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Research progress on online monitoring technology of wear

particles in aviation lubricating oil
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Abstract: Due to the wear particles in lubricating oil contain important information about the wear of aircraft engine

components, the wear particle monitoring is an effective method for judging the health status of aircraft engines and

providing early fault warning. Online monitoring technology can provide real-time equipment status information.

The online monitoring technology of aviation lubricating oil abrasive particles has made certain progress, but there

is still a certain gap from meeting the practical needs of aviation engine health monitoring. The current online moni-

toring technologies for lubricating oil and abrasive particles is introduced, including capacitance method, resistance

method , magnetic induction method, optical method and acoustic method. The monitoring principles, research re-

sults,

advantages and disadvantages of each technology are discussed, the application status of the five monitoring

technologies are analyzed, and the future development trend of lubricating oil and abrasive particle online monitor-

ing technology are pointed out in the aspects of high sensitivity, stability, integration and intelligence.
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sensor with a microfluidic channel*"!
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Fig.2 Schematic diagram of a resistive wear debris sensor

MRSk

Song Y &M FY T — i BE T O MR 1 L BEL ik
I A T M UKL 2 A% R T WL
VB R 2 3 i A R N0 DX s g 7 A ) e BEL K v ok A 0
RET I3 2 22 23 OB R g A S A 5 TR L 5
Santilli 38 Ao )+ G A 451 2% 1 7 2ok M )
UKL, 4 P iz gy R 1 5 1L IR A 2R TR 5 B
Tl 88 N < Je I 23 2 ¥ 2 B 4R ke, DA TS 2R BEL T
P o M BEL A A e R LR ] B A RURE i i R
S ORE T ROR A BT T — A A I L B — L S
Y00 R R SR T P RS RS B R R
P B X3, I 18 2 A 0 £k Pl 25 A R BE ) O 38R
TN A R 4 T R R ) A

1.3 HRANE

i JRONE ok 1) R A B S M P 4 J UKL o 1L.C
CHLJR R ) I v 1 B0 B9 B 3l oA Al 5 L By It
R FUR R o <5 TR UKL AE 2L WL G Pz 8l
SRR, T PR AR AN B L R RE S . X T
BRWEAE A ORL 23 A 5 AN B g A TR AR T B9
' Rk 0 R E R IR B S e LA . X T
UL A e, 2 7 A it T ) 1 3 A TR D 1) 1
Gy, R0 TG R BN 7R A R B LA
AT LW o AR, X T ARBRREYE M R, &7 A
JIv e o ) AR R, AR — s R B 2R
VIR — MR UL, WIS 18 JE W AZ S &
JeR ORI 1) 45 30 RS B RO A

UTARSK, BT R T 1 2 1 IOV A% 1% 48 ok s I
8 50 R B A AR R R . B AR A



12 fiias TR

L 516 &

i GasTOPS JF & ) Metalscan 15 Jg& g3 **, 1£ Ji& 2%
SPIE G 3 TR o A% i H LS8 ALY 3> 2k
2H L, Hoh 24N S B 7 AR RE A 3 2R B A O
TG o AR Bl 9 25 R KN 2 ] B TT
FE BB RS RN BB R R SF . Metalscan & J8% g% H A 7
S AT A AR, e R I B B R R IR R ST R
125 pm, HATE 0T CHLA SR ZS B

3 A S 1 Metalscan & 8 g 2!

Fig. 3 Different models of Metalscan sensors

H mr i o8 3 48 T A TR B 45 0 i 2 2R i A%
JERER AR ROR 4 = R MU . Han L A& 50 #1 7 LA
FL JER A% JER A R BHX AR 4 B 1 T AR AIC T I 7 AN
DR I, St G 3 1 3 X R 22 4 R A R N i
HR 2 T AR A Ol A 0 I B JER N £k B AR Y A
AT OR AR, Du LA R R R BB 8 LU
21 mL/min ) 3 30 & K I 75~150 pwm A9 55 51
LI BB T — B O A ke R R R R AR
30T T4k B 2 1T e BIORR DI, AT DL A # A
/NS0 pm B BURL . SR T RN SR RO R LR
PR, Du LA™ g T —Fl B £ 38 8 1)
B R R AL S, AT ARG N Y 32 pm DA L A R R T
B KL ; Zhu X 32T — PR 24 AR R L2 A
BRSO RN 1A R TR 0 2 0 R SRR L 1 T
o0 DX 3 1 3 %% B BE A% LA 750 mL/min fY 5 8
R 50 pm YR R A .

Tl JER A2 TR 45 R 08 E AN 32 S0 RN K T 4 1Y)
I 0T FRAT O T B8 1 068 8 09 /IS ok BE RN R R 1Y
fFB . 5 H AT eI Y B A L, R AL B AR
ANASCRT DA DU U] 23 850, 3 AT LA X 43 4% g 1 il
BRRE R B R, B I W N T S AR, X R AL
SRR A AE — BB i 1 o, RN 2 i A SR 1Y
KB 5 2 Bl 1 4 S8 JF = J0URE 7™ AR I W 8 e A
5 A T 5 Ak B OG5 YR, Y R DX [m]
F7AE 24 5 22 A B8 6 00RE I, 2 A B R 22 (8] A i
AN e AT Z TR B 3 R 0N R 3 iR
14 i 158 25 gl A K R R 5 R AR IR A L

[24]

X FIAL S A AN BE S B 4 8 UkL i T2 R
1.4 }ZF%

T T YR ) 385 O P A2 30V T T v R UBURL 1 5
Wi, ROk AT DA S sk 0 0 Ol P SR A T S A RS
FE T Ol P 0 B R AR SRS E A PR, —Fh R
FH 6 HICES I 56 5t 38 & 0O i AR AR O — b
SRR P AU 1) P R ) AR A A

Bk B AR ORL B IS, — T T, A S G R A g
Bl R A3 B, AT A3 A B IR R &
Br, S BOGR B 08 X R I R BEFR RO, iR
B [ 55 0RE Y A5 5 T BRURE G DTG AT e S BT [
AR SBURL B /N R MR BE o 5y — O T, [ A R 1 A
4 6 R DL 7E 45 A B ol R R B .
TG, R0 0 = 3 BB RE G N, X 5 Gk
A, AR A A5 B 1Y L AR 5 5 U O Y 5
BCIE HE o F TR LA o A b A T IV R K 2 Y s A
L JHE ORGSR TS L O AR B Ak
N v 4 A kSR FH o R s 7 A D B R T 8 A e A
A B A = RAEE BB 5 wm DL L Y B
WOk, Krogse S8 B i1 T — F 3 305 0% J5 B 1)
8 T Y R G5 B A UKL 43 A () 4% I 2% 15 Y Hondat
SEUVER T — I T Ol O I D B 2 SRR O M
DU TE I B r LS P 2 TR ) A5 B AR A AT — 28 dL ]
f4 ey BT Y T A B R R S EUE IR Y
AR 5 5 JEE Bl o 375 S 25 1 AR A T 58 s DR, 0 TR
DX G B A R AU 5 4 T PR B T g B v e A
e S 2 A S 0N BRI I S K Y BE
L T AE I R S R Y AR R T BUR AN E Y, R
FOE R R AT B 2

BUAGAL SR BB 08 AR AT R B R Kl bk
FUE A5 B R 2 08 B RRAE 2 g MBS AL & 4% rh
AT, AT LA A P B 4 E 2R 4k 2 4 i D B it
AWM EMGE R Rk H G IE EE
5 A CCD HRARALZH B o G H A B a1 42 ol 6%
UL ZR B, A BIL P Ol v 3 4 i S 450 Uk 1Y T4
SR T 1k 2 R 8 A% i B O B O AT A FE L LAAR
FI) B 45 ORI RS B0 FUE RS B . Hamilton
ST T — B OB R R G, TR T
4 HORE B9 KN FE AR s Peng Y %57 IF & T — b
T A5 UKL A TN 1 O AR R B L % R G A E
1 1627 CMOS 15 %4 |, g 05 20 23 42 A 8] R
FIE AR UL, [R) B 4 (i 4 T R = 4EHRAE ;LI B



%1

B UL AT 25 Ay 2 3 i Do 7 2 A 0 e R T 5 i 13

ST T — R AE 2 A AL Bk L RS L R
SO IR R AT I 3 AR 8 e R e A 3 B ]
UG 0 38) 5 % 7 o B P KL o BRI, 3% 07 ¥ AE 52 P
JO7 ] Pk AV 22 IR B AR B . H e, th TR
T2 95 e, W i e 8 e & 2 A AN &, A
U Sk TN RIBI K SINTIR 2 €3 liRa /G LN
SRR LU, H T R Y R R R R AR Bl Y
PRI 5 2 i P A B A D e Ak T A BB 1 R IX
o3 PR

1.5 =Ei&

TR P 9D ) 9 S v A R IR 2k A IO I
SF T A 0 R A S R AR I e A R
ST 18 RIS i e R P AL SR e S AR R T Y
P RE fw A, — R R A g O — AR
W s T TR A I A A 6 B A, 2 R R MOk
i 3P I IR A R I O S BRIk R g Y
T AR W /1N o R R i S A — 1 i A 0 T
A I e A5 1861 1A 5% 18, (H JC 76 H Bl A% s 17 2 7 o
7 A AL IX )

BTG ki R PR I AL KA BE A B B R ]
R 3 3k ri 7 T S — R B R HIR D bk
ZF b P 39 BORL T 23 WO A T 0 AR Tk o [l 9
LR /IN T AR 4 035 i i R A .l TR
FLA 0SS 22 80, T S0 A5 ik b FLA IR S
R0, AU S B AR B R ok T A UL S S
A8 B 1) A 84 ko, PRk a) DA E s 0 e R S R A
[l 38 114 A P A O Sy R AT DX A BRI Ay i
AL 73 U R AR B AT — A R R AR
A, DX IR 7R 3 AT AN 5 B R A 2 A 7R S R T
A DX Ik B A R AL, 7 AR XA R B K
S BB R RS R B A I R A AR BOR IR 2 .
B, 7 e T Xk T A [ A R R A A B B P
B3 2880, Tk X 0 4 J e T A AL 4 J A o

Du L 88007 — i B% 40 08 g 1% 8 | i ik
R S A QUK R E R I D EOSR) 3T QUK
i, S AR AR B R B RN 4 BT R ol TR A I
o AR 1) 2R AR P 1 BT AN 3 A0 9 7R 5 a3 A TR

DX, DT i A BIR JE i i /b oy O A T PO 8
SR G MR RE RSP iR 25 .l TR A A AR
TG 5 X3 JE5 R e 5 O B i R UK TR I A B

TR A8 I 2 % 0% - T 2 B o) ) SN Ik o £ S
P AR A 00 P R 1 R R

T

--------

S

FE R X

RANG

Pl 4 EA S DR 5 A R 0 2 P R
1L R B
Fig.4 Schematic of the inductive—ultrasonic integrated
wear debris sensor with a flow recess structure'*”’

7 RS s, Xu C AR T B T
11 R kL7 AL (QPSO) R | DL = U i 38 27
(MP) 5 ik 2 BB I 8 75 45 - I R Ak 19 280 A
AR ZTT AR R TR AR S R E R A B
TR IO PR R AR DA T DX g3 S 5 BRI
Weser 555 7 — Fd 1 43 B 52 5t 098 75 15 5
SN AL i e A P R PP IURL I O 0 L X PR T ik 4R
BT — b B AR f= AR B T3 2Ok M I i v R Y
RRTF W Appleby S50 IR 75 Al AR AL IR AR 45
F1% 775 W 0 A R 2 il R o o T IO Y
PG AT UKL I B RSy 445 pum B B AL, id ]
VAE i 73 M7 o P I A5 5 IR 1 A2 i s T ) 78 A R
PIAR I T R AR AL

HT T 75 R A R B B R 0, B
A4k B 43l R BE 77, O HLE UBURL A AT A
3B Ao S A S S K e [ 3 ok DX A SR R
P AR W ARz AR S BR W o — A 5
lia) T2 P A% R 1 I A 1 B2 TR R 52
M, Jok e ] 957 R 5 2 i I b B R A R AR AR A
O PR IBE ) , 5 SO I 1 B R RS o B 221

2 NMRAMKSH

QL Sl BIL T i Rt 0 S R B 4
KL B  RF JE S B SR B . AR 45
Foft i 20 M 0 B AR 0 F 5 B NS 0 R RE A8
WU Y R R AR E A5 B DL R 45 il o 3k 1
IR o



14 i as TAES

o516 4

F1 BRI R L

Table 1 Comparison of wear debris monitoring technologies
I A JE& LR U 5 P E
LRSSV Bt RS REUEZ AN REAG I A <5 Ji8 BB AL, B A2 3 i SO A 5
CENEIRES B S iy B S RE ARG I B
R HORE R AR iﬁ%%?%&ﬁ%%ﬁﬁ%% ?%Eﬁﬁyﬁ%@ﬁ%ﬁﬁ%ﬁﬁmmg¢ﬁﬁﬁﬁ
TG e I WU A
SIS A . i i T 1 X3 B R A0 S, A2 3 LS L, A, T £
3 AL LR AT R K R
EIEER7 Hobdk RO JESMAR REUES R ERRAUE WL, REE A, REVIER R
¥ AN N o T NSOl =2 L il
Bk R (B X 4 B 00 T DX 43 4 Ji FIAAE 43 J KL, 75 S R 4 50, B 52 b

JBH) 5 1)

o B A 4R W 1 R W TR AR A L AT DR
T S 40 UK Y A BR R AT S I 4 AR T I v 4 it
PR BRI ROSE FRAE BT B o B, AN BE o A
AR O AT A e e e X6l s A A 7 R B

X T E A fGE T8 Y 2 AR AR AT LR
MGt 4 8 B R, SR AN B X 40 & ki g Al
BRWEIEWIRE ) o W T A R ELAE ) A2 1
JBT (14 5% W), F, 2 A% TR A TS A S 0 = v 1 AT s
i Vickers Tedeco 2A &) 42 7 A9 B, AL B % ECD, 7]
LA 2 A A B b R G T 3 Vi b Y G PR
3 DAEA G IR IEROE I 7R R Y- AL & S F A AN S i e |
A 2SR ) A% SR A 45 5 T T o

T J% 0 A% TR A AT LA i R R B 51 JURE R /) |
B A RS S o FEE K0y L AR B RGO
1% 1&g & e w) B 2 , Vickers Tedeco 24 A 5 QDM
I GasTOPS /A #] 1Y Metalscan #B € )32 v F F 5K
PRy 7E Ze Wil vh o S 1 0l R LA IR A X A% i Y
PR AR RS E BB HAAWAEZR BT K. YiJunren
SEAIHT AL RIS IR B S AR A S, 2
S /T S ) R BORE SR E o B R, SRR R
HOAA TR KBS, ] 78 52 1% s R 8l
JE A T B DR e i s A A R IR R . AR AR —
A P e R R B, X RR T VR AT RE 2 Ol B A
Tk

P AL TR A R DX A O 5 URL AN A, BA
e 28 BHORE R A L B BB BT R R
HB 23 5 ) P U A% I B A I R o FR TR R U
1 A 1Y 75 3 AN 3 50 BB R 28 2ok AN [ 6 I S 1Y)
B R N EIS-A 03 N WS 2 NS N

o, AR TR A M . W B E S R S % B
UL /W5~ A NP o VA S ) 2 1 1 i 7
MEBFE A

2 B R AL A i, G A TR N Ok mT LA
N 90 0 v B R A RS B R L R
T 1) S5 s 5 A 1 /N RUBE B R {H 2 R BE X 4y
& 0@ AR & 8 BT R O ik 0 A% S T DL AR 1
AT TE A 0 BB R A B AR 00 2 DA 50 A AR R
G O el o AR NG LK B LR b Y
PRALFR , (H T 35 4 R 1k A LSRRy L 3k N i R
AT T BT 1] . HE TR A 2 ART 24
H A7 1 TOOCP Fi K T KIHE 3 9 26 B Foxbro 24
A A B OLVE © 6 H F oz S, HE 2
IR AR Ty 57 B WIS B R Y I E R R
F 2 5 W A% J5% 28 XoF PO (14 UL 01 5 i 9ol 3 o e e
VB 7 B2 T w A TR T 0 — 2B I A A R R
5 k) R AR ok B v A g

3 KRE#SER

AL 25 10 T B R A R M I BOR B A WA T —
SE I T TR, 9K T I S i 0 A R 2l pL Ak R W T Y
AT ORI AT — o 25, B R AE 4 W I B R g 5
E =TGN T YR N R W R S R A
] K JE

D EREE., EIEW TIESET, K5
TG B9 R SE /N T 20 pwm, B 25 B 519 50 A8 15 ™
i, 20~100 pwm Z 8] 19 B KL R0 £ . R 2 8AE
SR AN LA R RRE Y R, E S R A 2k
1% SR BE A% AE 52 30 2 T R I 10~50 pum fr B 4 7



51 R L1 £L A5 i 2 3 il P

HLTE 2 M I AR WF 50 0k e 15

B AR TR T 7R B TAR R R R IR
o W5 AT LA A g A it an 4l P R0 1 sk
ZSEIE N B A S AR LR g A I 1Y
RIGE .

2) mikaE k. 1R AT 2 BT R R4
8 AR AR S R B2 S A A M T Ay 3 2 1)
AR 5 % B PR BT b s RS AR Bl R R A R
(AL, X A IR 1Y B AR 2R S B B E T R
M 352 A, AT 0K o R 2 5 R 3R 90 488 v 1
e B P Y AT AT TS 2 TT 12—

3) mAR ML o 2% 2 AU B M I B R AT AR
oM g5 e, H TR WF T 32 AR b T B — A R
B HY b T A D Y R BR A L A A5 IR
for BB [ I R A5 B R 1 RS BB OB 2 LA KA RHE
Bo MTRMPLEZM TIEEN A R RAES
B TR LAE B 40 W A S LAY B 45K 00, A 2R AT
Z SR ZHER) o BT, A RE T L M 2 R Sl AL
REIR B0 o 2 i i 0 152 A 8 B2 1 BE 08 10 35 B A, 42
e SO PR A R RE )0

4) mE R . LM E AR WHIE A 3h 4
A 53 RS W B kT S AL I A R
REAL "o AT I e ok R B2 M | Ak PR 23 T K
I, BEAE SCBUACHE | [ 2 W R B 0 i 2 3l i
ik T6 2R A AL i R A RE B R BE M it K
L PRy 8 A 24 TR M £ i)

4 HRIF

AL T B T AL A vk B RGO T
o 1 PR 2 0 BT 2 0 il B R A 2k M T B R
o AL B A ) M DB B 5 SR A
i AR A, 2B TS A I AR A R BUIR g
T R e M B A Y R R S R R N A
RPE mTRE N R E R R, BTE NS
Ja B 5T B A O (B B9 15 B, Al 00 2 T il AL
AR M B A B A5 55 R

S % Uk
(1] U, £ T 5, SAEMS, 45 . IR L E 28 0 I 4 R & T 9t
RSB REEHGAEE, 201631 2): 26-28.
PENG Feng, WANG Liyong, WU Jianpeng, et al. Deve-

lopment status and trend of online monitoring technology for

[2]

[6]

[7]

[10]

oil abrasive particles[J]. Equipment Management and Main-
tenance, 2016(s2): 26-28. (in Chinese)

CAO W, DONG G, XIE Y, etal. Prediction of wear trend
of engines via on-line wear debris monitoring[ﬂ.

International, 2018, 120: 510-519.
WANG, J, MAW M M, YU X, et al.

Tribology

Applications and
perspectives on microfluidic technologies in ships and marine
engineering: a review [J]. Microfluidics and Nanofluidics,
2017, 21: 39-45.
ZHANG Y, HONG J, SHI H, et al. Magnetic plug sensor
with bridge nonlinear correction circuit for oil condition moni-
toring of marine machinery [J]. Journal of Marine Science
and Engineering, 2022, 10(12): 1883-1891.
LI W, BATC, WANG C, et al. Design and research of in-
ductive oil pollutant detection sensor based on high gradient
magnetic field structure[J]. Micromachines, 2021, 12(6) :
638-645.
ZAMORANO M, AVILA D, MARICHAL G N, et al.
Data preprocessing for vibration analysis: application in indi-
rect monitoring of ship centrifuge lube oil separation systems
[J]. Journal of Marine Science and Engineering, 2022, 10
(9): 1199-1203.
TR, SO, RPN R AL ORI 5T
JELT]. it 5 240, 2021, 35(3): 73-83.
WANG Yishou, WU Diheng, ZHU Ling, et al. Progress
on on-line sensing technology for wear debris in lubricant
[J]. Journal of Electronic Measurement and Instrumenta-
tion, 2021, 35(3): 73-83. (in Chinese)
YAN R, GAO R X. Complexity as a measure for machine
health evaluation [J]. IEEE Transactions on Instrument
Measurement, 2004, 53: 1327-1334.
JAR TR, A0k . R T 0l I I Y 5 R A R A
BRI RLI] HURSHE, 2020, 48(17): 140-145.
ZHOU Junli, LI Guangbin. Development of online oil moni-
toring information system of equipment based on industrial
Internet[J]. Machine Tool & Hydraulics, 2020, 48(17) :
140-145. (in Chinese)
SEIE, XVPH , AR, A5 JE TR A AT I A i PR
BoRBEFLIERELT]. WHEELAR , 2021, 40(5) : 14-20.
WU Diheng, LIU Yuan, LIN Tingwei, et al. Progress of
lubricant oil particle monitoring technology based on capaci-
tance sensing [J]. Measurement & Control Technology,
2021, 40(5) : 14-20. (in Chinese)
MURALI S, XIA X, JAGTIANI A V, et al. Capacitive
coulter counting: detection of metal wear particles in lubri-
cant using a microfluidic device [J]. Smart Material Struc-
ture, 2009, 18(3): 37001-37005.
HAN Z, WANG Y, QING X. Characteristics study of in—

situ capacitive sensor for monitoring lubrication oil debris



16 Wizs TR w16 4%
[J]. Sensors, 2017, 17: 2851-2859. 159. (in Chinese)

[13] ISLAM T, YOUSUF M, NAUMAN M. A highly precise [24] MILLER J L, KITALJEVICH D. In-line oil debris moni-
cross—capacitive sensor for metal debris detection in insula— tor for aircraft engine condition assessment[ C ]/ 2000 IEEE
ting oil[J]. Review of Scientific Instruments, 2020, 91(2): Aerospace Conference. US: IEEE, 2000: 49-56.

25005. [25] HAN L, HONG W, WANG S. The key points of induc-

[14] WANG Y, LINT, WU D, etal. A new in situ coaxial ca- tive wear debris sensor [C] // International Conference on
pacitive sensor network for debris monitoring of lubricating Fluid Power and Mechatronics. US: IEEE, 2011: 809-
oil[J]. Sensors, 2022, 22(5): 1777-1786. 815.

[15] ZHU L, XIAO X, WU D, et al. Qualitative classification [26] DU L, JIANG Z. Parallel sensing of metallic wear debris in
of lubricating oil wear particle morphology based on coaxial lubricants using undersampling data processing [J]. Tribolo-
capacitive sensing network and SVM[J]. Sensors, 2022, 22 gy International, 2012, 53: 28-34.

(17): 6653-6660. [27] DU L, JIANG Z, CARLETTA J, et al. Real-time moni-

[16] WANG C, ZHENG Y, ZHANG H. et al. An oil multipol- toring of wear debris in lubrication oil using a microfluidic in-
lutant detection sensor with high sensitivity and high through- ductive coulter counting device[J]. Microfluidics and Nano-
put[J]. IEEE Transactions on Instrumentation and Measure- fluidics, 2010, 9(6): 1241-1245.
ment, 2022, 71: 6003611. [28] DU L, ZHU X, HAN Y, et al. Improving sensitivity of an

[17] SUNJ, WANG L, L17J, etal. Online oil debris monitoring inductive pulse sensor for detection of metallic wear debris in
of rotating machinery: a detailed review of more than three lubricants using parallel L.C resonance method [J]. Measure-
decades [J]. Mechanical Systems and Signal Processing, ment Science & Technology, 2013, 24(7): 75106.

2021, 149: 107341. [29] ZHU X, ZHONG C, JIANG Z. A high sensitivity wear de-

[18] SONG Y, ZHANG H, CHON C H, et al. Nanoparticle de- bris sensor using ferrite cores for online oil condition monito—
tection by microfluidic resistive pulse sensor with a submi- ring [J]. Measurement Science & Technology, 2017, 28
cron sensing gate and dual detecting channels—two stage dif- (7): 75102.
ferential amplifier[J]. Sensors and Actuators B: Chemical, [30] JIAR, MA B, ZHENG C, et al. Magnetic properties of fer-
2011, 155(2): 930-936. romagnetic particles under alternating magnetic fields: focus

[19] SANTILLI R. The fulmer method of monitoring fluid abra- on particle detection sensor applications[J]. Sensors, 2018,
sivity as an indication of fluid condition and machine health 18(12) : 4144-4152.

[C]/ COMADEM 89 International. US: IEEE, 1989: (3] FhEER . B FREEMH S CMOS BRI 125 38 Gk 155 R 1 14 %
55-67. RSB EIA AT D] BERE - AR RAE, 2021,

[20] e %, skuLT, RS0, 45 . — b T RO R R A Y SUN Jiayi. Design, implementation, and analysis of a high—
B — v g = o A% R (T, p B HLBE TR, 2022, 33 throughput wear debris image sensor based on magnetic de-
(20): 2468-2475. position and CMOS imaging[ D ]. Jinan: Shandong Universi-
SHI Haotian, ZHANG Hongpeng, XIE Yucai, et al. A re- ty, 2021. (in Chinese)
sistance-inductance debris sensor based on microfluidic fabri- [32] WU T, PENG Y, WU H, et al. Full-life dynamic identifi-
cation [ J]. China Mechanical Engineering, 2022, 33(20) : cation of wear state based on on-line wear debris image fea-
2468-2475. (in Chinese) tures[ J]. Mechanical Systems and Signal Processing, 2014,

[21] JIAR, MA B, ZHENG C, et al. Magnetic properties of fer- 42(1/2) : 404-414.
romagnetic particles under alternating magnetic fields: focus [33] KROGSE K, HENNEBERG M, ERIKSEN R. Model of a
on particle detection sensor applications[J]. Sensors, 2018, light extinction sensor for assessing wear particle distribution
18 (12): 4144-4152. in a lubricated oil system[J]. Sensors, 2018, 18(12): 4091~

[22] ZHANG X, ZHANG H, SUN Y. et al. Research on the 4098.
output characteristics of microfluidic inductive sensor [J]. [34] HONDATIY, MIYAJIMA T, et al. Quantitative estima-
Journal of Nanomaterials, 2014, 15: 1-7. tion of wear amounts by real time measurement of wear de-

(23] FEU, AL, THHT. B8 = 2 1 X0 ah B R 7E 26 U8 bris in lubricating oil[J]. Tribology International, 2010, 43

WAL R [T]. AR EOR SR LA, 2015, 13(2): 154~
159.

WANG Zhijuan, ZHAO Junhong, DING Guifu. A novel
online oil debris monitoring sensor with three coils[ J]. Nano-

technology and Precision Engineering, 2015, 13(2) : 154~

[35]

[36]

(1/2): 388-394.

RAADNUI S. Wear particle analysis—utilization of quantita-
tive computer image analysis: a review[J].
national, 2005, 38(10): 871-878.
HAMILTON A, CLEARY A, QUAIL F. Development

Tribology Inter-



%1

B UL AT 25 Ay 2 3 i Do 7 2 A 0 e R T 5 i 17

[37]

[38]

[39]

[40]

of a novel wear detection system for wind turbine gearboxes
[J]. IEEE Sensors, 2014, 14: 465-473.

PENG Y, WU T, WANG S, et al. A microfluidic device
for three-dimensional wear debris imaging in online condition
monitoring [ J]. Proceedings of the Institution of Mechanical
Engineers, Part J: Journal of Engineering Tribology, 2007,
231: 965-974.

LI B, XI'Y, FENG S, et al. A direct reflection OLVF
debris detector based on dark—field imaging [J]. Measure-
ment Science & Technology, 2018, 29(6): 65104.
APPLEBY M P. Wear debris detection and oil analysis
using ultrasonic and capacitance measurements [ D]. Akron:
University of Akron, 2010.

Bl sRIEAR, SRa R, S TR R A R 14 TR R AE
LA ML BAR [T, WR <35 %, 2015, 35(8) @ 24-
27.

LYU Chun, ZHANG Peilin, ZHANG Yunqgiang, et al.
Current situation of the research on wear debris on-line
detection based on ultrasonic sensor [J]. Hydraulics Pneu-
matics & Seals, 2015, 35(8): 24-27. (in Chinese)

SRR, WISEEE , AN . L M D0 A% SR i BT
(7). W TRER 5, 2002(4) : 28-31.

ZHANG Yongxiang, MING Tingfeng, PIAO Jiazhe. Inves-
tigation on transducer design for ultrasonic wear debris moni-

toring[J]. Journal of Naval University of Engineering, 2002

[42]

[43]

[44]

[46]

[47]

(4): 28-31. (in Chinese)

DU L, JIANG Z. An integrated ultrasonic-inductive pulse
sensor for wear debris detection [J]. Smart Materials and
Structures, 2013, 22: 25003.

XU C, ZHANG P, WANG H, et al. Ultrasonic echo wave-
shape features extraction based on QPSO-matching pursuit
for online wear debris discrimination [J].
tems &. Signal Processing, 2015, 60/61: 301-315.

WESER R, WOCKEL S, HEMPEL U, et al. Particle

Mechanical Sys-

characterization in highly concentrated suspensions by ultra-
sound scattering method [J]. Sensors and Actuators A:
Physical, 2013, 202: 30-36.

APPLEBY M, CHOY F K. Oil debris and viscosity moni-
toring using ultrasonic and capacitance/inductance measure-
ments[ J]. Lubrication Science, 2013, 25(8): 507-524.

XU C, ZHANG P, REN G, et al. Discriminating debris
particle in lubricant by ultrasonic waveshape features[J]. In-
dustrial Lubrication and Tribology, 2015, 67(3): 202-209.
YT Junren, WEI Li, GUO Fengzhao, et al. Inductive debris
sensor using one energizing coil with multiple sensing coils
for sensitivity improvement and high throughput[J]. Tribolo-

gy International, 2018, 128: 96-103.

(4iE: MFE1H)



