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Study on determination methods of residual mineral oil content in
transformers after retrofilling with ester insulating liquid

Cai Yuting', Deng Ting', Qian Yihua®, Tang Zhenfu', Xu Yang'
(1. State key library of Electrical Insulation and Power Equipment,
Xi'an Jiaotong University, Xi'an 710049, China;
2. Electric Power Research Institute of Guangdong Power Grid Co., Ltd., Guangzhou 510080, China)

Abstract: Ester insulating liquids feature a fire point above 300°C and are biodegradability. It is often used as a substitute
for mineral oil in transformer retrofilling engineering. Nevertheless, the old oil is difficult to be completely removed, and the
residual mineral oil will deteriorate the physicochemical and dielectric properties of mixed system. Detecting the mineral oil
content in the mixture is an important method for performance evaluation, but the existing detection methods are difficult to
simultaneously balance accuracy and efficiency. In this paper, the applicability, accuracy, and economy of six detection
methods including thermal conductivity method, kinematic viscosity method, fire point method, Fourier transform infrared
spectroscopy (FTIR) method, dielectric properties method, and iodine value method in the detection of mineral oil content in
mixed insulating liquids of natural esters (FR3, RAPO) and synthetic esters (KISOEX, TFO 100) systems were
systematically compared. By constructing linear regression models between detection parameters and mineral oil mass
fractions, the prediction accuracy of each method was evaluated based on the coefficient of determination (R*). The results
show that for natural ester-based mixed systems, the 60°C kinematic viscosity prediction method has the highest priority,
followed by the 40°C thermal conductivity method, iodine value method, and FTIR method. For synthetic ester-based mixed
systems, the 60°C kinematic viscosity prediction method is the most cost-effective, with the thermal conductivity and FTIR
method following closely behind. The iodine value method is inapplicable to synthetic ester systems due to the saturated
chemical structure of synthetic esters. Fire point tests cannot provide a clear indication of the residual mineral oil content but
can help quickly determine whether mixed insulating liquids meet the K-level flame-retardant requirements. Dielectric

parameters are significantly affected by environmental factors such as moisture and are not suitable as quantitative detection
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indicators for mineral oil residues.

Key words: retrofill; residual mineral oil; thermal conductivity; kinematic viscosity; fire point; FTIR; iodine value

0 5|8

MR B RS R RGP EEMN RS
Wz —, KRBT REg N e e Z1H
B R0, A S AR R A R 4a 2 YA K
OL LR INEAEH , B AT Y048 2 7628 1R 28 1 1
IS FHATY o d S B . AE K 7 HE Bh G IR R
I 5, NATTHESE G 48 500 (1 5 Kk 22 A T A 3R
BRI TR AT ek R Ok K L AL 7 KR B AR
7K. PR, AATTTF 46 548 R A 5L nT A= 4 % i
(1 ¢ 2% 5 AR A, A543 B B R SR G S5 R 2R 4 %
MAE21 A LS 2] 7 Pk R S FR M Y. R
SR RIE T RARME Y, b 2T Hml g 28, &
R 3 RARAFAE W R 7 R B ™. A R
KIR TR B E N GRS & R KRR IR
SR T 3 FD 225 ) v 22 A T 2k 1A 3 4 31 0 2 G R
gER A TR, BB SR D 2R I DU I (CHL,0,)
555 2 i i 1 T TG 1 A G ) 28 1 DU I G 5 4] 2 ER 2
% VU EE CH,,0, il B &9 RARTER A R ls 1)
SRR TR . BRRAGMARFRE L, K
e EAR M I AL 95 K 53 R RS FR3 LA K A5 i i
MIDEL 7131, 4K, EHZE DI T %4 3
PRI A8 Z AR R FERNIT R TAE . T 25 s BT A
BN BR 2 A g R T P e KSR 2 R SR B 4
23 RAPO [ 4 7= 28 5 5 PR K22 ) H Ll R 25 11
ARG 48 2 RDBY; [ A 4k 5 75 5 o BHE S5 B
FHYk B ETF R H 4306 A EEE 5 TFO 100 A B BE
PR P 78 2

g
Py H—C—0—C—R
(2N 0 (0}
CH, g
H, | °_0—C |
/c—?—}c{ . H—C—0—C—R
(0] 2 0
H,C—
R~c7 ™50 { Il
I C' H—C—O0—C—FR
] =0 | .
R H KIREE

Bl AmEEMRABHEHER
Fig.1 Structure diagrams of synthetic ester and natural ester
IEC 61099:2010% % TEC 62770:2013 1 1 52 &
5 & Rl R AR TR N B A & T 300°C B BR 55 &%
1R T 250°C 1A A5, BEBE 3 /2 TEC 61039:2025" 1 K

PRI R ZER . A ER 2R A R P el
Yt A2 s 2 AT BRI K BRIE R RS, . B R 5k
CREAT 11 2 PR R4 G0 T 78 0 ) i A2 T 2 ik
56y, e b B e PR S A5 I P 78 AR T A 9 420 kV/
200 MVA 28 5 3 7E PR HEF H: WIS AT N saE AL T
EE AW RN — G 138 kV/84 MVA 48 [T 4% (1] B k.
P BE RN R 858 ACHFVE S AH SGN SR 0 28 T 4 IR A R T
TEA B VAl 5 3 e HEAT 15 e IR TN 2025
L EVTTTHE R 1 110 kV T AR e 3t , | 4 F R
Bes DT 7 E i B 110 kV 7238 0 9030 78 & 4%
3 PR TE TR A, 78 PR T8 SR AU B A5 3K
KWL ) 78 g W A= Sk i) 5E ¥ IEC TR 63646:2026
BrbrifE LK CIGRE A2/D1.72“Retrofill of Mineral
Oil in Transformers-Motivations, Considerations and
Guidance” TAFH B AEHESBE R FIE 78 TAEMI LA .
SR, PRI R B e JC VA S8 B B R i AR s
WEB T A BB B i 2 B 2 PRI 4 2%
TR RURI AL R0, ™ 2 R 0 AR s 5 1R 75 2K 22 4
7 S 9, 2 5 W) 246 2% A 1) A P PR A e 06 28 1 48 1)
I APERE P AEANRI S . BE SR ™Y, AR S S
RGP0 B B0 ot & 7 Hom T 10% IR &
Y 25 IR R e KR B AR o 54 2 BT ST S R A
Wi I 53 B 3.5% 16 OER TR & 48 G AR )
WA fige 11 % 22 85% , RIVA™ 47 5 8 8 m 4 B W) 466 25 K
(A= ) Al o R S 0T\ AE 38 28 T 4 v BRURE T
JR AR RS o i I U 22 T A A, TR e AT
BRI — i 22 B0 A R 7 ok E TR R R R A
MW IRRY MM EE. HiltC AU R E S
Xof T 288 48 25 P S 70 0 B AR A ek R R R U
17T FE . Wang Y S ] FR3 R SRR 0 A2 T 4%
BEAT PR S, 42 7 H 60°C I VR & 48 132 3))
R BE TR B A B0 5 &R U7 . F Scatiggio 55!
WA T RABEHIEAFRGAZWNIZHFES
4 & B 2 IA) (AR DG L 2 WU 40°C I VR A
Y8 25 W32 B R RE Sk TN TS A8 S T W AR
o JEAh, Chen J LAV 1 — B fill Al B AR
e 214 (FTIR) Ot 15 R U7 At FH & Ak & B e 26 2 i
Wi & B 5 IE W] T BR SR 48 B C=0 BETE K
K91 737 om™ Ak R A U6 B RO B2 5 0 0 ik A 2



144 AR

2026,59(8)

BRVEAR G VEXS T R Y & 2 A
R IERYE . P Przybylek! 2 Hy T —Fh LU U Y
P BE2 126 nm Ay H G T 2T 40 6 BE R D 5 A RS
MEREga it SR Y/ Rl A D R R R W= R S K
m AR . BRILZ A0, o 2 A — ek A
SINTIIIT . RARBRE F A H M =REE, K12
B FLA RRAE P TR (9 AN 0L R0 356 ) TR A0 e
&Y, Mg T 2R, BT g ER
BE,UHMMENE G, RMES S L0 HE
X 4. 9, A Montero 55" 4 t 1 & T-ALE (1V) (1)
FAE Sy M K 78 5k BP0 & &1 7. A Dixit
SV H R TR A S R PR AR ORI A R B P
785 TR APl A w1 7515 . H Moranda 252943 5]
BT B UG VR A 8 G 1) B DL SR N AR
BV BREAL TR MM & &, 8RR &
JEE VR L TR 1) A I R VP A S 0

JE BT AR 2 R S s AR AR
B SR T P = 0 7 BT B Z G — 2
P STAE, TOIVEED N A [ G 8 248 25 v 2t W A £ T 1
Rl J7 3 o R R 2 G T TR I RS AT R 22 B
F7R AR R B AT A, DAk /D Bk Jih 6] P I 7S AR
JE 48 VERE [ 52 M , R, HORS v 2 A VR4 O BUN AR
JEZRFEA T 2R BT . A, IR
A 2% TR B TR T 2 T2 M T A 448 % ) 1 S
UGB B AL S ERS T A,
DAL 1 75 2 — P 22 B A R R I 7 9 R 48 SR A
W& B AR AL o AR SCRAT R FH 1Y) 4 B 2 4
G, LA 6 Fh TN P 7 S TR A 4 2 P R
A i R 1 5 VAR A R SR TR AN B R TS
PEVHERRYE S 2501, N Se bR AR e A8 FHE 7R AR N
MRS HE R .

1 TESEBEERFTEMESBESSTEE
1.1 @R EEMESH

AR 3L HUKI2S 143 FR3 RAPO K 44 i A1
KI50EX . Lubemater TFO 100 & E g/ M AF 556 % o
STRALM M EE RSB WR 1 FTR.

1.2 @SR IERE S BERNT &

TE 1) & AN TR 4 1 ot & 2y B R A B 2
BT, 5 B X R AR S (NED & BT (SED ATE™ 4 il
(MO AT FRALFE . 75140 B3 A 3 300 355 38 1 A 1%
IR 55 8 AR o 25 406 2 (%) 0 ot , i o 4

®1 SHBZBNEEMESY
Table 1 Main performance parameters of 5 kinds of

insulating oils

o KI25%" FR3X RAPO KIS0EX TFO 100
PEfREE bR . e e,
Yo SRR KRR AR & e
SR TERGE W JE DU R E IR
BENFELE0TC)
36.00 3332 28.73 28.33
/(mm?/s)
K& /(mg/kg) 11 55 36 64 98
i £/°C <35 21 -18 -57 <-58
P (20°C)
890.0 9200 9202  967.5 963.0
/(kg/m®)
di g HUE
580 560  79.1 63.0 69.9
(2.5 mm)/kV
A T AVURE DR A
0.005 0.007 0.007  0.009 0.019
(90°C)
J2 1 /(mg-KOH/g) 0.008 0.005 0.015 0.010 0.010
R /T 172 360 362 314 309
A s/C 153 330 334 268 262

TN 2 25 T3k AT i KRN i A A B . T A L)
UL K 5 & B AN IS TEC 62770:2013 FTIEC
61099:2010 H1 2 3R 1 fR 18 (200 mg/kg) - [FFf, IEC
60296:2020°" A E LA A BT R K
ErE AN 30 mg/kg 1 FRAE

O KB R, RATRIRGR/ZW T
TR B BOE B 7% A K S S EUR A 44N
PR 255 25 300°C L2220, 22 i 3 S 08 56 UE 75 40 v
Ji B0 H0E B 10% 22 A7 i, R AR BE TR A 246 2000 1) 1%
MBEZE 250°C A AT . R AR ARSI T, i) £ 4 i
J B2y B3 BN 0% 2% 4% 6% 7% 8% 10% (1] 7
Tt R SR BB VR 6 408 25 0 5 R b, A AFF 90 32 B & A i
TR S S0 P T ) R R A BOMIE T 3.5% B R
181V B 48 (1 IR UERRFAE 300°C BL P4, DL R
TRA A B K e At TR R A SO 2% 7 0 4 v
J B E 0 BN 0%+ 1.5%2.5%13.5%4.5%-5.5%-
7.5%10% 1 & RV A B %0 . IR WREHT 78
SRR A RO R JE A S . W R AR B R 7 4,
BRI HURE A7 B 25 ™ 8 50 J5 B2 7K 43 R s DL K2 3))
BB S AZ O TR bR I 45 S HER M, TT Re S B0
HAGRAS IR I o 510, 8 2 48 L5 2 P 4 3 vy
FH i, 25 DR MV A 48 25 0 S IR, 45 IR
2 5 ff ) T P S 48 25, FLIA m O 300°C AN R
T F IR G 45000 2 K AR BRI &
S AR 28 R K 22 Ak



XN . i AR s AR P 70 2R A8 5 T B i R R T R 145

1.3 REBGRPT hEERNSGE
1.3.1 #HSRE

BETFHToh h%FER, REROMERNN A
TEVIVESH, & BT AR 43 7 il 0 2 B % 338 #4
REMI 02, FLAUE 2 o T BE 0 G0 S B Y 4% 2% g 3
A 4% . AW 70K Thermtest 24 7 4 77 ) THW-
L1 BUBEAS A T # GRSk @ 29 50 pm,
PN 0.8 AC£0.1%) , i BE 43 % N +0.03 KD , 1K
P ASTM D7896-2019 AH 5% L3R 1 5 TR A 48 & i
AR, IR IR I (20~ 100°C ) 78 o5 48 5 48 1) S A T
O, FLTE I R Y B o R PH R R R e . SRR
K B A 3R 35 R 58 (AT=10°C , 18 I8 I 18] =30
min) .
132 &zh B

E BB AR AR R A A A AR
HALSH, TR R AR I B 70 % B S R N 1A
108 P 2 Ll SO e A L AL A 43 1 P 50 4 L B
MIAE R, 2200 b e A B A LR AR 3B F R IRt 3l
(AR o L A B Ak P B B 58 DA R R A B
R CELEE 2 F AR 5 55 L o T = RN 20t is
BFE R . ANHIE TR R T A TR AR
H PR 2 7 AP ) SYP1003-IXA B A7 i 77 iz 50 &
JEE W 52 A, K4 GB/T 265— 1988 #H 5% B SR PI%) A [A]
TR A S I8 ) 3 P AT K, I B 2 )
20.40.60°C .
1.3.3 MRAUE

AR R A U8 200 R R VR A LB K e AR
BB bR, F DR T A8 e 4% K 9 PR T &
Gfee A EEE . WAL PN Mins
X FLR ASURH TN R R R e . AR R B
FRF A A 2R PR A J A 7= 1 SYP1001-V-J AL it
7 f A SRR ARG 2% 5 AR ASTM D92:2018 FH 2%
BRI AN R4 itk o 2 23 B VR A A S R e
HEAT W, U 2 5 0 R K R SR L I
II BT BRI TR B 48 0 R SRR TR B 48 IR R A
S04 3 o 3 ) SR B
1.3.4 R AMGIEE

AN TR 48 530 5 1 A 2 B B R R B0
B . LA AR S, 2 O 1 e i 5 Ak
PRBNRE RIS, 4 T 2 WOCRE 8 K I 20418, 9
FEA AR ROV o TR B SR L R R RE T R
G EAERENE, BRRLLZW T & H COORE

REH, ZEREEI & A C=0 W, My Y h A& H
C=0 M8k, K, & AH H Thermo AL 41 1 't i X
R4 ASTM E2412:2010 A ¢ 23RS, J8 i 1298 4 %
S5F CATRO) A I AS [543k Jo 73 B0 S TR 4 2%
0P B 2R A 2 R IE T RE ] C=0 B BE AR B
BRI LK R € = HTIRE A5 W0 1
BB . DR EC 4 000~500 cm' .
1.3.5 A HRR

2 25 TR A JoT 40 DR SRR T A L B O
AR CES . RELGW T Y
TEAETRS AN R M. £
90°C I , il A 48 L 3 (W FEXT A1 HE 4008 3.0~3.3, 1
Wil (AR X A FE R 2.2, DR AT i 1 5y
B AY 23 R A VR A 408 2% ) AE N A F BB .
AR SL R FH Bl o W I SR A ] AR 7R (9 v A R T R 4 %
B B A 5T 43 A B R4 GB/T 5654—2007 #H
R SRI, I VR A 28 R 1) A o 453 R B30 A o)
AL B R A Tettex2930 74 46 25 A 4510
B 5 2 30 4R R W D D B 2 mm F R A T 25 AR L R
B 5 % 45 F B8 R PRI 9 ok 2 R A IR R e
re DA B
1.3.6  MufEk

FIAE FH T 5 A0 231 o XU S5 A R0 25 4 )
B Y A E RN R 2L T XU , TR AR K
BT 0, 1 K ARG S A K AN R IS s R, L(E 5
LS AAHE ZR . A RS
5E T B TR B HP OB R R AR G C-C WD),
WAE W] Be -S54 Wi 230, 1 H A sl 4k & A e 1)
D& T BEAZ N IR o AR SCAR HE GB/T 5532—
2008 AH I L SRR A5 IR 1 7 72 A [F A
W IO Sy B ) TS SRR A VA TR T BAE , 43 A ARk
VSLE

2 RS
2.1 #HEFR

F T AR T A A 090 B 4 P sk
BELGHMANGE R, K2 ME 355 A~ 20~
100°C " FR3 K #R i 1 KISOEX & J Fig VB & 45 2 iR
(1) 5 T 22 B B 0T T B 4 BOR A I B A
Mg, WEI2FE3LLVEH, BRRIR G4SN
PG e 1) I U B ) T PR AR . I RIS
JE BRI AT BE B 0 v C12~C 16 Kk 4 2 248 7f
Hl 55 6 431 A0 S0 B X 4%, 5 B0 5 0 Wil ol £ 4y 3



146 AR

2026,59(8)

(w) 2L FA K. H b B & 45 5 mT A1, FR3
P Z2 25 W0 B 0 N G AR 1 e R BRI AE 0.99
PA k-, 7 30°C A1 60°C XUl & [X ¥ i B 5 AH O 14
(RN 0.997) . fEA R R FH, KISOEX 7E 40°C I}
B RS TR 1R 22 f /N, Y€ R AL RN 0.992.

0.180
—W—20°C y=0.1646-0.00102x *=0.996
0.175 —@-30°C 1=0.1626-9.695x10°x °=0.997
: —A—40°C y=0.1610-9.823 10 R2=0.995
—¥—50°C y=0.1592-9.548 10 R*=0.995
0.170 | —@—60°C y=0.1575-9.370<10"x.R2=0.997
= <4 70°C §=0.1559-9.162%10-%.R2=0.996
X 0165 .- —P80°C y=0.1542-9.071 10 R*=0.993
g « T—a —@-90°C y=0.1523-8.607x10x2=0.994
S — —
S 0.160 — g T —*—100°C y=0.1508-8.568.%10-x.R*=0.995
B
7 0.155F
0.150 }
0.145 F
0.140 L 1 1 1 1 1

0 2 4 6 8 10
W43 5 7 50 %

&2 ARIRE T FR3 RABSH YR & 85K
ARERUYS
Fig.2 Thermal conductivity fitting curves of FR3 natural
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Fig.3 Thermal conductivity fitting curves of KISOEX
synthetic ester and mineral oil mixed insulating liquid at

different temperatures
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Fig.4 Kinematic viscosity fitting curves of FR3 natural ester

and mineral oil mixed insulating liquid at different

temperatures
g0k —0—60°C y=-0.252x+14.164 R>=0.990
—u—40°C y=-1.219x+27.591 R*=0.984
—a—20°C y=-2.430x+769.124 R*=0.987
70F A\
60 \*\*
E sof TR
E; T—a
@& 40F
®
N 30F
A .\.\-\_\.\.\'\.
10 L L 1 L L
0 2 4 6 8 10
Wit &3 0%
E5 AELRETKISOEX & RBs S ¥R & LR
ENFAE G L

Fig.5 Kinematic viscosity fitting curves of KISOEX synthetic
ester and mineral oil mixed insulating liquid at different

temperatures
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Fig.9 Relationship between the calibration peak absorbance
of C=0 bond in natural ester mixed insulating liquid and the
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Fig.14 Test results of relative dielectric constants of ester
mixed insulating liquids with different mass fractions of

mineral oil
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mineral oil and literature references

M 16 A1 17 7] LU H FR3 RARFR IR & 404
TR ACTE AT W) B A HUA B 6.4% B B &
300°C , K T 5 i A FF H ¥ 7.3% 0 T &= 5 3
RAPO KA TG TR B 48 200 R 285 AR 2 /s i 43
B B 1 B B ORI HITE 7% KL o T A R
R, KISOEX & B G Vi & 48 20 W10 R s 7E 0 40 7k
JoR B 43 HUK F1) 2.5% I % 42 300°C , ik T MIDEL it
B 25 0 3.5% FIEUE . T TFO 100 & B Bis 1R &
A SR g0 45 RS SCER 2418 B T, )
T B BN 3.7% I HR S A 300°C . KRS
SEOG 5 AT, [ P9 AR e A8 E AT P A A R
0 T A A v P R B R, DR UE AR e 85 9 2
B ok 22 AR . BN, WX AR R AR IR T HEAT i
ST, R AT e 2 HhHERR IR0 .

2026,59(8)
LT CR2A] A R S
320f |~ KI2SEXE el it 2
| —A—TFO 1004 B it 45
300 L= - *\ ............................... -}
AN TEC 61039KZ% MERA IR (B
u\‘\\
o 280f !
60t
~a
240}
\
o .
220 l 2.51%:3.5%:31.7% . \T
0 2 4 6 8 10
i 5 40 50 %
17 AETHRESBTERIBRESEERRSTH
R ES R

Fig.17 Fire point variation characteristics of synthetic ester
mixed insulating liquids at different mass fractions of mineral

oil and literature references
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