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Abstract: The reaction mechanism function can effectively characterise the insulation ageing and deterioration pro-
cess of GIS basin-insulators, which helps to reveal the failure mechanism of insulating materials and provides a new
way to assess the insulation performance of basin-insulators. By resolving the differential equations of the reaction
mechanism, an integral expression for the reaction mechanism function with four basic parameters is established,
which can be modified for different reaction stages or paths and has a wider scope of application. On this basis, a
structural form of this test function is derived based on the non-isothermal kinetic equations and the formulae for cal-
culating the model are derived. Using this method it is also possible to calculate the finger front factor at the same
time. The reaction mechanism functions for basin insulators and cross-linked polyethylene are further specified and
the validity of the generic characterisation model and solution method for the reaction mechanism functions is veri-
fied based on the Coast-Redfern method and the modified Flynn-Wall-Ozawa method. The above work provides an ef-
fective method for analysing the reaction mechanism of the degradation process of insulator insulation materials.
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Table 1 The commonly used kinetic model of heterogeneous reaction

g o (D Gipi 7 BB
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1 Avrami-Erofeev,m=4(S %) 4(1-)[~In(1-a)P* [~In(1-a)]"

2 Avrami-Erofeev, m=3(ST¥) 3(1-a)[~In(1-a)** [~In(1-a)]"

3 Avrami-Erofeev,m=2(SJ¥) 2(1-a)[~In(1-)]" [~In(1-a)]"
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5 Power law , n=1/4(JIl#AE ) DL 4o a”

6 Power law , n=1/3(Il#AE7) 30 a”
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8 Power law , n=3/2(JIll#E AR 5Y) 2/307" o
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Fig.1 Characteristic a vs. ¢ kinetic curves for four types
of reaction models
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Fig. 2 Fitting diagram of general reaction mechanism

function and ideal mechanism function
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Fig.3 Thermal weight loss curve

Flynn-Wall-Ozawa 7% & —Fh7ETTE6 fL B S5 44
fift 50 )3 2 ZHO0 5 KA S AL R R ke,
AT DA 200 A0 st PR s sz o7 AL B o K5 | S ) T
DR2E , T8 H A D I Hh ABE A B AL B, o 575 3
BTG AL BE R MR . >R HH Doyle it LK fi#: 2 X Flynn-
Wall-Ozawa 175347, 45 5 Wt 5 BAR(ER 28
RPN RZEFE W, 16 S HTHY Flynn-Wall
-Ozawa J7 1%, & H— B AR AETE A

B AE
In 89466100 = ln[RG(a)] +3.63504095 -

1.894 661 00 In £ — 1.001 450 33%

AR TR] F B S 100, A2 AS [R] B i FRGE B T
HHIF 5 AL R o, BT R4S 1Y Glo) 2 — > E €, In(B/

(15)

T NT Z [AFAEL M R I Ak fE E T LA 421
B B RN 2, DU 3hE O PR SR i s W ML PR EUIT A
K125, R AT A kg Al 0 L0 i ) S S I LB
PR — hRifE . TR B 24 2+ B B 173
TEALBEIE M 87.67 kl/mol 25462 1 & B ITTF- X475
FEREAE M 170.95 kJ/mol ACHR R 0 F- ¥4 1% 1L g
}3240.77 kJ/mol . 7548 %% T AT HER 2Kk AL RE
FEEAL R A S R ILIE 4

3007w R T a0
—o— AL TEH
2601 —A— HIE L
~ 220 r
ks
g
< 180} ._./‘_./‘\,
=)
M40t
100
s & = =
60

0.2 0.3 0.4 0.5 0.6 0.7 0.8
a
B4 ELESELFXER
Fig.4 Correlation between the activation energy and the

conversion rate

T3 fifk BN 1) 52 A% 1 T P A R R 5 T AL RE
Z A5G FRFER ), LR 4 PR B 2 1 G &
kb AL REFE AL R oV BUE W Bh )N, B A
PR S ok A A M — 1Y Sz R AL B R AR
TEAN[R) PR 1 SOk i) S th 48 WL 57, 78
AR T il A BTN S A e th 2 LT 58 4
A, VL T Y G A R R Y B T
B B ARSI SR S i AR 3fppad RR 28 ] R B
FRSHLBR R R o Gl BB g, T LIS B &
FI Y S AL pR R TR N

G(e) = 3.480 60" (1 — a) ***°[~In(l — )"

Glo)=4.262 80 **(1 — o) " *[~In(1 — ) **° (16)

G()=2.115 00"*(1 — a) *"*°[~In(l — o) "2,

35 - 3.5
= B=5K/mim
3.0F e p=10K/mim 13.0
a =15 K/mim
25F v B=20K/mim 123
¢ B=25K/mim
: 2.0F — G(a)=3.480 6a0,883x(1_a)—o.3920 2.0 g
~ 15l [_ln(l_a)]o.sslz 15 ]
1.0 1.0
0.5 10.5
0.0 0.0

02 03 04 05 06 07 08
(04
5 BARBHEFEMIARFRER THISEIN ML
Fig. 5 Experimental curves of different heating rates at

basin insulator stage I



WF5E 554 SERERE, ] &, WA, A GIS a7 i S A LR R )3 F AR R SR it i <125~
4.5 4.5 300
= =5 K/mim —a— BRLLGTEH |
401 o =10 K/mim 140 —e— A% r Akl
350 4 B=15K/mim 135 260 A HRLM o
5ol 7 A=20K/mim a5 A 2 —
g 25F G(a):4.262 862‘ 77«5(1_6!)71 0712 42.5 g _3
~ | = 0.583 6 i T =
2.0 [~In(1-a)] 2.0 180k
1.5} 11.5 g .———__.\../’4—__.
1o} {1.0 = 40t
0.5 0.5
0.0 i ! ! ! ! ! ) 0.0 100 |
02 03 04 05 06 07 08 =} =1 - o |
a
E6 RXLETFEHNARFREETHZR ML B 10 15 20 25

Fig. 6 Experimental curves of different heating rates at

basin insulator stage 11

1.8

1.8

= f=5K/mim
L6 A=5 K/mim 116
14f 4 P75 K/mim ),

v B=5K/mim
12F ¢ B=5K/mim 1,

E S
= 1.0f lioe
0.8 s
0.6 ..

— G(@)=2.115 0a"**°(1-ary ™"
0.4p (_ln(l_a))owoz 0.4
- I ' 02

02 03 04 05 06 07 038
a

7 AEIINHE RIS BRIR 2 M X 00 th 2k
Fig. 7 Experimental curves of different heating rates
at XLPE
32 JTiEARERIE

FI 1] Coast-Redfern J5 ¥ AT DL 2 Fo 0K fif 1
A RE B A A 30 B 107 AL e B8 A v, B R

BRI (17)
WSS 1= AR

BE’~ RT (17)

In[G(a)/T°15 UT 24X R TR ALRE E T
BRI EAAS o K5 S HLEE R AL 5 AR A KT
X R AR A IR A (17), 45 2R R TR R T
BTG AL e RSB il 2 WLl 8. F I 8 mI T, 5 A FHIR
BT TG AL BB A — B, Wk — 2k T 24
G IR N R S B 1L B B 1SS BCRE 2 34
TG HR— 11 SR AL BRI, 1 TR RE 19 T34 (E 53
87.29.166.88 .244.36 kJ/mol.,

18 15 Coast-Redfern X P42 % 5z v ML p& B uF
1798 FH K it L S f8 TE 1) Flynn-Wall-Ozawa J5 45, Xf
BT E R 1A B L ACHER M 105 fL BE
B 22 EHA T, 439100 0.38.,4.07..3.59 kJ/mol,
#i oK B IE 1 Flynn-Wall-Ozawa J7 & PEA 7315, 1)
PR N 0.43% .2.38% . 1.49%, ZERFH, R @)

B
E8 AREFREZETRIFELEE
Fig. 8 Activation energy at different heating rates
AR S L AIL BT R B 5 4 A 3 A 2 26 25 PSS B 2R
O B RN R 50 HC B AL B ek Bk AT T
33 itig
BB=dTIde fe A (S), AT AL AR e n] 15

jo“% =Tt = Aexp(;e—l;,)t

H(18)H, k(T)=Aexp(—E/RT), Bl Arrhenius /7 2 .
F(18)2e #1 J2& S W HLBE ek R i AR B =, ] gk — 20
I R (19)7

(18)

G(a)
D)
R (19) AT AT, B — 25 F T, 62 b B AR A% 77
i 5 H R AL pR BT Ga) TS T8 R B k() A
X, T R T ST A R R SN BB PR B
HE— 25 SR Y BIRIR A T A S 7 R B, KA b
8 AR AR T, TR i A B 7 SR 8, 8 AT AR
P =R (19) R AR F i
RE WA ERE N 25 102 th R E ) T 2
F NS 2 5 11 2 W 047 e 4 ) i L 2
J N BT 3G [ R 25 5, o 2 B0 RN 1 228 N
(R 285 3, 22 1 0 5 Y 5 ), H S 7 [ B 1 A S
FRAG WS S I A 8 ) SRR R
HRE ST AEFRARIE LT, A REAR B M H AR SE B A4 R
FAIRTS St 72, 8 BB A5 R AR KA 22
M 2 B 4 2% B4 RE R EU A8 5 i e A LR
22 o T E I A I ML R RS SR Al 0 12, s S
HLER PR FAE A — 75 A DA AR Y () — AR T
REAS T 47 Hh S B A5 b 2 0 SN, I REVERA S e 2
MR ALFNIR A6, T A BIFGE 46 25 4 R 2 AR HL
R0 A T B (A

(19)



<126 20244£3 f Z!&-é‘i #6033
AR ,2020,46(3): 832-842.
4 ZEig ZUO Zhou, YAO Chenguo, DISSADO L A, et al

SO T 4 2 4 % S g AL B PR AR Y
Ui P RARA AL, I I T Ty 22 B 1
BN HLER SRR A7 AR B0 4518

1) 7E S L3 bR — M i o3 T R A Al I
WKPEIAT TR g7 S I AT B o 5y i FH AR 0
FAEIE 2, & 1 BEAG B X6 3R g [X ] 1 B — Pk
PE T —FPIE FH T K A 3 Bl A s I B e
1 — AR o3 RN B2, K00 f & LA 80 iy
PERARE

MR AR B 1O R A Y T A
RS B I AL R AR R SR A 5 i, R 27T LA
[ A8 1 R 7 LA TG AL REI 12 S

3V A HE T PR SR A A RE, 43 01 K A L s g AL
FRERIAIE S, IR AME G RT3 T e 1 i
ERERTT R 2548, Wk — 2D 4R TS i i 57 1) J
T AL pR KR, AN T LGSR BT 75 ) 22 S i b
AR PR AR AR AE i 1 2 S Xk I 8 75 A TR AR
25 RO T SCHp T EE ST ) B ATL B R SGE FH A
R T 55 R A T AT R -

Sk

(] & F,E055, % 5% BREMBEM R T
B AR AE 7 12 B B B ) 24 i 25 O F S E (D). 55
HLEHE A, 2019,45(7):2219-2230.

GAO Yu, WANG Xiaofang, LI Nan, et al. Characterization

method for carrier trap and the effect on insulation

breakdown within polymer insulating materials: A review[J].
High Voltage Engineering,2019,45(7):2219-2230.

2] # iF, EEAE, KB, SE IO A SR A R T A

A 21 FE T HL AT 43 R T PR 28 R R R S IR, 35 H
JEHEA ,2022,48(10):4093-4101.
LI Jin, WANG Yuhuai, ZHANG Liming, et al. Influence of
polishing treatments on surface charge distribution and
flashover characteristics of basin spacer under AC voltage
[J]. High Voltage Engineering,2022,48(10):4093-4101.

(3] &, MRS, 2000, % I T AR I 4 G AL 4

Tl 4% 75 A VEAG (1], o B AL TRE 2442, 2012, 32(34):
189-195.
WANG Zhigiang, ZHOU Changliang, LI Wenwen, et al.
Residual life assessment of butyl rubber insulated cables
in shipboard[J]. Proceedings of the CSEE, 2012, 32(34):
189-195.

[4] 72 JEL KRR, DISSADO L A, 4. BTk % [ b 3
IR G B SRR U7 EFEN). mr R

Simulation of the evolution of DC electrical ageing in
insulating polymers based on chemical reaction rate theory
[J]. High Voltage Engineering,2020,46(3):832-842.

[5] WAL, W b R AR R AR K 3 1 205 (D). %
TP B TR, 2017.

JI Chuanhong. Thermal decomposition and kinetics of rare
earth oxalates[D]. Ganzhou: Jiangxi University of Science
and Technology,2017.

[6] DAKIN T W. Electrical insulation deterioration treated as a
chemical rate phenomenon[J]. Transactions of the Ameri-
can Institute of Electrical Engineers, 1948,67(1): 113-122.

[7] DIXON R R. Thermal aging predictions from an Arrhenius
plot with only one data point[J]. IEEE Transactions on
Electrical Insulation, 1980, E1-15(4):331-334.

[8] WISE J, GILLEN K T, CLOUGH R L. An ultrasensitive
technique for testing the Arrhenius extrapolation assump-
tion for thermally aged elastomers[J]. Polymer Degradation
and Stability, 1995,49(3):403-418.

9] £ M5, KR, WS, T I@s RS S

14 GIS a4 % TR A A5 am P 7 i 0. vh B e L TR
2#412,2019,39(22):6774-6782.
REN Peng, LI Qingmin, PENG Peng, et al. Residual life-
time expectancy prediction of the GIS basin-type insulators
based on thermal dynamics analysis[J]. Proceedings of the
CSEE,2019,39(22):6774-6782.

[10] TANAKA H. Thermal analysis and kinetics of solid state
reactions[J]. Thermochimica Acta, 1995, (267):29-44.

[11] KOGA N, MALEK J, SESTAK J, et al. Data treatment in
nonisothermal
phenomenological models[J]. Netsu Sokutei, 1993, 20(4):
210-223.

[12] KOGA N, TANAKA H. Accommodation of the actual solid-
state process in the kinetic model function[J]. Journal of
Thermal Analysis, 1994,41(2):455-469.

[13] ORTEGA A. Some successes and failures of the methods

Thermochimica Acta,

kinetics and  diagnostic  limits  of

based on several experiments[]J].
1996,284(2):379-387.

[14] MAMLEEV V,BOURBIGOT S,LE B M, et al. Modelling of
nonisothermal kinetics in thermogravimetry[J]. Physical
Chemistry Chemical Physics,2000,2(20):4708-4716.

[15] KHAWAM A, FLANAGAN D R. Solid - state kinetic
models: Basics and mathematical fundamentals[J]. Journal
of Physical Chemistry B,2006, 110(35): 17315-17328.

[16] SESTAK J, BERGGREN G. Study of the kinetics of the
mechanism of solid - state reactions at increasing tempera-
tures[J]. Thermochimica Acta, 1971,3(1):1-12.

[17] PEREZ - MAQUEDA L A, CRIADO J M, SANCHEZ -
JIMENEZ P E. Combined kinetic analysis of solid-state re-



BF3E 5447

VRS, AT 43, W, 45 GIS LS TPy SN B ek B i PR AE I SR A vk

<127

[18]

[19]

[20]

[21]

[22]

actions: a powerful tool for the simultaneous determination
of kinetic parameters and the kinetic model without previ-
ous assumptions on the reaction mechanism[J]. Journal of
Physical Chemistry A,2006, 110(45): 12456-12462.

CAI J, LIU R. Kinetic analysis of solid - state reactions: a
model[J].  Industrial &
Engineering Chemistry Research,2009,48(6):3249-3253.
CHANG W L. Decomposition behavior of polyurethanes via

general  empirical  kinetic

mathematical simulation[J]. Journal of Applied Polymer
Science, 1994,53(13):1759-1769.

SENUM G I, YANG R T. Rational approximations of the
integral of the Arrhenius function|J]. Journal of Thermal
Analysis, 1977, 11(3):445-447.

OZAWA T. A new method of analyzing thermogravimetric
data[J]. Bulletin of the Chemical Society of Japan, 1965
(38):1881-1886.

FLYNN J H, WALL L A. A quick, direct method for the
determination of activation energy from thermogravimetric
data[J]. Journal of Polymer Science.

Letters, 1966,4(5):323-328.

Part B: Polymer

[23]

[24]

[25]

[26]

G R, BB, mREIE, A T IR AT Y A X A
G RO RIS AL RE R TH R Tk )] TR AL 2R, 2018, 54
(5):44-48.

JIN Hu, LI Ruihai, MENG Xiaobo, et al. Calculation
method of thermal decomposition activation energy of basin-
type insulators based on TG analysis[J]. High Voltage
Apparatus,2018,54(5):44-48.

CHEN H X, LIU N A. Approximations for the temperature
integral[J]. Journal of Thermal Analysis & Calorimetry,
2008,92(2):573-578.

TANG Wanjun, LIU Yuwen, ZHANG Hen, et al. New
approximate formula for Arrhenius temperature integrallJ].
Thermochimica Acta,2003,408(1/2):39-43.

VYAZOVKIN S, WIGHT C A. Isothermal and nonisother-
mal reaction kinetics in solids: In search of ways toward
consensus|J]. Journal of Physical Chemistry A, 1997(101):
8279-8284.

>

B E(1988—), B, AL, A TR, T BMEL Y

EA-E A A B AN TAE(E-mail : xxhwjh@126. com),





