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Abstract: The safe and stable operation of submarine oil-filled cables is critical, but the internal dodecylbenzene
(DDB) insulating oil is subject to rapid pyrolysis and gas production at localized high temperatures due to thermal
faults. Against this issue, the pyrolysis and gas production processes of dodecylbenzene insulating oil are
investigated based on reactive molecular dynamics simulations (ReaxFF-MD) and thermogravimetric-infrared
spectroscopy (TG-IR) experiments. The pyrolysis simulation results show that, the initial cracking reaction of the
dodecylbenzene molecule is mainly the breaking of C—C bond to produce long-chain macromolecules, and then
the gradual pyrolysis produces small alkyl radicals and olefinic molecules, and the DDB will eventually be
pyrolyzed to the short-chain alkylbenzene molecules with the side chains of C.Hs, CH3 and CsH7 groups. The
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main characteristic gases during pyrolysis are CoHa, H2, and CHa, which are the same as the results of IR
experiments, and the main reaction mechanisms for the generation of the characteristic gases are: (i) the breaking
of the C—C bond at the B-position, the hydrogenation reaction, and the dehydrogenation reaction; (ii) the attack
of -H radicals to the H atoms on other radicals; and (iii) the reaction of the methyl radicals ( -CHs) with the free
hydrogen (H) radicals, respectively. The Kinetic results show that the activation energies of the TG experiment
and ReaxFF-MD are 86.606 kJ/mol as well as 99.867 kJ/mol, respectively, and the similar activation energies
further validate the reasonableness of the simulation results. The study conclusion provides theoretical support for
deep understanding of the cracking and gas production mechanism of dodecylbenzene insulating oil.
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Fig.1 Molecular structure of dodecylbenzene
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Fig.3 Changes of pyrolysis temperature and molecular
number of dodecylbenzene model at heating rate of 20 K/ps
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2.4 + IR B G R RN IR O A

I IR DL TG-IR 45 5104, 1531
R IR A S AR ) B AR, o e R
YA LM AR SHLE AT R, bR i A
fEMLER GNP 14 Fiow, Hoar sy EE A E ik,
W RNEEY).

T R IR A I TE R AR R S R A
C—C HEMIIRL, X2 F Nkl MR T
C—C BRI RER, Jf BRI TF IR 1 pe i i
i i e TR ST i = W = AT 31y et .8
T T E S E R KRR (A CoHa 25) DAL A
A RBEIERE AR H 2 (U0 CisHi1e %) BEE
REE IR R, B R4 C—C A C—H Bk,
KA BEAW R AR, 7 H. CHs. CoHs
DA CaH7 55 H H S ARHEXS = Geit kI, CaHy
PAJ CaHo &2 i A2 i 32 B 43 F B v [m] 4,
FZERENTERN (K 14) N: W4 CH..
CoHav CoHe LK CaHes i3 Kb BB I e 36 25
T AW R AR W Y, B AT R b
B CoHs.  CHs Ml C3H7 JEH I FEAE LR 1




158 A% 2024 4
-+ . ’ > |
-C,H, "G H, C,H, ‘CH,, “C,H,,
" - ~ ‘H__—CH
cu CH ET L i TU.cH
H, Ly -C ‘C; CH, "
N o CH, > «cH, CH,
H W\ o v e ! cHt o
R | \ Gl N R b T CH;! ik
G, ., I CH,
C,H, ‘CH Y 2t - = "+ -CH,
= 4 * CH, -CH, ‘CH H
- CH, ‘CH, !
- ’ H, + = T
CH, CH, C,H, cny A
‘H+ ‘ S - ! = i Y
.4, CH C.H, C,H, +CH, -CH = E > T
\ oy v CH, 4 i CH, CH, | '+ CH
H, yH i I ‘CH,, ‘CH 4
-CH. CH, |
CH."
C.H,
B 14 +ZIgEE AR
Fig.14 Pyrolysis mechanism diagram of dodecylbenzene
A TR PE[I). AE R4, 1986(3): 27-31.
3 g:él: TE CHANG  Xianmin, WANG  Yougong.  Aging
characteristics of transformer oil mixed with

1) ARSEHU AR FE TR0, 5 B AP 1)
FERRARIERE S, R T A6 A L
N 2000 K LA, #f@idfEd, Joi C—C Hisd
PRSP, JGiZHN C—C UL C—H W=t
NGB R, b bR IR s R A A O
N CoHsy  CH3 Fl CaHy FE B FERE IR T

2) TR RN BRI AT, CaHy BAJL CuaHe
SERR I R R A EE R R AR, Kk
Bz C-C HIIWTZL, P25/ N TN CoHas Hos
CHa. CsHs LAK CsHgo #RILAE P IS IES AN
CoHav Hav CHas HAERI T EERIZSHIN: B AL
C—C MW, mERMAMERR; H H %
K HoAt 5 2 B H R BEEHBE (CH
s (H AhiExp.

3) TG-IR 545 1 5 ReaxFF-MD 254 43 #1 rl
A1, A AR DA R VS A RE 23 7N 86.606
kJ/mol 5 99.867 kd/mol, £T.4h4h 5 540 T+ 5 1) 45
A, A RE R SRHEE e EIE— P IE T
i Bas RIE BN . ASCH TR e iR 4a 2
MR PRI FERIRN B

(& % 3 #f]

(1] BEF, et mil, 55 RS bk R 4 S
HIVERETH T R [J]. 482 KL, 2021, 54(10): 20-25.
LIAO Jianping, CHU Jinwei, GAO Fan, et al. Research
progress on performance of alkylbenzene insulating oil
for submarine cable[J]. Insulating Materials, 2021,
54(10): 20-25.

[2] #ER, ERI). kS + ZhERR MmN E

[3]

[4]

(5]

(6]

(7]

(8]

http://rlfd.cbpt.cnki.net

dodecylbenzene[J]. Transformer, 1986(3): 27-31.
R P T R A e AR T s T )
FL[I]. 4aZHpRLE R, 1988(5): 23-28.

ZHAO Liangshan. Study on the application of
domestically produced dodecylbenzene on high voltage
transformers[J].  Insulating  Materials  Newsletter,
1988(5): 23-28.

RPAE, BREERE, A, S5 RETE % 500 KV O H
Ziek g TR, EEL (A RR), 2014(10):
46-54.

WU Qinghua, CHEN Jiankang, ZHENG Wei, et al.
Design of China’s first 500 kV submarine cable line
project[J]. China Electricity (Technical Edition),
2014(10): 46-54.

FAeIk, A R TR LR S B AT T
R[], 4aAHRHER, 1980(2): 11-19.

WEI Huada. Research and application of synthetic oil for
high voltage oil-filled cables with dodecylbenzene[J].
Insulating Materials Newsletter, 1980(2): 11-19.

B, e, M, 55 AR O S
T DGA 7t B g8 b2 Wi [J]. 248k, 2021,
54(8): 109-114.

LIAO Jianping, CHU Jinwei, GAO Fan, et al. Pyrolysis
gas production law of dodecylbenzene and fault
diagnosis of oil-filled cable based on DGA[J]. Insulating
Materials, 2021, 54(8): 109-114.

EIE, AR, BB, 5E B GIEAT I B
AR[J]. #H7% H, 2024, 53(2): 177-183.

WANG Juan, FU Longfei, WANG Xiaowei, et al.
Infrared spectroscopy detection technology for electric
power oil[J]. Thermal Power Generation, 2024, 53(2):
177-183.

J4E, B, HR, & ZSRINA R SRR
XA A AR e E BRI RE IR [D]. Ok, 2022,
51(8): 174-179.

ZHOU Pan, YANG Weiqi, TIAN Chen, et al. Influence
of adding different antioxidants on thermal aging
properties of transformer oil-paper insulation[J]. Thermal
Power Generation, 2022, 51(8): 174-179.




5 12 34 XL 5 T ReaxFF-MD 5 TG-IR #R7T 78 HL 48 h bre Bk Ok 4 it Ay L 2

159

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

HOSIER | L, VAUGHAN A, SUTTON S, et al.
Chemical, physical and electrical properties of aged
dodecylbenzene: thermal ageing of mixed isomers in
air[J]. IEEE Transactions on Dielectrics and Electrical
Insulation, 2007, 14(5): 1113-1124.

HOSIER | L, KOILRAJJ E A, VAUGHAN A S. Effect
of aging on the physical, chemical and dielectric
properties of dodecylbenzene[J]. IEEE Transactions on
Dielectrics and Electrical Insulation, 2016, 23(6):
3389-3396.

ZT, B, B, S5 TR SCHT R &
YRR, 2018, 2(4): 111-132.

QIN Ning, MIN Qing, LI Bo, et al. Progress in
computational chemistry[J]. Intersectional Science
Letters, 2018, 2(4): 111-132.

VAN DUIN A C T, DASGUPTA S, LORANT F, et al.
ReaxFF: a reactive force field for hydrocarbons[J]. The

Journal of Physical Chemistry A, 2001, 105(41):
9396-9409.
PRI, BHH, X%, . 2> T BHUEORTE i H S 4

SAT N R B L)), B TR 2R, 2016, 31(12):
1-13.

LI Qingmin, HUANG Xuwei, LIU Tao, et al. Application
progresses of molecular simulation methodology in the
area of high voltage insulation[J]. Transactions of China
Electrotechnical Society, 2016, 31(12): 1-13.

FEIE. 43BN AR AE i H e 2 S AU 82 A AT D).
MRS ECEE, 2018(10): 228-229

KOU Zheng. Application of molecular simulation
technology in the field of high voltage insulation[J].
Internal Combustion Engine and Accessories, 2018(10):
228-229.

sKAh, Wi, FH1, SRR BN I A IEE R
FALTF TR R[], A R A RE, 2020, 47(4):
13-17.

ZHANG Meng, YAO Ting, GUO Li, et al. The
application of reactive force fields molecular dynamics
on elevated temperature oxidation research of
lubricants[J]. Synthetic Lubricants, 2020, 47(4): 13-17.
CONG H, HU X, DU Y, et al. Micro-mechanism
influence of copper on thermal decomposition of
vegetable oil-paper insulation based on ReaxFF-MD[J].
IEEE Transactions on Dielectrics and Electrical
Insulation, 2022, 29(3): 906-914.

ARVELOS S, ABRAHAO O, HORI C E. ReaxFF
molecular dynamics study on the pyrolysis process of
cyclohexanone[J]. Journal of Analytical and Applied
Pyrolysis, 2019, 141: 104620.

ZHENG H, LI X, FENG Y, et al. Investigation on micro-
mechanism of palm oil as natural ester insulating oil for
overheating thermal fault analysis of transformers[J].
High Voltage, 2022, 7(4): 812-824.

ZHENG F, WAN K, HUANG F, et al. Assessing
pyrolysis behavior of silicon-containing arylacetylene
resin via experiments and ReaxFF MD simulations[J].
Journal of Analytical and Applied Pyrolysis, 2022, 164:
105528.

i, xR, MR, & BT HRELINHEBRK)
AN EE R B R B FE[3]. #A 7K HL, 2016, 45(11):
29-35.

HE Xiang, LIU Jianzhong, YANG Yumeng, et al.
Combustion characteristics of different coals based on
TG-DSC-FTIR coupled technology[J]. Thermal Power
Generation, 2016, 45(11): 29-35.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

http://rlfd.cbpt.cnki.net

QIAO Y, WANG B, ZONG P, et al. Thermal behavior,
kinetics and fast pyrolysis characteristics of palm oil:
analytical TG-FTIR and Py-GC/MS study[J]. Energy
Conversion and Management, 2019, 199: 111964.

LIU J X, YANG X C, JIANG X, et al. Pyrolysis
mechanisms of coal extracts based on TG-FTIR and
ReaxFF MD study[J]. Fuel Processing Technology, 2022,
227:107124.

ENLAE, F%E, KRR, % AR EREBNS T
I IFAR L] B AL TR 54K, 2015, 35(22):
5941-5949.

YAN Jiangyan, WANG Xuelei, LI Qingmin, et al.
Molecular dynamics simulation on the pyrolysis of
insulating paper[J]. Proceedings of the CSEE, 2015,
35(22): 5941-5949.

B, i, ki, % AT 0 TN ALAER
BRI REIK Gy 77 B A A E RO 98 3], Hh AL L
FR244), 2017, 37(15): 4548-4556.

ZHAO Tong, SHI Lei, ZHANG Yuantao, et al. Study on
H20 formation during the pyrolysis of insulating paper
and its destructive effect based on molecular
simulation[J]. Proceedings of the CSEE, 2017, 37(15):
4548-4556.

XIN L, LIU C, LIU Y, et al. Thermal decomposition
mechanism of some hydrocarbons by ReaxFF-based
molecular dynamics and density functional theory
study[J]. Fuel, 2020, 275: 117885.

CHEN Z, SUN W, ZHAO L. High-temperature and
high-pressure  pyrolysis of hexadecane: molecular
dynamic simulation based on reactive force field
(ReaxFF)[J]. The Journal of Physical Chemistry A, 2017,
121(10): 2069-2078.

JESR, A5k, IRR, 55 KG A8 0EERa
FATIEFL[I]. ekl 2022, 55(3): 93-99.

ZHOU Nianrong, HE Xiao, GUO Xinliang, et al.
Simulation analysis on oxidation path of soybean
insulating 0il[J]. Insulating Materials, 2022, 55(3):
93-99.

ASHRAF C, VAN DUIN A C. Extension of the ReaxFF
combustion force field toward syngas combustion and

initial oxidation kinetics[J]. Journal of Physical
Chemistry A  Molecules  Spectroscopy  Kinetics
Environment & General Theory, 2017, 121(5):

1051-1068.

BXAE, WRES, MR, 5. CaO fiEfk PE #4# I H20
XHEAL L R ReaxFF MD  #F 78 5 ML 43 #r [J].
1T Z Ak, 2021, 72(9): 4665-4674.

HE Xingchu, CHEN Dezhen, MEI Zhenfei, et al.
ReaxFF MD study on the pyrolysis of PE catalyzed by
CaO and the effect of H20 on the catalytic process and
mechanism analysis[J]. CIESC Journal, 2021, 72(9):
4665-4674.

SORENSEN M R, Voter A F J. Temperature-accelerated
dynamics for simulation of infrequent events[J]. The
Journal of Chemical Physics, 2000, 112(21): 9599-9606.
WANG X M, WANG Q, PAN S, et al. The
non-isothermal thermal decomposition evolution of the
Fushun oil shale kerogen based on ReaxFF molecular
dynamics simulation[J]. Journal of Analytical and
Applied Pyrolysis, 2023, 169: 105869.

WM, RITT, B, S5 BT TR S
fe I 2R KK oy s LR AR SR [D]. b E F L AR
#, 2020, 40(4): 1369-1377.




160

kA% e

2024 F

ZENG Yifan, WU Guangning, YANG Yan, et al. Study
on the pyrolysis mechanism of silicon insulating oil and
the influence of moisture on it based on molecular
simulation[J]. Proceedings of the CSEE, 2020, 40(4):
1369-1377.

B HG. BR SCRE O A T Y TR R e S N Bl g A
D] AHE: EREAHAR R, 2016: 1.

YUAN Wenhao. Investigation on the combustion
Kinetics of mono-substituted aromatics over a wide
range of conditions[D]. Hefei: University of Science and
Technology of China, 2016: 1.

PIDAL, BRES. MBROIG . BING . BRI RE
B L BRI R BAF R ReaxFF 43 T BLALLATE L [J].
IREME 2223, 2022, 50(3): 346-356

HE Xingchu, CHEN Dezhen. ReaxFF MD study on the
early stage co-pyrolysis of mixed PE/PP/PS plastic
waste[J]. Journal of Fuel Chemistry and Technology,
2022, 50(3): 346-356.

HONG D, GAO P, WANG C. A comprehensive
understanding of the synergistic effect during co-
pyrolysis of polyvinyl chloride (PVC) and coal[J].

[33]

[34]

[35]

(A% &)

EZAB AR TAR RG]
G2 M T A IR A PR S

(RAERY ST

http://rlfd.cbpt.cnki.net

Energy, 2022, 239: 122258.

[36] TUDORACHI N, MUSTATA F. Thermal degradation
and evolved gas analysis of some vegetable oils using
TG/FT-IR/MS technique[J]. Journal of Thermal Analysis
and Calorimetry, 2015, 119(3): 1703-1711.

[37] QIAO Y, WANG B, ZONG P, et al. Thermal behavior,
kinetics and fast pyrolysis characteristics of palm oil:
analytical TG-FTIR and Py-GC/MS study[J]. Energy
Conversion and Management, 2019, 199: 111964.

[38] QIU Y, ZHONG D, ZENG K, et al. Effects of
cellulose-lignin interaction on the evolution of biomass
pyrolysis bio-oil heavy components[J]. Fuel, 2022, 323:
124413.

[39] YU X W, ZHANG C H, WANG H W, et al. High-
temperature pyrolysis of N-tetracosane based on ReaxFF
molecular dynamics simulation[J]. ACS Omega, 2023,
8(23): 20823-20833.

T TgmE  SFHR)
EPN
....................................................... #H=
...................................................... EHHE 1




