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Hirr, 2R F Material Studio %14 7 #)) DMol3 bR
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PN 2 s .

1.142

I 1.342

119.964°
VA
1481 109.433°
(a) SO, (b) CO (c) CF,
) 1.673 1.443
93304° 7 L1462 107.724° ? 126.643°
<% 'S ) T
S ] 94.428° 2
107.178° L614
(d) SOF, (e) SO,F,

B 1 SO,.CO.CF,.SOF,.SO,F, Btk &+
Fig.1 Optimized structures of SO,,CO,CF,,SOF,,SO,F,

(¢) SO,F,
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Fig.2 Top view of gas molecular adsorption model of
intrinsic graphene
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TR MNF 325 F & 3 i 7n 93 % (28 emx16 cmx
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3 XREARE VMNF (EES=E
Fig.3 The gas chamber for the surface
coated MNF sensor
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Fig.4 The FLRD gas detection system based on
surface coated MNF
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F 1N A B W A AR I 25 S R I A
SO, Ji 11 W Ff BE AR M8 A K, Ul WA A8 4@ e BfE SO, B
B BN LE oA 4 FRAARTESRZ, T CO A1 CF, W
BE AL /N, 4350 0.136 eV A1 0.191 eV, £ 1
TV W BRI Rl AR, W BRIt AR X R G A, R
A1 BRIFXT SO, MWL B RE 1 A, BRI BL AR XS T 55
Hh 4 FhEAR, £ 88 HEXT SO, AW B R Fre e o
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Table 1 Adsorption energy of intrinsic graphene after
adsorption of SO,,CO,CF,,SOF,,SO,F, gases

MR R R WRREER B R

WIE itte e it DOHAERV
SO, —-1767.180 —1218.772 —548.397 —0.299
CcO —1332.011 —1218.772 —113.234 -0.136
CF, —-1656.065 —1218.772 —437.286 -0.191
SOF, —-1891.596 —1218.772 —672.814 -0.272

SO,F, —-1966.763 —1218.772 —747.983 -0.218

W BFF B2 2 i WO o R A o e W AR o T2
() P /NS, 2P /N, AR T S A R A A A
Z I AV 7R o F T 2 B8 o R I R
H— MR8 TSR 0 — AR BT r
far Bcae, FLIR/INAT DL SR A AR 53— F R (6 4 Rk
Z A RS IE O 7R B RCR h, Bir A AR IR
RRFRIT O B B ARl 1.732 A, W FRHS B PR RS W36 2.

£2 TRBRKSEEORKESNREEEE

Table 2 Adsorption distance and charge transfer after
gas adsorption by intrinsic graphene

WERRFAAAR IR RS /A AR S h /e

SO, 3.183 0.565
(6[0) 3.210 0.006
CF, 3.749 0.288
SOF, 4.324 0.007
SO,F, 3.192 0.304

MFE 2 AT LAWLER B, 7 SR B SO, SRS 1Y
W B HE B BN, A 3.183 A, % B AIE MR X
SO, MY S N AR g5 ok i 35 W B SO, ARG
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7 MINF J& B A0 R, TR, '3 i 38 i ik
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G3HT A B X A5 AR I 2 A R B, T S
WA IR B SRR I BE 7 o SCH A HL R BS0E
L RGT R WUR R B S T SRR &
a3 B A 88 0 1 O = B B M B . 7E Material
Studio 'Y CASTEP A HE 17624 PR T 1 1158, R
F GGA HEZL R /Y PBE 32 pRi 5 2X; 5 - Tl #K 87 7
500 eV, K 5 RS ECA 2x2x1, A 1A %A B Y SR
K 51077 eV/atom, fie kAR KECH 500,

A P BR B R S S R R A () B AT ) B B B R
AL T A A A AL, H R MU E BB T A
SHEHE A S ZEMEE . MK N 1530 nm A,
A1 S W B 437 T A B oRBIOR R AR Ak
3 R, Wk SO, ARG, 62 BRAE R, 175 68
5 R TO0 R BR AT 3 i 100 X R e, i g o L At
SRS A H R EIOR R AR A B A

#3 1530 nm K TABHERMSE
BIE A B R R AP

Table 3 Imaginary part of the dielectric function of gra-
phene before and after gas adsorption at 1 530 nm

SrHLPRE WA A R B

e N e
SO, 280 1560 1280
CO 1580 1560 20
CF, 1530 1560 30
SOF, 1270 1560 290

SO,F, 1450 1560 110

MY 1530 nm B, A B89 I R AAAR 5 i
Je B R R AR AN 4 BfR o R B v LR
i, W SO, J Y s 5 2 g B H At S A I %) 2 S5
N, BT SO, Tk JG 4 R A K. HIR
PR7E T, e aead B SO, B A SR ME IS, R 20 B b1
Rk Wi, 5 5L I S AT T W B Gl A R £ S
S

W ZR TR SE T G AE W O A o e O e
B WA RE 7 o R MAT A 3R 7S ) JB X A 10 K 1 DI IR
WAL 7 Frc e, W SO ) 3 7 St G ) R WAL 0 95 559

F4 1530 nm K TAEHERMSERERHFE
Table 4 Reflectance of graphene before and after
gas adsorption at 1 530 nm

WA BRI R TR AR 2R

SO, 0.906 0.962 0.056
CcO 0.961 0.962 0.001
CF, 0.959 0.962 0.003
SOF, 0.958 0.962 0.004
SO,F, 0.960 0.962 0.002

PR 1530 nm I, A7 SRR AT HITS Y
Wi R AR IR 5 prs o T RUR B, R SO, <
THT S W R BOEERR, B2 Wl ie )1 725,
X R R A W B I AR 2 ) A R T AR B
A

#5 1530 nm K TR EERMSERERERY

Table 5 Absorption coefficients of graphene before
and after gas adsorption at 1 530 nm

SO, 2.19 5.20 3.01
Cco 5.27 5.20 0.70
CF, 5.22 5.20 0.20
SOF, 4.74 5.20 0.46
SO,F, 5.02 5.20 0.18

A PR BT 5 IE 52 MNF #5537 6 5434 1
—ANEEFZE, 7 MNF 2105 5 A B0 S ok
BBERIER MR A 306 W R
[ BE I RRIE R, 2 e e 2 DR SR I B i
KA AR, T80 MNF i) A& 45 ket kA o0
PRI I, 38 o 00 A e R AR T IS 3% 1T U 78 MINF
HRAERRAFE A AR ML, AT DA 3 S ARV AR R

USRS 1530 nm I, A7 S8 0 B SR FT
Je BT R AR AN EE 6 TR, AT A& R, R IR T
A SRR, Fr 8N 19.13; W CF, A1 CO SR,
Pr i AR I B /N HoAH 22 K K, A8 4k 2248 5 51 R
0.07 5 0.37; W Ff} SOF, il SO,F, A5, T 4 A8
243 51 1.63 5 0.63; £1 BIE W SO, Ak
Je, T 5 AR S BN, EL W B RS A AR TR 22 N
10.65, AR fb f K, 156 BH A7 880 X SO, A A 1 A6l R
TR v o RIS, 24 AM S IR S 4T B R /N, 4508
FNR T 2 AT 3 23R 25 AR /N, 638 3 He i) 38 K
LR RE RN, T SEOC AL REI K™, Y
I oA T A S R AR Ak 22 A e K, e T IR B
MNF 4 J8 2 K 128 AR 1 58 08l die iy, PR I Xt
SO, SMHA F AT G U BE



& AH) ALK 224

%6 1530 nm iEKTAEERMSERTEHHE
Table 6 Refractive index of graphene before and
after gas adsorption at 1 530 nm

U NN T T S L E R I E ST I E S Sl

SO, 8.48 19.13 10.65
CO 19.50 19.13 0.37
CF, 19.20 19.13 0.07
SOF, 17.50 19.13 1.63
SO,F, 18.50 19.13 0.63

2.2 FLRD Sk s£i6

M5 47 L 25 L 43 B AT, A 5 0 20U B
MNF BEGZ KN SO, M. Mk, #EHL 200 pL/L SO,
PSR (TR FR AR TF R 5T, S U035 78 % 1R T iF
1o LAN, HTE S0, B RS 5 & A 45 1 4
Ky 10 kHz, WEFEHN 5V, 25 R 2%, i i 5L
T SRR — 2 R B AR SRS T Rk v
T AEAE 22 5, FI W R TR B MNF 2 &/ B A3 R
R RE 1. SLEAF R ENTEA N, (AT &
4 0 uL/L SO,) F1 200 pL/L SO, Ji i ik w54 i
e 5 s . ATRAUR B, B MNF /25 FLRD &4t
AL AR PE I, RGEANEBAERE /DN, ko IR 46 3 I
B Bk A B 22, T LAAS B O R 1 i i 2R L
i TERENTA SO, MG, F—A ek rhiE
(B 3 #0 BA S AT, 10 A Y4 R R B MINF 42 i 2]
SO, MR N2 AR N, RGEAFEAL K, Bkib (55
WRAEL DR /N o SCHP T 5 A FLRD £ 483 oo ) 1%
SR TG AR/ IN R AR B AR AL
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5 N, BE5SEF 200 yL/L SO, RS BI Bk R4
Fig.5 The pulse original waveforms of N, background
gas and 200 uL/L SO, standard gas

R S g R R W, % AR 48T SE B SO, K
D oA P A (e R K By 0.4%, B 52 1 /)N
T £0.4%) ¥E—Fc i 50, 100, 150, 200 pL/L ¥ &
() SO, SR, F- I 2 AN [R] ¥ BT AR 1 Jok 1o 2 ik I8
B, 15805 5 R MG 255, iE 6 Bim. HEd
B[R] VE S R AE B, XS [8] e B2 R A 3 5 ) ) 5
SO, W BEHEATERMERL A, 1521 AE R 4 0.995, 4

K7 B AL S SO, MR EE Z [ HATIR
SR e DG R, X 3R I T S5 M R AR B MNF
) FLRD & 4t H A BAF 1) SO, SRR fE 71, Had
T AR

—=— 0 pL/L

~— 50 uL/L

—a— 100 pL/L

—v— 150 uL/L
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B8] /us
6 AREIRE SO, M FMLk
Fig.6 The ring-down curves of different
concentrations of SO,
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Fig.7 The curve fitting of ring-down time and
SO, concentration

A 3R 7 ¥ MR 93 BT 1% & GiXt CO. CF,,
SOF, Fl SO,F, iX 4 Fh HL7 SF, 43 fiff 21 43 1 6 I g
I1, I BN [AMR B SF, 43 it 4 535 3 T IR IRL Y 26 &R,
W=k 7 iR 5R0IR, 4 B SFo 44143 7E 0 uL/L
55200 pL/L ¥ B2 /9 52 35 i 0] 25 (H AR /DS, Jo
J& CO Fll CF,, /N [RH BET 19 52 355 B[] SE AR V2 A AR
ft.. TMIXS T SOF, 1 SO,F,, BIRUEHGANZ 200 uL/L
A, 35 B TR s/ ), (ELRl /) B s 8 5 AN BH I8, &5
G A B4 SOF, il SOLF, AR 47 B 43 v] %1,
A1 5% SOF, Ml SO,F, A M . i 55, PRI it
TCILRI R AT Lt

R 7 0uL/L 5200 uL/L iRE TRENFSHETE

Table 7 Decay time of gas at 0 pyL/L and
200 pL/L concentration

SFAMi# 0 pL/LMRIETT 200 pL/LIK T 58 3% 1fa]
415y T FEV I IA] P

(€[0) 5.905 5.904 0.001
CF, 5.908 5.900 0.008
SOF, 5.899 5.852 0.047
SO,F, 5.893 5.826 0.067
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23.1 IRESH

M E R 7T 45 Sk B, 3T B AR A
MNF /) FLRD < & £ il & %t G808 52 30 & 5~
SO, MR AYA M . SO, J&: — Fh 55 F 1) SF, 43 fifk 41
3, VERA RS I EL ik B T GIE [ 12 B e O S 1
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AMCH EA TR, A R 3% i Rl AR AR 7
14 51 B 2 10 A 7 W B S 9, A5 B % 8 T /s A ) 4%
WAL ZERF 0~200 uL/L B4 SO, MR HE 17 46
I, S RAHXT 1R 250 4.89%

*8 SO, KHIREDM
Table 8 SO, inversion error analysis

SUBRUREE/(uL- L) SBEHEBE/(ML-L7) KX 22/%

50 48.76 2.48
100 99.31 0.69
150 157.34 4.89
200 195.91 2.05

232 REGEIHHE
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Fig.8 FLRD gas detection system with
an optical fiber amplifier
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Fig.9 The comparison of original waveforms of
background gas before and after adding
an optical fiber amplifier
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Graphene coated micro/nano fiber gas sensing mechanism and SF; decomposition
component SO, detection

ZHANG Yin, CHEN Ao, YU Wenwen, ZHANG Guozhi, CAI Yijie, ZHANG Xiaoxing
(Hubei University of Technology, Hubei Engineering Research Center for Safety Monitoring of
New Energy and Power Grid Equipment, Wuhan 430068, China)

Abstract: Accurate and effective monitoring of SF¢ decomposition components inside the gas-insulated equipment (GIE) is
crucial for the equipment fault diagnosis and condition assessment. However, the existing external detection methods are
limited by sampling points and the diffusion rate of these components, making it difficult to accurately determine the
concentration of the components. Therefore, in this paper, a method for detecting the SF¢ decomposition component SO, based
on surface-coated micro/nano fibers (MNF) is proposed, which has the potential to be applied in built-in fiber optic sensing for
GIE online monitoring. The optical gas-sensitive response performance of the graphene is analyzed based on the density
functional theory. A fiber-loop ring-down (FLRD) gas detection system is constructed, and typical SFs decomposition
component detection experiments are carried out. The simulation results show that the optical properties of graphene change
significantly after the adsorption of SO, gas molecules, indicating its excellent optical gas-sensitive response performance to
SO,. The experimental results also show that the gas detection system can detect the trace SO, gas at room temperature. It
shows a good linear relationship within the concentration range of 0~200 puL/L. The maximum error of SO, detection is 4.89%,
and the sensitivity is 0.81 ns/(uL-L™"). The detection performance is improved by adding an optical fiber amplifier, and the
sensitivity of the system reaches 1.24 ns/(uL-L™"). The method proposed in this paper provides a new approach for online
monitoring of SF, decomposition components using GIE built-in optical fiber sensors.

Keywords: gas-insulated equipment (GIE) online monitoring; SFs decomposition components; fiber optic gas sensing; surface

coating; gas detection; micro/nano fibers (MNF)
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