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Determination of mental and pollutant element content in transformer oil
by rotating disk electrode atomic emission spectrometry and its
uncertainty evaluation

Z0U Meng, ZHAO Ju, HAN Dandan, ZHANG Liang, LI Guobin, WANG Ruiying

(Electric Power Research Institute of State Grid Xinjiang Electric Power Co., Ltd., Urumqi 830011, China)

Abstract: In this paper, the rotating disc electrode atomic emission spectrometry (RDE-AES) was used to determine the
content of 21 mental and pollution elements such as silver, aluminum, and barium and other pollutants in transformer
insulating oil. The influences of the immersion depth of disk electrode and the homogenization method of oil sample on the
test results were investigated, and the test method was verified with the standard oil and insulating oil samples. The results
show that when the immersion depth of disk electrode is 1/3 of its diameter, the relative error of the detection results is small
after 3 min of ultrasound and vigorous shaking. The detection limits of each elements is 0-1.07 pg/g, the relative standard
deviations (RSD, n=6) are 0.7% —2.9%, and except for element V, the recoveries of the other 20 elements are 96.64%
—-110.01%. The element P content in insulating oil was used to evaluate the class A and class B uncertainties, and the
uncertainty of each component was synthesized and expanded to obtain an uncertainty of (8.34+1.06)ug/g, (k=2). The
uncertainty mainly comes from the standard oil, measurement repeatability, and daily standardization processes.

Key words: insulating oil; rotating disc electrode; emission spectrometry; element content; uncertainty
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Fig.1 The schematic diagram of rotating disc electrode

atomic emission spectrometry
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e i 15 i PRI S 1 R S D6 1 A : RotrOIL i Bk
A G2 RH GNR - AR EE D o WO IR - R
T TR IO, o RS B9 - 7R 40 PSR CMOS AS i 3%
IR FERR A 500 mm. G RGuAL T R H LA AR
T B B R B FE DR 2 R, 2 R
GUR FEFE SN (30£1) °C, Y6 1EYE Bl N 190~900 nm .

FRAE M RE 93 KR GNR A A 472 1 21 Mhc &
BARM, TR EE5MN0.1.3.5.10.50. 100
pg/g, FE bRl e R S B EARR KL LR

e 220 kV A8 R #1750 kV 48 28 9 -1.750

KV A8 & 2571 -2 7 R SEER R i
13 ZWHE
13.1 B8k

TERA LR HEE P, @it o i e & =
(R JH B ST AR TG R AR HE i 28 0 ¥ B AR HE TR T
DAIRAF LR PR N, ) B DGR & 8RN 041,345,
1050100 pg/g M5 i 2k 47 Hh 26 e, B> o &= 1)
RHER TN 1~1.5. £ 150 H 7 #0750 & R
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Tab.1 Elements and recommended wavelength

TOE A /mm JLHE K /mm
Ag 328.0 Mo 281.6
Al 308.2 Na 588.9
B 249.7 Ni 221.6
Ba 230.4 P 213.6
Ca 396.8 Pb 220.3
Cd 226.5 Si 251.6
Cr 267.7 Sn 283.9
Cu 324.7 Zn 213.8
Fe 259.9 Ti 334.9
Mg 285.2 \% 310.2
Mn 257.6

1.32 B #EARAER

TE BRI 53 W AE AT, B A8 AT B A
2, e HICR S N 100 pg/g AR EAT I &, £ K6
DUAEL R PR AEAE 1 £10%, I J6 3R 28 100 pg/g
0 50 pg/g HIFR AT MetalOil 1% 25 4% v ; 2546l
fH 4228 H£10% iR ZHE, MH TR &8N
0 pg/g #1100 pg/g FIbR AT H 5 P9 SUbREALD, 22
1A e A AR AR 9 20 RS 3 K
1.3.3  AFouion

AR A8 A RS S5 3N o M ST, 22 2% 1R
R A IR EE A 5 A A R AR R M R A T R 3 R
ASTM D6595-2017" k5 #E ]~} #l5E » B AR S 3 L
K2, BEZ K ke O & TNFE S &, A
R BEARE SRS 3 o A3 TAE S5 N TR I (]
10 s, KA (8] 30 so  [KIAR [ 28 I 9% s A, 0% 3 1)
22 5| G A B S KR, AR AR T 85 i B o 23
TERE S & NS R4 55 5 (E R4 35 A5 BE 2 A B S 4%
AR AR R, DL G s e A U £
2 HFBR51TR
2.1 RBREXE NS RS0
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Fig.2 Dimensions of disc and rod electrodes

[F) B 2 5| RS ASC A 0K T B K, T A A i 4
ACESAE FH 75 iy 5 TR N v, HERE B RS, B BE
EARRE RMGERETHRZE. ACRHITGES
9100 pg/g AR I 2E AT R D, 2% 52 51 4% L AU Vil
TRy B E AR 1/4.1/31/2 5 0 6 00 45 5. 1
M. B E IR I, HIRMIRE AL ERER 1/4
SR EE MR ZE .. LIRMIEENEEZR 13
A 1/2 W6, 4600 45 B2k, 5B M T, 4 RS
Mo LEERIIN G UL AN AR A e A A

PErE b

W R B N H EAR I 1/3
22 S FRIFENE RN

AR 2 3 K08 i BN B A i — B[] S5, AT
RS A BRCIRYI R, FEE B KI5 3L E 5y
AN 5T, 3 gl A 22 5 DR I S I6 T 7 B4 T
FEREAT Y 040 b 3 . AR SR AN E 7 o E &0
B30 dJCE S =N 100 pg/g 1 kx i 347 5 51 6 4b
BT E BN EVH RS CE TR 500 5
5 3 min B H 8RS a0 & 3 A 4k 5 At
SO AR SRR M, 45 B AR 2 iR (L SR 36,
e N 53 B 50t &8 TR 5w 2 AN T 5 R EE 3 Fr
AT A5 11 S 56 &5 5 7= A8 10 AR 0 i 22 e o 1R AT %
b, g R 3 froc . MR 2 FE 3T LUE H, Al
)57 A0 Ak B T B DN A D AR ) R 22 A R OK , 6
I3 T6 B AR 22 O 10% 5 0 8857 J5 i & 1)+
X iR 72 8 6 B 2 R B, T B A 3 min HO A J19R 5]
Ji W0 Y AE R 15 22 LB /N 5 21 Bl s R AR %
7 I AN 0%~ 3%, i R 1R K .
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Tab.2 The effect of homogenization method on the test results

LR HEWE/(uge)  MXRZE~% RSN (wge)  MXTERZE% 3 min RS IR (ne/g)  HIRHR /%
Ag 100.6 0.6 99.5 -0.5 100.0 0
Al 102.2 22 101.1 1.1 101.8 1.8
B 85.8 -142 93.0 -7.0 98.2 -1.8
Ba 98.8 -12 99.5 -0.5 101.0 1.0
Ca 101.1 L1 100.3 0.3 99.7 -0.3
Cd 95.0 -5.0 97.6 24 98.8 -12
Cr 98.8 -12 100.1 0.1 100.3 0.3
Cu 101.9 1.9 100.4 0.4 100.1 0.1
Fe 96.6 -34 97.4 -2.6 98.2 -1.8
Mg 99.8 -0.2 98.2 -1.8 98.7 -1.3
Mn 98.8 -1.2 99.1 -0.9 100.6 0.6
Mo 98.4 -1.6 98.8 -12 99.2 -0.8
Na 98.5 -1.5 98.3 -1.7 99.1 -0.9
Ni 97.9 -2.1 99.3 -0.7 100.1 0.1

P 97.0 -3.0 98.3 -1.7 1013 1.3
Pb 95.6 -4.4 98.2 -1.8 99.6 -0.4
Si 97.1 -2.9 97.3 -2.7 98.7 -1.3
Sn 98.6 -14 99.5 -0.5 99.3 -0.7
Zn 95.2 -4.8 95.9 -4.1 97.4 -2.6
Ti 97.9 -2.1 98.4 -1.6 97.7 -2.3
\ 98.5 -1.5 98.8 -12 98.4 -1.6
23 KUBR RNA3 WRIATLIE %705 B H Ry 0~

A [ £ AR IR R O FL ELAR I 1/3 1, SR A
A 3 min H 48 50 10506 2 A, R R A5
AR 11T, T AR 1T ORI R 45 R s A 22 S DA 3 A
o HE {22 PTG I ) 5 B AR DA Y BRUY, S 56 4

1.07 pg/g, B ¥ 534k J5 5 0T DL 2 48 2% 3 h A 5% 7T
EYioisa/ls
24 EEM

TE [ 4 H AR R R o L E AR 13 B, SR A
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Fig.3 The relative error absolute value comparison graph by different methods

=3 MR
Tab.3 Results of the detection limit

*4 EEMIRER

Tab.4 Experimental results of the repetitiveness

TR FEME/(nglg)  WRiER 2 (ng/g) R HBR/(ng/g) TR 10 pg/g b7l RSD/% TR 10 pg/g b5l RSD/%
Ag 0 0 0 Ag 0.8 Mo 2.1
Al 0.16 0.20 0.59 Al 1.8 Na 1.7
B 0.02 0.04 0.12 B 1.5 Ni 0.7
Ba 0.14 0.09 0.28 Ba 1.2 P 1.4
Ca 0.12 0.10 0.29 Ca 1.3 Pb 1.6
cd 0.10 0 0 cd 1.1 Si 2.8
Cr 0.32 0.13 0.40 Cr 2.7 Sn 2.9
Cu 0 0 0 Cu 2.1 Zn 1.1
Fe 0.19 0.08 0.25 Fe 25 Ti 1.2
Mg 0 0 0 Mg 1 \% 13
Mn 0.13 0.05 0.14 Mn 1.1
Mo 0.08 0.11 0.32
Na 0.24 0.05 0.16 x5 EMCESHS
Ni 025 0.07 021 Tab.5 Experimental results of recoveries
P 0.20 0.09 0.27 JtE 10 pg/gbRimENCE /% | J6FE 10 pg/g bR ENCR /%
Pb 0.06 0.08 0.24 Ag 108.01 Mo 108.01
Si 033 035 1.06 Al 109.01 Na 99.64
Sn 016 036 1.07 B 102.33 Ni 105.33
7n 0.03 0.05 0.14 Ba 96.64 P 99.05
Ti 010 0 0 Ca 110.01 Pb 109.01
v 012 0.09 0.26 cd 109.01 Si 106.33
Cr 99.64 Sn 106.33
#8753 min H A IS SE 4, RS 8E N Cu 110.01 Zn 10533
10 pg/g [z B A 6 2, THE 6 ¥ 45 S A Xt Fe 10733 Ti 108.01
PR 2, G R WK 4. WERATTUUE 21 Fc & Mg 10233 v 85.27
BB A A AR AE R 2 (RSD, n=6) N 0.7%~2.9%, H. Mn 110.01
BRI EE M.
ENOE Rl

2.5 [ElE

HUE &8 10.12 g #1220 KV A8 & 28 1, I\ 3
BN 216 g TG R E N 10 ng/g KRG bR, TR
E 5 a8 A A AR IR N LB AR 1/3 8,
KR 3 min HFH 7788 53 (1) 256 26 AR 3E AT [ %
R, g5 R K S Froam. BHER ST, VI E IR
B2 UN 85.27% , HiAih 20 Flyt & IR A 96.64%
~110.01%, ¥ /& T 823 20 P& @ fe 5 4o

26 LRHGREBRSEMTRESEN

RN 220 kV AZ 4% 750 kV A5 K 259 -1.750
KV A8 s 25 -2, 4% JR [ 25 RO T R B D 3 AR 11
1/3 B, SR F 8 75 3 min HH 7388 &) (0 5256 26 AR 4T
& M E Gt R RN, 4 R K 6 Frox.
FKon A, 20 kVAEBEMH P LRI ERS, N
8.34 pg/g, 750 kV A% [k 45 -1 1 Ni FI Si & =R e
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23918 1.51 pg/g A110.22 pg/g, 750 kV A8 I 48 i1 -2
W SiJE M Zn Jo R & B R 200l N 6.97 pg/g M
227 pglg. SRR 3P0 A I A I 4R A e
MiEsER —EMER, XL RN 2HT
T2 AT 7 A IB A7 I [A] R S5 A5 A % d I g
0 A F AN R T RS Y T VR R B I R A T A v
&8 LR TR S RN E .

*o6 MEPTEZESN

Tab.6  Analysis of element content in oil samples

ng/g
JLE 220 kVASEARI 750 KV AR R A1 750 kV AR JE 88 -2
Ag 0 0 0
Al 0.10 0.04 0.40
B 0 0.10 0.03
Ba 0 0 0
Ca 0.20 0 0
cd 0.10 0.11 0.10
Cr 0.30 0.26 0.10
Cu 0.20 0 0.03
Fe 0.50 0.18 0.14
Mg 0 0 0
Mn 0.20 0.12 0.10
Mo 0 0 0.07
Na 0.30 0.21 0.14
Ni 0.30 1.51 0.55
P 8.34 0 0.03
Pb 0.10 0.03 0.17
Si 0.40 10.22 6.97
Sn 0.40 0.47 0.44
Zn 0.30 0.24 227
Ti 0 0.11 0.07
\% 0 0 0

BEIAHEEFERET U & ESRNE
SPESI N AN 2 BT H 8 AR dE bR HEY T 5N
AN 72 AN AR M 2R AR v R 51N AN 2 T
33 THEESENTEE
33.1 MEELMIIAGTHLE

X} 220 kV A8 & &% P T ER & = 3T AN E
FEVEE , W M 51 NS H 8 N A AN E
o S A VR R A R 3R P OT R B R A AN
8.20.7.80.9.01 pg/g, F¥IMH c N 8.34 ng/g. KW
ZFATE N EEE I NP EARSEE . HIIF
1059.1—2012 €I & A o€ B2V € 5 R = ) al 4,
MR NIB W ZERECHN1.69, PILETE
RRNESRMIZZRNI2L, HEAHNEES
PE G PR AR AN 58 FE Cu (o)) (2D s,
o () NFRUEASTH E B .

u(cy="0) 041 049 (2)
C

8.34
332 HFEAREATING T

TERT I A2 A F e & & 8 0 pg/g A1 100 pg/g
(AR BT 8 Y RbRTEEAL , 2 B il A AR R
3R I 3 UK, 45 AR R bR E SRR L . T
B AN AR bR H AR AL 50N A E FE N A
KA E BE AR D1 ZE 7R A U, T AR v A T
EE R BR AE AN 58 B2 DN TTTAS: HH 25 B Jett PR A B 7 A
e e, S5 R WK T,

®7 HEREUIANNTHEE
Tab.7 The uncertainty introduced by daily standardization

3 MELERAHEESH

3.1 HEFRR

RotrOTL JH Ak 6 3 43 75 238 i 20 %0 b 18 vl (B
VOGRS 'mA LA TR e, @ O MR
TRECHE R REOCR G A B8R 0 i  BR
B FE R R S & R R DEE & o R XN
eI K B i, E b 1R 28 1 R H 6 Bz T R
FEIFEEREY,

Frep ] A (DR R .

c=x D

D e AR AR 2 e R E s o N FE S Ry
M EFTEMELER.
32 THREERKRIR

FH ) 4k R 0 2 A B 43 B e B [ 8% rE AR R
TR L I 5 48 2k i b & B 5 e L R

PRI TE R E B (ng/g) ARG5S L DR B AN 52 L
0.0829 0
0 0.0923 0.031
0.0875 0
2.149 1 0
100 2.3357 0.025
2.1974 0

EH 6 H B R A SN A X dE S B E R
(3D
u,(s)=+0.031> + 0.025* = 0.040 (3)
3.3.3  ARAERARTI NG R TR
Mt RS EN0.1.3.5.10.50.100 pg/g 1 74
Pt TR R AT AR M 28 A e, B AR TR 5N BIAS
B8 N B RANHA B T o AN 2w SR AR A B i E
g H TR P RS T R AN TR UL AL TR
T k=2, 0% 0 3 2 = (AR T 51N (b HE AN o
A= = HH B B A AR AT
5 W% 8.
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Tab.8 The uncertainty introduced by working standard oil
PRI R TR (ngle)  VIRAHE S Ullng/g) AR AR AN o 5

0 0 0
1 0.01 0.005
3 0.03 0.005
5 0.05 0.005
10 0.10 0.005
50 0.50 0.005
100 1.00 0.005

H L, T A A 0 A v el R SN FR R X A T A

e B L (4) .
uB(c)=

V0 +0.005 + 0.005> + 0.005% + 0.005% + 0.005 + 0.005" €
=0.012

34 ERIFERHEE T RBRIABEESERTR

IR 3 AN E AN A O, LS A i A
Xof b AN S EE T 7 FRAR U S S B AN 1 o
I ED) NS

uc,(¢c)=Ju,(c) +u(s) +uB(c) =

0.049% + 0.040% + 0.012*> = 0.064 (5)
HH A S B AN 5 B2 T B A b HE AN E B
MO FIR .
uc(c)=c x uc,(c) = 8.34 x 0.064 = 0.53 ug/g(6)
FH & BObR AE AN E BETHEYT R A IS BT, sk
(DR
U=kxuc(c)=2x053=1.06pg/g (1)
DO S T BUE N 2.
Y82 T P TR % O 8.34 ng/g, Ho A AN
JE JEON 1.06 pg/g, Ml & 45 5 7R 4 (8.34+1.06) pg/g
k=2,

4 #E5ip

AR 5T R e 5 T 48 H A IR R O R vk
(RDE-AES) il 72 A% s 4% 208 25 P 4R 40 A% 21 Fh
SR LG LR S B, VIR BICRR %, HAh
20 1 70 2 81 ZE N 96.64%~110.01%. 21 #1752
A FRVEE (R 2 (RSD, n=6) 5 0.7%~2.9% , K H1BR ly
0~1.07 pg/g, % T & 3% il 48 b 35 3 2 MR 2R,
W 7 VR R T A S PRIG 7 R R R v
EHTAGMP &R ISR LR S ENE RS
Hr o XA e 45 i Hh B8l T R A AT ANHA E VP,
Eb 5 AN M 3 FE 45 0 B 6 e 48 A5 AN W o B DT ik oK
/N, 3 BRI 2 5 MR b v A K B Rl R ) T
B R A
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