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[ Abstract] At present, there are few studies on the optimal additive concentration of passivator and the protective effectiveness of
oil-paper insulation system containing multiple sulfides. Therefore, the passivator methylbenzotriazole (TTA) , which was widely used,
and three typical sulfides, dibenzyl disulfide, cetylmertan and benzothiophene, were selected and simulated by reaction molecular
dynamics. By measuring the van der Waals energy, molecular chain movement (MSD) , elastic modulus and hydrogen bond number,
the protective effect of TTA with different mass fractions on multiple sulfides was studied. The results show that TTA passivating agent
can effectively protect the transformer oil-paper insulation system containing multiple sulfides, and can block the reaction of sulfide and
copper to a certain extent, and effectively delay the aging rate of oil-paper insulation. For insulating oil, before the mass fraction of
passivating agent TTA is 150 x 10°°, the protective effect increases with the increase of passivating agent content. However, after
150 x 10 ~° | the aging of insulating oil is accelerated to a certain extent due to the solubility of TTA | but the aging rate is still lower
than that of the blank control group. For insulating paper, the protective effect increases with the increase of passivating agent content,

and TTA has no effect on the mechanical properties of insulating paper. From the perspective of comprehensive economy and protective
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effect, the best protective mass fraction of TTA is 50 x 10 ~°.
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Table 1 The number of TTA molecules in the model
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Fig. 1 Oil-sulfur-paper model
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different mass fractions of TTA
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Fig. 3 Trend of van der Wallan energy of insulating oil

molecules with the increase of TTA mass fraction
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Fig. 4 Trend diagram of elastic modulus of cellulose molecules

after adding TTA molecules with different mass fractions

J& A YL T SRR AR A,

ALIE Y, 525 A BRAUA E , T 0h O in ot
YN 50 x 10~ EiAL R, SR A T R, Bl
AR B i o B LA AR P 2 T, X
S RAEAR B AL B, Z2 B ALY S 7E = iR T R
T SO A R AR E T 2 Ak 4 % AR Y TG E Y
YR I8, T B X A M AN TR, B S o % B
R, Ayl W 224 ) g o B R, i — HL AR 7
F A BEAS T B Ak 9 5 0 1 S g, S B R A % 44
SRR R TR LT 2 DX 3 0 R 178 88, DAL o0 3 A A
IR R LB, WEREEE  HikR
TS SR B RS b T, AT 0B b 590 4 i AT
Y AR R AT W PR R S S K RIS T
LYoy IR e M, (1 15940 4000 A ™ 5 i
I, HEGE T A8 2 AR 2 AL, A T 48 0 26 2 A o 1Y
F A5 B R M R 1 P2 7
2.4 AHFEHFHEE

LFYER S FHETE SR R 4 T ot et
A T AR JO TR AR T BT 4t | T AT 4k
NAEUFEAEVE T e 2 K 2 4, oAb & g5 %t
R T I E ST o0t , BT s 2k AR AL
PEREA H N

AR — e 0 A EAE A DT, &R T
FYIE L fey 5 L PR IR 2 R R S I E R SR, &
S)E TARSAH EAEH A 7E T4 R 0T N ER Ao
T2 Ia], A LU T3R8 48 G 4R 4T 2 R WU RE

M5 BT LLE Y Bl 25 B0 500 o i 0 2 v
FHRFEEE B AP, R A
BAEFI 2 A R v, — 2B A B 2 %) 48
G E RS — MR E R, — 2k 5
SR HE T 4 25 DL K ] B A1 A 248 25 9 A= i 1
A 0 T ) 2 o) 246 % AR ) St 7 A e SV i

A0 B 24050 A BB SRR B 7= 2, R
AT BRI B I A 27 4 2 A HLARCIE BE 3T
SEMA, LT LAAR 5 Hi 41 o6 B Ak 4 %o 446 2% 4K 9 3R
L F) BB TR

13 ) 43 A PRESCHE 1R 2 25 28 R T i A b, L
MR FAEAS R o A%, e Bl i AR
] S A5 REL g (), 7€ W S0 AR 51 FH A0 58 B N 2%
I AR 1814345 SR B (radial distribution function, RDF)
T2 UG TOT (%) 50 B R, D) JE 7 S ARE SRR R
RDF S50 FHEE p(r) AR AR r A 26 #R0E 2R
B HCT AN P A SR . — 2N BB R A TR I SR 1)
JEAEAE AR B — 17, AR I AR B T A

/J\iﬁtéﬂﬁ%,ﬁﬂijcﬁﬁﬁﬁﬂ,if%;ﬁ#ﬂ?%ﬁﬁé@?ﬁ%

1450 15.5 A BRI G TR/ K RT 20 A,
R AT 12 48 10 A, RDF ihkfE 2 ~3 A L
2 A B 2 AbTE g AT 4R R 4y T N SRR R, 4B
3 ih S A TR AU R B . T 2 ALY
AW INAS ) 5 2 A3 BB AL TTA JTJS g (r) B95S
2 WbWEAE ANER 3 Ab W X ), Al 4y, I
ANFIRERY RS 2 Ak 5 3 AbIEAE, Nk 2 iR,

FH % 2 Al FEAR A R s At Ab R e 26 2 I (E
e 3 W EARA — &30, o] IAS S0 TTA XF T462%

3601

355f et

HAR%H

3451

340 0 100 200
Bl B 5 %/107
K5 BinATE BEER BiAR) TTA 707 J5 S A H 1K
Fig. 5 Figure of hydrogen bond number after adding

TTA molecule with different mass fraction

x2 ARARED g(r) HIERE
Table 2 The peak value of g(r) in different

groups of samples

i ) o

el >
N 5 2 AU (E %3 AbIg(E
4y %0/10 °

0 2.611 8 1.4327
50 2.911 1 1.496 3
100 3.0139 1.547 5
150 3.0717 1.550 8
200 3.1412 1.649 1

M UL . www. stae. com. cn



B AR
15502 Science Technology and Engineering

5 I &

2024 ,24(36)

ARRY 1 231 (8] SR AR A R B B 4 ARCR
CHL AL A2 2 2K 70 1 U R H e A AL R S
AR ], X T I 1 71 ) 268 2% 20K ) ML B BE
B AT AR R ORI B4 T B A %o 4 2% 4R 1L
PRPERE R IR SR, | EL Rt 01 70) 1) i 0 B 44
IR A BEF- 22 LT, Ao A 8 23 B 50 x
10 " HPRSCR I, FEIHEA 4R T T i 2 B AR
AT ARS8 2 AR B DILBCE RE , (ELUR B2 THRCR A
R, G5E IR TTE, BEUCH BB 73 8O 50 x
10 " HYBEAL AR TTA & LIXF & A 2 b iy 28 1
A AR 2 R SR B RIF R HRCR

Zi L RTA Bl R e B Z2 B AR ALY 7 TR 2%
IMARLA G R Ge b BA B A R, BB 9 RO 5 Bl
TR S 5 B A TR o 0 B v 2 X o
AR (B SR AR ORI, LR A IR A
DEPERNBAR R, AT LAAS H A B S HE By 37 B i )
VR 50 x 107°, X5 SCHk [ 14 ] B 4518 40 B
EPE,

3 Fig

(1) TTA &tk mT LA 5B & A 2 Eh e
M AR TR AR M AR 2% R 50, RES — i R B 1 BH AR 1k
YR %) SN, 2 T AT RUCHE S I AR 4 2 1) 2 AL

(2) B X4 2k, 78 i A B Elifb ) TTA i &2 55
HOh 150 x 10 ~° Z R, Bl 97850 3 bl 4 A 75 5 2 19
BRI, ABAE 150 x 10 "° 2 J5 , BT TTA W
NS W 1 Rl = d 30 ) . G 2 (2 3 N U 2 f A B
LA IS KT 25 X BR AL 1% T4 24K, B
Proas R bt 2 Ak 7R B A 1S hinim vG fin, & 4R 7] TTA
X} 4 R AR LA P BE I TS

) EEEARTYERBI UK F , TTA etk
B 47 5 8 A H0Ch 50 x 10 ¢,

2 % X Wt

(1] Bfeet, W0, 28R, 5%, 708 Hei i) A ke o - R - 2

B E AT [T]. BH#3oR 5 TR, 2023, 23(5): 1984-
1990.
Yang Cunxiang, Cao Bingjin, An Ran, et al. Multi-physical field
cooperative analysis of electric-magnetic-thermal for the transformer
inter-turn short circuit fault[ J]. Science Technology and Engineer-
ing, 2023, 23(5) : 1984-1990.

(2] B&H, Hokife. FETIREEZ Y 728 e 222 S U L)
[J]. Bk 5T, 2021, 21(20) ; 8481-8489.

Cui Jinbao, Xu Yonghai. Power transformer difference early warn-
ing rules based on big data mining[ J]. Science Technology and En-
gineering, 2021, 21(20) ; 8481-8489.

[3] Dahlund M. Copper sulphide in transformer insulation, final report ;
CIGRE WG A2-3[ R]. Paris; International Council on Large Elec-
tric System( CIGRE) , 2007.

[4] Khiar M S A, Ghani S A, Bakar N A, et al. Sulfur corrosion mech-
anism in power transformers and its detection techniques: a review
[J]. IEEE Transactions on Dielectrics and Electrical Insulation,
2022, 29(6) : 2283-2293.

[5] Yang L, Gao S, Deng B, et al. Corrosion mechanisms for electrical
fields leading to the acceleration of copper sulfide deposition on in-
sulation windings [ J]. Industrial & Engineering Chemistry Re-
search, 2017, 56(32) : 9124-9134.

[6] Zhao Y, Qian Y, Pan S,et al. Study of corrosive sulfur adsorption
by modified y-Al,0;[ C]// 2020 IEEE International Conference on
High Voltage Engineering and Application ( ICHVE ). Beijing:
IEEE, 2020 14.

(7] ARAL, wd, XV, 55 BRI i 48 e 25 i AR A 25 =) 5 i e
TIRESEMATIE (], = EHLER, 2020, 56(7) : 181-188.

Zhu Hang, Gao Bo, Liu Yajie, et al. Influence of sulfur corrosion
on partial discharge process of transformer oil-paper insulation[ J].
High Voltage Apparatus, 2020, 56(7) . 181-188.

(8] WHEE BXFRET, VFRHET, 45 A2 e il o 6 8 ok X 48 4 I i)

Y 2% )R FR R AT RS IR B ST ()], R, 2020, 56(1)
216-223.
Hu Ende, Zhao Weimiao, Xu Tiantian, et al. Effect of sulfur corro-
sion on the characteristic of partial discharge in turn-to-turn winding
insulation in power transformer [ J]. High Voltage Apparatus,
2020, 56(1) : 216-223.

(91 J5, 2RI, ENTHE, 55, B AL 4 X 728 J 45 il 4R 248 2 #
ZACRERRZ R[], B THOR, 2016, 31(5) ; 135-143.
Zhou Yong, Li Qingmin, Yan Jiangyan, et al. Impact of trace sul-
fide on the thermal aging properties of the transformer oil-paper in-
sulation[ J]. Transactions of China Electrotechnical Society, 2016,
31(5) . 135-143.

[10] SKEUR, Mk, &7, 45, DBDS RIS B mexd 28 e 2 41 2%

ARYMRI LA T B ORI DR ST (0], b B B L TR 24 4,
2018, 38(24): 71567165, 7442.
Zhang Minhao, Cong Haoxi, Shu Xiang, et al. Study on micro-
scopic mechanism of the transformer insulating paper’ s degradation
under synergistic effect of DBDS and Hexadecanethiol [ J]. Pro-
ceedings of the CSEE, 2018, 38(24) . 7156-7165, 7442.

[11] Filho A A P, Luna F M T, Cavalcante C L. Oxidative stability of
mineral naphthenic insulating oils: optimization of commercial an-
tioxidants and metal passivators[ J]. IEEE Transactions on Dielec-
trics and Electrical Insulation, 2019, 26(1) ; 240-246.

[12] 2, THea, EXUR, 45, B - WA gam i i
PR HOR[ M. Abst: P I AL, 2013.

Qian Yihua, Yu Qinxue, Ren Shuangzan, et al. Protection tech-
nology of corrosive sulfur in mineral insulating oil for power equip-
ment[ M]. Beijing: China Electric Power Press, 2013.

[13] XIEMS, 2095, XVER, 5. T PR Rr =45

Irgamet39 ZEIMPERERT ST [J]. 40 FFF2E 24k, 2018, 34(6) :
472-476.
Liu Zhipeng, Li Yasha, Liu Guocheng, et al. Comparative re-
search of corrosion performance between benzotriazole and Irga-
met39 based on molecular simulation [ J]. Journal of Molecular
Science, 2018, 34(6) ; 472-476.

[14] b, Whse, REUR, & Hifbie 2 Rdym b 2wy
B P AR B i B B SE R [ T]. R UREE AR, 2020, 46
(8):2864-2871.

M UL . www. stae. com. cn



2024 ,24(36)

K3, A5 - <5 AL R0 A8 T 4% 22 R AR P B 47 R B oML i

15503

[15]

[16]

[17]

Cong Haoxi, Pan Hao, Zhang Minhao, et al. Protection effective-
ness of multiple corrosive sulfurs on transformer oil and their effect
on oil quality [ J]. High Voltage Engineering, 2020, 46 (8):
2864-2871.

Liu J,Wu G N, Zhou L J, et al. Moisture diffusion in oil-paper
insulation using molecular simulation[ J]. High Voltage Engineer-
ing, 2010, 36(12) ; 2907-2912.

Zhu M. Molecular dynamics simulation of diffusion behavior for
hydronium ion in hydrous oil dielectric[ J]. High Voltage Engi-
neering, 2011, 37(8) : 1930-1936.

Zhang M H, Cong H X, Shu X, et al. Study on the mechanism of
thermal aging performance of insulation paper under the effect of
multiple corrosive sulfides[ C]//IEEE International Conference on

High Voltage Engineering and Application (ICHVE). Athens:

[18]

[19]

[20]

1IEEE, 2018 DOI.10.1109/ICHVE. 2018. 8642100.

Fan X, Zhao H, Sun T, et al. Investigation on diffusion mecha-
nisms of methanol in paper/oil insulation based on molecular dy-
namics simulation [ J |]. IEEE Access, 2021, 9 (11): 13368-
13377.

Jalbert J, Rajotte C, Lessard M C, et al. Methanol in oil interpre-
tation model based on transformer post-mortem paper analysis[ J].
IEEE Transactions on Dielectrics and Electrical Insulation, 2018,
25(2): 568-573.

BRZAe, SO, THE, S RS 5N T4 R Iga-
met 39 [THFEIAL ], RIHLEFEAR, 2016, 42(12) ; 3888-3894.
Qian Yihua, Zheng Wenjie, Yu Qinxue, et al. Consumption law
of metal passivator Irgamet 39 in transformer insulating oil [ J].
High Voltage Engineering, 2016, 42(12) . 3888-3894.

M UL . www. stae. com. cn



