thermal Decomposition Test Conditions of C4F;N-C0,-0, Gas
Mixture.

Test temperature

No. Gas mixture composition °0) Pressure (MPa)
1 15%C4F7N-85%C0,-0%0, 450 0.14
2 15%C4F7N-83%C0,-2%0, 450 0.14
3 15%C4F7N-81%C0,-4%0, 450 0.14
4 15%C4F7N-79%C0,-6%0, 450 0.14
5 15%C4FN-77%C0,-8%0, 450 0.14
6  15%C4F;N-75%C0,-10%0, 450 0.14
7 15%C4F7N-79%C0,-6%0, 400 0.14
8 15%C4F7N-79%C0,-6%0, 425 0.14
9 15%C4F7N-79%C0,-6%0, 475 0.14
10 15%C4F;N-79%C0,-6%0, 500 0.14
11 15%C4F7N-79%C0,-6%0, 525 0.14
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FIGURE 2. Heating element under different test conditions.

IIl. RESULTS AND DISCUSSION

A. SURFACE MORPHOLOGY OF HEATING ELEMENT
UNDER DIFFERENT TEST CONDITIONS

Figure 2 shows the surface morphology of heating element
after 12h POF test under different test conditions. The heating
element has been all carbonized at 450°C during the 12h test
(shown in Figure 2 (d)). The carbon may originate from the
interaction between C4F;N and metal heating element. The
heating element for 15%C4F7N/79%C0,/6%0; gas mixture
still shows a certain metallic luster after 12h POF test (shown
in Figure 2 (c¢)), which presumably results from the reaction
between O; and carbon generates CO, and suppresses car-
bon deposition. Thus, the carbon deposition in GIE using
C4F7N/CO; gas mixture can be inhibited upon the addition
of a certain content of O,.

The heating element for C4F7N/CO,/0; gas mixture with
10% O, was severely corroded under 550°C after test (shown
in Figure 2 (f)), which may be ascribed to the oxida-
tion of heating element aggravated by higher O, content
and temperature. Thus, higher O, content and severe POF
will cause corrosion of the internal metal components of GIE.
The addition amount of O, inside the GIE using C4F;N/CO,
gas mixture should not be too high due to the strong oxi-
dation of O;. The specific addition amount of O, will be
further explained later combined with the decomposition
characteristics of the gas mixture.
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FIGURE 3. Gas chromatogram obtained from the gas collected after the
thermal decomposition; (15%C4F7N-6%02-79%C02, 0.15MPa, 450°C
12h).

TABLE 3. Mass Charge Ratio of Detected Decomposition Products of
C4F;N Gas Mixture.

Decomposition by- mass charge ratio

products (m/z)

CcO 12

CF,4 69

CsFy 119, 69, 169
CsFs 69, 131, 100
COF, 66, 50
CF;CN 76, 69
C,FsCN 76, 126, 69
CN, 52

B. MAIN THERMAL DECOMPOSITION PRODUCTS OF
C4F7N/C02/02 GAS MIXTURE
Figure 3 shows the gas chromatogram of 15%C4F7;N/6%0,/
79%CO; gas mixture after 12h POF test (0.14MPa, 450°C).
The black curve represents the total ion chromatogram (TIC),
the curves of other colors donate the chromatograms of par-
ticles with different mass-to-charge ratios (m/z) respectively.
The detected mass-to-charge ratios (m/z) of the C4F7N gas
mixture decomposition products were listed in Table 3.
Obvious characteristic peaks can be observed in the
retention time of 4.4-6.8min in Figure 3. According to
the compound database in GC/MS, several identified com-
pounds are fluorocarbons (CF4, C3Fg, and C3F¢), oxygenated
compounds (CO and CF;0), and nitrile compounds (CF3CN,
C,FsCN, and (CN),). Literature [6] indicated that the thermal
decomposition of C4F7N starts at 650°C and generated C;Fg,
COF,, CF3CN, C,F5CN and CO at 775°C, which is inconsis-
tent with our results. This difference mainly originates from
the different test method. Thermal stability test in reference
[6] was performed in a tube furnace while the POF physical
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FIGURE 4. The content of CF;, C5 Fg, C5 Fg and CO after 450°C
overheating tests for C; F; N/CO, /O, gas mixture with different oxygen
content ((a) 0%0,, (b) 2%0,, (c) 4%0,, (d) 6%0,, (e) 8%0,, (f) 10%0,).

defect model is employed to simulate the POF in GIE in this
article.

C. INFLUENCE OF OXYGEN ON THE THERMAL
DECOMPOSITION PROPERTIES OF C4F;N/CO,/0,

GAS MIXTURE

1) VARIATION FEATURE OF CF,, CsFg CsFg AND CO

Figure 4 shows yield variation of CF4, C3Fg, C3F¢ and CO
after POF test (450°C,12 hours) with different O, content.
CO, C3Fg, C3Fg, CF4 are the four main by-products when the
O; content is in the range of 0%-4%. The yields of CO and
CF, are the respective highest and the lowest among all the
by-products. When the O content is higher than 4%, the yield
of C3Fg is higher than that of C3F¢. Table 4 displays all pos-
sible reaction paths of the C4F7N/CO,/0; gas mixture under
POF test. The main free radicals generated in the decom-
position are CF3, CF2, CFQ, C2F5, C3F7, CF, F, C, O and
CN (See D1-D14), and most of the decomposition prod-
ucts are generated by recombination of these free radicals
(See R1-R14).

According to our previous study on the discharge decom-
position characteristics of C4F;N /CO,/O, gas mixture,
the yield of CF4 is the highest, followed by CO [12]. The
yield of these two products is much lower under POF decom-
position. The main origin for this difference may be that the
temperature can reach 3000K in the center of the discharge
[17] and the high-energy arc instantly breaks the chemical
bonds of C4F7N molecules in the gas mixture. A large number
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TABLE 4. The Possible Dissociation and Recombination Pathways of
C4F7N/C0O,/0, Gas Mixture.

Path Decomposition reaction Path  Recombination reaction
DI C4F;N—(CF3),CF+CN R1 CF3+F—CF,
D2 C4F7N*>(CF})2C(CN)+F R2 CF2+CF2*>C2F4
D3 C4F;N—CF;CFCN+CF; R3 (CF;3),CF+F—C;Fg
D4 C4F;N—CF;CF,CFCN+F R4 CF,=C-CF;+F—C;F;
D6 (CF;),C—CF,=C-CF3+F R6 C,FstCN—C,FsCN
D7 CF,=CF-CF;—CF,=CF+CF; R7 CN+CN—C;,N;
D8 CF;CFCN—CFCN+CF; R8 CF,+0—COF,
D9 CF;CFCN—CN+CF;CF R9 CF;+O—COF,+F
D10 CF;CF—C-CF;+F RI10 C,F4+0,—2COF,
D11 CF;—CF+F R11 CF+F+0O—COF,
D12 CF,—CF+F RI12 2C+0,—2CO
D13 CO,—CO+0O R13 C+0,—CO,
D14 0,—0+0 R14 2C0+0,—2CO0O,

of particle fragments are generated, and complex chemical
reactions occur between them. The formation of CF4 requires
CF; and F particles, which are more likely to be generated
than other particles based on density functional theory (DFT)
calculations [18]. Thus, the yield of CF; is the highest in dis-
charge decomposition. For POF, the test temperature ranges
from 400°C to 525°C and the released thermal energy is
lower. Therefore, the yield of CF4 and CO is much lower.
Actually, the wave function of the C4F7N front molecular
orbital is mainly distributed on the carbon atoms connected
to the CN group and its adjacent carbon atoms. The high
reactivity of CN group probably results in the interaction
between C4F7N molecules and metallic heating elements
under high temperature to generate C3F7; and CN particles
(shown in Table 4 (D1)). C3F; particles could combine with
F particles to form C3Fg (shown in Table 4 (R3)) or be
decomposed to generate C3Fg, which is also confirmed by the
previous research on the compatibility between C4F;N/CO,
and metal [19]. The gas by-product C3F¢ was firstly detected
at 220°C during the gas-solid interface reaction [19]. There-
fore, the yield of C3Fg and C3Fjg is higher than CF4 under
POF decomposition conditions.

As shown in Table 4, the generation of CO mainly orig-
inates from the following aspects: (1) The combination of
activated C in stainless steel of heating element and O. (2) The
decomposition of CO;. (3) The reduction reaction of CO; and
C particles at high temperature. Therefore, the content of CO
is found to be highest in the POF decomposition experiments.

In addition, it can be found that yield of CF4 and CsFg
increase as overheating time aging. The content of CF4
reached 21.84 ppm when 10% oxygen was added and. The
maximum Yyield of C3Fg is 74.38ppm (0%0,,12h). The yield
of C3F¢ begins to be unchanged after 6 h POF test and the
maximum increment does not exceed 3.5 ppm, indicating
that the yield of C3Fg saturates with POF time. The smaller
change trend of C3Fg can be found with higher O, content,
indicating that the addition of oxygen counts against the
generation of C3Fg. For example, the difference between
the maximum and the minimum value of C3Fg during the
12h POF test is 76.39ppm (0% O3), 33.86ppm (2% O3),
18.77ppm (4% O3), 9.22ppm (6% 0O3), 5.74ppm (8% O»)
and 2.42ppm (10% O;). The yield of CO exhibited obvious
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increasing trend with the POF time and its maximum yield
reached 928.26 ppm(4%0;,12h).

The POF in GIE starts with a low-energy latent fault, which
may develop into a serious high-energy fault if corresponding
measures are not performed in time. Actually, it is difficult to
make a correct judgment of the fault severity based on the
yield of the decomposition products, thus the gas production
rate must be considered. The effective gas production rate
can directly reflect the magnitude of energy consumed by
the fault, the severity and development process of the fault
[13]. As defined in equation (1), R; is the absolute gas pro-
duction rate, Cj; and Cjp denote the contents (ppm or peak
area) of component i measured at the first and second times
respectively, At represents the time interval between the two
tests.

Ci —Ci
== (1)

In this article, the statistically significant effective gas
production rate Rrys was used to describe the change trend
of different characteristic components. In equation (2), Rj;
is the absolute gas production rate (j = 2,4,6,8,10,12) of
the decomposition component i at the j® hour, and n is the
number of gas samples.

[T B
Rrms = % (2

Figure 5(a) shows the yield and effective formation rate
of CF4 under various O, contents. The yield of CF4 reaches
5.3 ppm, 4.58 ppm and 11.17 ppm at 12 h when 0% O»,
2% Oy and 4% O, is added to C4F;N/CO, gas mixture
respectively. The addition of 2% O, to C4F;N/CO; gas
mixture could slightly reduce the yield of CFy, the effective
formation rate remains basically unchanged. The stable yield
and effective formation rate of CF4 can be maintained when
4%~6% oxygen is added and start to increase sharply when
O; is higher than 6%. Positive correlation between CFy yield
with O; content indicates that the decomposition of C4F7N is
accelerated upon the addition of O,.

The content of C3Fg in the C4F7;N/CO; gas mixture
reached 74.38ppm after 12h POF test, while this value is
33.82ppm for the gas mixture containing 2% O (as shown
in Figure 5(b)). The yield and effective formation rate of C3Fg
remain stable for the gas mixture with 4%-8% O,, which
began to increase when the oxygen content exceeds 8%. The
content of C3Fg is 56.32ppm (12h) when 10% O, is added
to the C4F7N/CO; gas mixture, while this value is still lower
than that of C4F7N/CO, gas mixture. This implies that the
addition of O3 inhabits the generation of C3Fg.

Figure 5(c) demonstrated the change trend of yield and
effective formation rate of C3Fg under different O, con-
tent conditions at 450°C. The yield of C3Fg increased
from 26.69 ppm (2h), 84.2 ppm (4h) to 69.65 ppm (2h),
108.98 ppm (4h) when 2% O, was added in the C4F7N/CO»,
gas mixture, its content keeps stable at 6-12 h. The yield and
effective information rate of C3F¢ decrease sharply when the
oxygen content was higher than 2%, which may be due to the
oxidization of C3Fg considering the unsaturated C=C bond.

The yield of CO decreased from 871.61 ppm (12h) to
477.25 ppm (12h) when 2% O, was added in the C4F7N/CO»

i
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FIGURE 5. The yield and effective formation rate of products under
different 02 content conditions. (a) CF,, (b) C3Fg, (c) C5Fg, (d) CO.

gas mixture, exhibiting a saturated growth trend at 4%~10%
O, conditions (as shown in Figure 5(d)). CO is mainly gen-
erated from the decomposition of CO; in the C4F7N/CO,
gas mixture. In addition, the reaction between the C par-
ticles in the stainless-steel heating element and O, may
occur at high temperatures to generate CO with higher O,
content.

2) VARIATION FEATURE OF COF,, CF5CN, C,F5CN
AND C;,N,
Figure 6(a) shows the yield and effective formation rate of
COF; under different O, contents at 450°C. The yield and
effective formation rate of COF, both decreased when 2% O
was added and then increased at 4%-10% O, conditions. The
yield of COF; started to increase significantly when oxygen
content exceeded 8%. The addition of O, contributes to the
decomposition of C4F7N, resulting in the generation of CFx
particles, which then could react with O3 to generate COF;.
The yield and effective formation rate of CF3CN, C,FsCN
decreased sharply when 2% O, was added to C4F;N/CO; gas
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FIGURE 6. The yield and effective formation rate of products under
different O, content conditions. (a)COF,, (b)CF5CN, (c)CyF5 CN, (d)C;N,.

mixture and increased when O, content was higher than 2%
(Figure 6 (b), (c)). CF3CN mainly comes from the recombi-
nation of CF3 and CN particles and CoFsCN mainly arises
from the recombination of CyFs and CN particles. Higher
oxygen content could aggravate the decomposition of C4F7N,
resulting in the massive formation of CN particles, thus the
yield of CF3CN increases sharply and the yield of C;FsCN
remain basically unchanged when the oxygen content is
higher than 6%. In addition, the yield and effective forma-
tion rate of CoNj decreased upon the addition of oxygen
(Figure 6 (d)).

D. INFLUENCE OF TEMPERATURE ON THE THERMAL
DECOMPOSITION PROPERTIES OF C,F;N/CO,/0, GAS
MIXTURE

1) VARIATION FEATURE OF CF,, CsFg, C3Fg AND CO

Figure 7 shows the yield change of CF4, C3Fg, C3F¢ and
CO in 15%C4F;N/79%C02/6%0, gas mixture after 12h
POF test under various temperature conditions. The yield

of CO is the highest among all decomposition products at
400°C-525°C, followed by C3Fg and C3Fs. The yield of CF4
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FIGURE 7. The yield of CF;, C5 Fg, C5 Fg and CO after overheating test for
C4 F7 N/CO, /0, gas with different temperature ((a) 400°C, (b) 425°C,
(€)450°C, (d)475°C, (e) 500°C, (f) 525°C).

is much lower than other products. The variation trend of
main decomposition products with overheating time at differ-
ent temperatures can be observed from Figure 7. At 525°C,
the yield of CF4 is 3.22ppm (2h), 16.56ppm (12h); the yield
of C3Fg is 37.53ppm (2h). 63.03ppm (12h); the yield of C3Fg
is 51.13ppm (2h), 49.09 (12h); the yield of CO is 408.07ppm
(2h), 1092.27ppm (12h). It can be noted that the yield of
CsFg is almost unchanged with the increased overheating
time under higher temperature, while the yield of the remain-
ing products changes obviously with the overheating time.
Furthermore, the higher temperature can result in the smaller
variation trend of C3F¢ content with overheating time.

Figure 8(a) shows the yield and effective formation rate of
CF4 under different temperature conditions. The content of
CF4 increases sharply at 400-425°C and 500-525°C, main-
taining stable at 425-500°C. The initial temperature for CF4
generation is about 400°C and its content has no clear distinc-
tion at different temperatures. The yield and effective forma-
tion rate of C3Fg shows positive correlation with temperature
in the range of 400-525°C and its content is lower than 10ppm
after 12h POF tests (as shown in Figure 8 (b)).

The yield of C3Fg increase with temperature at 400-475°C
and the highest content reaches 43.34ppm (12h, 475 °C).
Then its content decreased to 27 ppm at 500°C and increased
again at 525°C (as shown in Figure 8 (c)). As mentioned
above, part of C3Fg is generated by the interaction between
C4F7N and the metal heating element. The metal heating
element is destroyed when the temperature is boosted up
to 500°C, thus leading to the decreased yield of C3F¢. The
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FIGURE 8. The yield and effective formation rate of products under
different temperature conditions. (a) CF,, (b) C5 Fg, (c) C5 Fg, (d) CO.

increase of C3F¢ at 525°C may originates from the severe
thermal decomposition of C4F7N.

In addition, the yield and effective formation rate of
CO is stable at 400-425°C, which is then increased
sharply at 425°C-450°C. And a saturated growth trend was
found at 450-525°C. Thus, the generation of CO mainly
starts at 425°C.

2) VARIATION FEATURE OF COF,, CF5CN, C,F5CN

AND C;3N,

Figure 9(a) shows the change trend of yield and effective for-
mation rate of COF; under different temperature conditions.
The generation rate of COF; shows linear increase trend with
temperature, which can be used as a characteristic product to
examine the severity of POF.

The yield and effective formation rate of CF3CN, C,FsCN
demonstrates similar change trend with temperature (as
shown in Figure 9 (b)-(c)). Their content increase with tem-
perature in the range of 400°C-450°C and trends to be sat-
urated at 450°C-500°C. The content of CF3CN, C,FsCN
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FIGURE 9. The yield and effective formation rate of products under
different temperature conditions. (a)COF2, (b)CF3CN, (c)C2F5CN, (d)C2N2.

increase sharply when the temperature exceeds 500°C.
Therefore, CF3CN and C;FsCN can be utilized as charac-
teristic product to reveal the severe POF in GIE. In addition,
the effective formation rate of CoN» increases linearly with
temperature basically, thus this component can also be used
as a characteristic product to characterize the severity of POF
in C4F7N/CO,/0, gas mixture based GIE.

E. DISCUSSION

According to the above test results, it can be found that adding
a certain amount of O; to the C4F7N/CO; gas mixture have
a greater impact on the thermal stability of the gas mixture.
The yield of CF4, C3F8, CO, COFQ, CF3CN, C2F5CN, C2N2
is reduced to varying degrees at 450°C when 2% O, is added
to the C4F7N/CO;, gas mixture. Literature [12] points out
that the yield of the above decomposition products generated
by discharge decomposition of C4F7IN/CO»/O, gas mixture
with 2% O also decreased, indicating that addition of certain
amount of Oy could inhibit the decomposition of C4F;N
under POF and discharge conditions.
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TABLE 5. The Properties of the Pure Gas and the Decomposition
Products.

Pure gas and Global Warming Toxicity Dielectric strength
by-products Potential (GWP) (LCso) (ppm) (relative to SFs)
CEN 2100 10000- 22
15000(rat,4h)
CF,4 6300 20000(rat,4h) 0.42
CsFs 7000 90000(rat,4h) 0.88
CsFs 8000 3060(rat,4h) 1.02
CcO 1~3 1880(rat,4h) 0.4
COF, - 180(rat,4h) -
CF;CN - 250(rat,4h) 1.34-1.40
C,FsCN - 2730(rat,4h) 1.80-1.85
N, - 175(rat,4h) -

When O, content is higher than 2%, the yields of other
products increased except C3Fg and CyN», and a sharply
increase trend of C3Fg and COF; was observed when the O,
content is higher than 8%, indicating that excessive oxygen
could accelerate the decomposition of C4F7N/CO, gas mix-
ture. According to Table 5, CoN,, COF, and CF3CN demon-
strates the highest toxicity among all by-products with the
LC50 (rat,4h) of 175 ppm, 180 ppm, 250 ppm respectively.
It was also found that the yield of CF3CN and COF; increases
sharply when the oxygen content is higher than 6% and 8%.
Furthermore, literature [12] demonstrates that the dielectric
strength of C4F7N/CO,/0; gas mixture with 2%, 4%, 6%,
8% and 10% oxygen is increased by 4.85%, 6.49%, 7.70%,
3.21% and 2.74% compared to C4F7N/CO; and the insulation
performance starts to decrease when the O, content is higher
than 6%, indicating the oxygen addition should not exceed
6%. The yield of C,N; gradually decreases with the content
of Oy, implying the O, content should not be too low due
to the highest toxicity of C;N,. Furthermore, it was pointed
out that that addition of 5% O; to C4F;N/CO; gas mixture
could improve the electrical endurance of the circuit breaker
by inhibiting the generation of gaseous and solid decompo-
sition products [10]. Therefore, addition of 4-6% O, to the
C4F7N/CO; gas mixture is ideal considering the insulation
performance, arc extinction, decomposition characteristics
and safety.

As mentioned above, the POF temperature could also
exhibit a greater impact on the thermal stability and decom-
position characteristics of C4F7N/CO2/O;, gas mixture. The
yield and effective formation rate of CO, COF,, CF4, C3Fs,
C3Fg, CF3CN, C2FsCN, C;N; increase with temperature in
the range of 400°C ~ 525°C. Among them, the effective
formation rate of COF, and C;N, shows a strong positive
linear correlation with POF temperature, which can be used
as characteristic products to examine the POF severity of
C4F7N/CO,/0; gas mixture based GIE. In addition, the yield
and effective formation rate of CoFsCN increased sharply
when the POF temperature exceeds 500°. Thus, CoFsCN can
be utilized as symbolic decomposition product to be as an
indicator of the severe POF in GIE.

IV. CONCLUSION
In this article, we explored the thermal decomposition char-
acteristics of C4F7N/CO»/O, gas mixture under different Oy
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content and temperature conditions. The following useful
conclusions can be obtained,

(1) The main decomposition products of C4F;N/CO>/0O,
gas mixture includes CF4, C3Fg, C3Fg, CO, COF,,
CF3CN, C,F5CN, C,N; under POF. Addition of 2% O,
in C4F7N/CO; gas mixture results in the yield increase
of C3F¢ and decrease of other by-products. The content
of CF,4, C3Fg, CO, COF;, and CF3CN increases under
the condition of 4%-10% O,.

(2) The yield and effective formation rate of CF4, C3Fs,
C3Fg, CF3CN and C,FsCN increase at 400°C-525°C.
The effective formation rate of both COF, and
C,N, show a strong positive correlation with POF
temperature.

(3) It is recommended to add 4-6% O, in C4F7N/CO, gas
mixture for MV engineering application. COF,, C2N»
and C,F5CN can be utilized as characteristic products
to evaluate the POF severity of C4F7N/CO,/O; gas
mixture based GIE.
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