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Interface Electric Double Layer Regulation of Oil-paper Composite Insulation
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Abstract: Oil-paper insulation is the most commonly used main insulation material for large converter transformers,
which is composed of solid and liquid phases, and the electric double layer (EDL) exists at the solid-liquid interface. The
measures such as regulating the characteristics of EDL at the oil-paper interface, decreasing the charge concentration in
the EDL region of the interface, and lowering the interface barrier, are conducive to reducing charge accumulation at
oil-paper interface under the applied voltage in oil-paper composite structure, accelerating charge dissipation at oil-paper
interface after removing the applied voltage, and reducing the local electric field distortion under special operating condi-
tions such as polarity reversal. Aimed at the composite insulation material composed of mineral insulating oil and
cellulose insulation paper, combined with traditional macroscopic measurement methods and new microscopic analysis
methods, the charge distribution characteristics and regulation methods of EDL were explored. Based on density function-
al theory, the oil-paper interface model is established, and the electron affinity of its constituent molecules and the
differential charge at the oil-paper interface are calculated. The results show that the electron affinity of the main compo-
nent molecules of mineral insulating oil is positive, while cellulose molecular has a negative electron affinity, which leads
to the spontaneous affinity to the negative charge. Therefore, the surface of the insulating paper is negatively charged, and
the insulating oil is positively charged. In order to weaken the interface barrier effect caused by EDL, additional hole traps
should be introduced to the surface of the insulating paper with additives. According to the partial density of states of the
oil-paper interface, 3-amino-1,2,4-triazole, N,N'-di-tert-butyl-ethylenediamine and phenyl-alpha-naphthylamin molecules
can act as hole acceptors, tend to adsorb positive charges, and can form hydrogen bonds with cellulose molecules to easily

attach to the insulating paper surface, thereby reducing the negative charge adsorbed on the insulating surface. According
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to the zeta potential of EDL at the oil-paper interface obtained by microelectrophoresis, the Zeta potential of the electric

double layer at the oil-paper interface was reduced by 9.8~16.1 mV with 3-amino-1,2,4-triazole, N,N'-di-

tert-butyl-ethylene- diamine and phenyl-alpha-naphthylamin additives, which proves the effectiveness of the electric dou-

ble-layer regulation at the oil-paper interface, and also provides a reference for the selection of insulating oil additives.

Key words: oil-paper insulation; electrical double layer; oil-paper interface; molecular simulation; density functional

theory

][l

0 3

R v e LA A P B R BB 8 A 00 /D R U ik
AR REEIUFE, SR RRUR A A, SCILI RS
KRB R 5E, A RORAMREUE oA A iy >k
FIHBER RG], 2RI B R AR L —. 1E
R e e B L AR ) — AR B, BT
25 H A, TA B 40%~50% o 1 A AR i 5545 3 B RE
AR AR ER R R L 0T R, AL
JEZ ] SN B B A R R A 2 et SR
FE VRN, R AR 48 3 46 25 22 SR FH Hh 48 2% 3 B AT
RANMR) A B H AR A A 5 450

WARE S M AL, 1 BIAR- A
AHBE R, FEIAL R A AL 2 OB, TR
SO 2 o R H A N, Ak A SR T I
o 5 HAH Rl VR AR Hh ol iy A A E] L AR
MRIPEET. B3 19 LUk, ZE AT -
S Z AT T REWTL, 2 MR A4
kg, BRURREAT T HE SR, MR
K, HIRBIARF FEA SRR TR, S
HLZTEARZ WA B 112 Q0. TEREEEYIK
IR EATLS VR 2 FR S R IR A ORI e, 207
AT 3G i DO R Z I EH o TE K IE
FrTHBL L 0 AR s A PR E A, gk
TR RS, PRI FOATAT RV e i 55 S T XX
L2 B2 IR -0, 3X — i 5 7R AR 4e 2 b it 78 B A
AHE .

TEVHARLE S, ST WL FR 2 e 4 B FH T e
LT T LR . FL7E 1958 SEi ¥ E s &
HLf¥) Helmholtz R AL A5 AL 1L A1y L IR W G L B
AT THRZE. H 20 thed 70 K, FEEe )t
T 22FE Y J. Keith Nelson B@ZH 71, 5 B 44 B 12
BEi Markus Zahn BEUZH I, v F 8 L3 K221
Gérard Touchard PR PILL i S K22 1 H ik 1R
T ZH U0ty 252 XoF e - 24K S T Ak PR XL 2 T i B A I A2
KMEHUETHEIEAT T REFFL,  EX 7 H
IGIR T — RYNVBUABAL, I\ -0 T b 4 2%

WA — N TR T AR, %N
HIIER M B B2 RO /R N A Tz s
T2, TERRACE R . fERRiamE A /e
N, ST SUHE IEAR P E
B EAR A B NG R 3G R T I T IR
FE T BRI 7T AR i, A & [ 2 7 B A
AT T RERZR, (T I-4R A T 2 T 4
AN AL A OIS R, E A 32 b A A R
BRI AR, ik R R — AR AN B A

B 7 BRI, IR 2 IR AR () -
TR B A8 2 45 K v (1) LT I [RRE A EE 5 .
HA 475 B K221 Hitoshi Okubo #EZHE T Kerr
BRI B R AR - R B A Sk 2 A, R I - 4%
ST B35 3 A AT AR AR b K221
FURUREUER H PEA-Kerr AW 50T HR 45-H B &2
Y S S R 2 ) L Amr R P AT N B, B v - R A
FAL A R A AE R 2002, DA At P 205 R T
Y R AN T AT ST SRR RE T, IR AU
A JZE R, (HEZ AR L SRI0 45 8. 78
AN R RS & Zeta AL E DL
P, 7 J s 2 ) F A U B R R U131, ) FH 26 T A %
HIR R A AL T INRAGIRE S A G AR
Vi) A7 A DA R T i F e AR SRV BRI 415, s
I 2h R AN A AL 5 A8 2% L 48 5% AR2H R iR 4R
TR RETE I -4 A T ALY A7 AR LT 35 22, 7RSIt
TR, Frm %422 AR AE N 18 B -0 5 T b i ok
%) H Af B SR DL R JR) R FEL I WA 5 - 4R S T A HEL 2
Zeta WAL 5 R H 2 B HAHE B —F, H
P SR AR AT G OR 0O, 3R7R 1 SR A
FE VH - AR S T 34 22 () AR JT SRR 06181, (H SR 57 T XU H
J2 BT SR S 45 7 it — IR AR IT . 9%
SRR JZRFPE, /)N S B H 2 X e B A ok B
PEEAG TR 1] 35 22 A 1) T 9k 2 i 182 40K - ek R 45 A 7 1 it
P T PRV -G S T AT AR R, T INRAE A ik A1 it H,
JE S5 B3 - 4% S T P AT T S, 90N E AR S SRR R
AT FAF T 1 =30 3 g AR 119200,

KT - AR T RO E 4, H AR B R



5560 i LR AR

2025, 51(11)

1) M. leda &5 NEF XTI P46 2t 22 & R 46 25
TR 070 5088 S T AR 2 FL AT 23 A, A1) S T XX
MOz IE R R R, R B R JF = mk
(1,2,3-benzotriazole, BTA)%) T 1] SILHLEE AT 1V L T
FLAMH SRR, R4 BTA SRty A7 O
Tl Bz R, AR HAORAE LI DL ST 5 i
RUEELJ2 B Af 70 AT ER) 52 M 38 2 1 5 PEATE 722230,

G FAREANCER — 1 S5 3 7 VR AR I T4 o () 4 B
A2 5 T B SRR, e IR RIT 2
SEBOHE LOULEE B (I R AR Bt A2, HoOk RN
MARE &SR T T O R ER024T, 4R
S SR A RS I AR BN R AR, TR I SEER 5%
AR MEBAT IR AT A EE R . 0 TR AR 1%
AT I 2T FT A BT g o X T JEHLAS 58 i B AR
TN VR T 1 RIS, BRAG . R BTRIgK
SERNT H HL T S R AN AR BRI RZ I (25200, AHAR T 0
lLenfEitkl, FAEREAYIREWES S
S, Bk, 0P SEE DRI B BT ) AR EE AR AR X
A PRET291, A SIS A8 O o3 B = BRI G %
NIRRT V2, %) i - 2R 5 T 8 HEL 2 T s P P FE L3 %
B RO BREHATIRANIR I

1 REMHRSEE

11 ETHFEZRIERIH-KFERBET

o R AU 89%~90% ML 4R . 6%~8%
- 2 4 3 FNAE i) sk 2 v R 58 4 L BRI b 2 (2
3%~4%) R TR A RRBY, Horp, EE R AT YE
F—FRARZ LRGN, H B-D-ik s o %5 B 5T
ZH AR, XS TIE T B-1,4-40 (T v ) A BBz L
T B A AN ) 56 B 1) 48 2 R 4% (CeH1005)nl 1, A
EHEREAEN 6 AR5 T(CeHaO3) R4
AR FE RSy, W1 TR,

W4 0 Do i SE B RS ), B DU e
S PRI AN A e T AR S A A
IAMS AL S — B Al = 2 TS, WA PR B
W, BME. ALK 1 R4 s o+ 4
SRR 73 UL T B o3 B AT 8 i 43 - 51 ) 2 (classical
molecular dynamics, CMD)ZERB2, DA R H T2
JZ iz PR F i (density functional theory, DFT){fj &
W2 M AE I &

AT HERHT DFT 5 B4 m A4 4E R 1)
IIRACE, FATESEIE4T CMD K. fE CMD 1)
Hrp, ] Material Studio B4 N = 4EIEA HE

W4 TR A Y R AL TG, Rz 7
A AR - A . TG T RN
1.265 nmx1.265 nmx3 nm, ¥ K 840 kg/m?, #F4E
FZH LR 1.251 nmx1.251 nmx3 nm, ZEFN
1390 kg/m?, Forcite i1-HBHHF CMD i15; 7
T 113%1% 3 COMPASS 11 /73%1331; Nose-Hoover {8
Ty FH T4 KGR EEPY; # e /E L $E Ewald &
HERBSL, XA RG T I ML, £ 300 K
A1 AMRAE NPT RA(R R IBRE N, K] P
MR EE TARF-E ) 1 ns. 7E NPT &, #i
) 1 ns ZELE 300 K BS3] 1 150 kg/m?, 7E
NVTN, &R VAT RFRE ) E R, 300 K i
$4F 1 ns. FJEf33] 1.223 nmx1.223 nmx6.016 nm
P B G. Jo B B T R WSROI 2.

TER 244, DFT {5 BAE FH 146 AL bR R E
FHN. CMD $ZEi 55—+ . DFT {ii &FIH CP2k/

HO. OH og HO

Lol OH OH
HO™ N
HO" N O 0 N o 0 'OH
OH “og OH yo— OH o~

W1 e s sl

Fig.1 Molecular chain of cellulose

x 1 WAL ALRT T K A
Table 1 Composition molecules and proportions of mineral
insulating oil
HAEUSsr  CoHy  CisHag CiuHas  CigHas  CigHos

FRENE% 1459 30.90 16.82 9.35 28.32
& 4 8 4 2 6

1200
1150F
~ 11004

b

- 1 000j1

/(kg

B

950

900 {

850

0 100 200 300 400 500
B []/ps
B2 =5 E R RSk

Fig.2 Convergence of the density over time



KRR, £, B o, 55 AR G ASR SRR 2

5561

quickstep FRAFFI = [ GPW J7 ik SEI27-281,
FIH 500 Ry MigkResE . RAGH) = Zeta FE52. #H
N [ Goedecker-Teter-Hutter(GTH) & # .
Perdew-Burke-Ernzerhof(PBE) %2 #t - 41 ¢ 72 & Fll
Grimme 5 A\ ) D3 (A HUR: IERAUAL DFT /K- 45
29, SRJE, A B3LYP AZHuAH Iz B vHE S
A2 P BIA RS AR ER 1 BR 7 L b,
S -AR T A ] 3 B
1.2 H-RKFEWNEBZE Zeta BAINE

FLH A JZ A 148 Helmholtz “FATAR HEL 25 2%
WHZEA, B EETHRIEE NEHD
Debye-Hiickel 57, DL & %} Debye-Hiickel #5847 &
AL N 34718 1ER) Gouy-Chapman PEi%, (AR
B TE TG I R T FAGE Bl ) AR S TR A A )
Grahame-Stern X{H1 2214121, Gouy-Chapman-Stern
T B AT SO B S Z AR, A
9 T L 5] B AR R R R 5 A A S B
SRS AL AR S EE T RS R, RN - A
RUHL 2% AT o0 AT 3 N R R Y UZ . BB =Y
HUZ 2 [AILL Stern NS, WERNEH)Z(EL Stern
J2), ZEABERAR B AN SR A T 5] s 1 2 [
ERIINZRT BUZ, 782 B2 2RI FE
B gRa R, Hrh s 7 8 s 5 7 A ik
Boltzman 73 Afi . fEY HUZ N, fAEE —1FBNMH, 24
7 L [ AR ARV IS B, ZEIE BT N R T
W5k —igizsh, HEMIE IR R
TlRAL. il 4 B, MR- S B N x
J7lE), NSN3 N5 A BAAK T . Stern
[TTRLR= e~ TR N k2 N N 1| P T TR R A T
#4). Stern HLLFN Zeta AT o

FiTHI HE 55 RE A% B B 2 M SR AE ST 0 2 AE H
oSS M AR T Y LG OL. SR, H AT ok
SIS LA E S H S, SEBRIE T HLAL A Zeta B
KL, RSN AR I T3 I () 72 . Zeta HY

FHER UK

R A] — 5 B BE b SRR ] -0 5 T U H, = A FH R 55 %
] 4 3 T FL I VO o FH )2 -V 5 T XU J2 1 Zeta
LA 7 VA R K E R B ALV . A
Malvern A &) 4 ;P2 1) Zetasizer Nano ZS90 ¥ & H1 A7
PR AT UK IE X AVE & AR R ) Zeta HUAL
AT &

HAL YK 12 Bl A& 8 WA A 5 o 1) s FORL T AE L
YER T IR BRI AR A i ig 8. &l 5 s .
R Bl 52 BRI ARG 1 I BERS , 4 BT ARZ I
PERET) . RGYED S 5 D1k BT,y HURLF DA
TEE PR FEIZ ), FONHIKIZEE . HiKigshiE
FEMCH T At 37 R S AR T L H RS
FEULJ Zeta HLAT, @I EOE 2 85 B0 V% (laser
doppler velocimetry, LDV)3kHL,

FH TV AR o3 I ROREAE FL 4 F T iis sh A
VKSR BB B R AT, R 235 8
SRR A5 R UKL P 38 B3 FE AN e B4 55 R T Fa kg
L. AR HB) S, FUKIE B T R
[ BiEgh A, g RO E N BER. F
FX—FetE, P g, fERKERBIE
BN AR HLYy, U P B 1) e 2T BEAE
HLUKIZ BN FE . RIS I ks s B, 456
Henry 512, BIR[153] Zeta A7, HHE U

vy
= (Ka)E
A §ONPRAERARA B ) Zeta AL, Vi ove
NHVKIZENHEE, m/s; n NS PSS REFE, m/s;
e NN RN B, Fims K OB EEE
H, m'; a APIRAE, m; AKa) N Henrys BT
E N4t HY, Vim.

253 B F AR LSRR 2 B FE 52, 5 T
ANFEVEARAY 5T, Henry J7REH ) AKa)YEAE] . AS[E]
PR F G OL N BB S HH R AKa)(E W& 6 B o

(D

K3 ah-aR A A RN
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Fig.7 Molecular structure of the selected additives
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Fig.9 Oil-paper interface model with extra additives
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