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Hydraulic oil metal particles detecting sensor of dual-solenoid
coil with casing structure

Ma Laihao, Zhang Hongpeng, Qiao Weiliang, Xu Zhiwei, Chen Haiquan

(Marine Engineering College, Dalian Maritime University, Dalian 116026, China)

Abstract: A hydraulic oil metal particle detection sensor based on the dual-solenoid coil with casing structure is proposed. Theoretical
analysis shows that the casing structure sensor can couple the magnetic field intensity of external solenoid coil and utilize the mutual
inductance between double solenoid coils. In this way, the inductance variation of metal particles through the detection area is increased
effectively. Inductance variation, average noise, and signal-to-noise ratio are selected as metrics for measuring the detection sensitivity.
Comparative experiments show that the casing structure sensor not only does not increase detection noise, but also is superior to single
solenoid structure sensor in terms of inductance variation and signal-to-noise ratio for the detection of same metal particles. With the
increase of iron particle size, the superiority of detection ability is more obvious. When it detects iron particles and copper particles
ranging from 110 to 120 wm, the inductance variation increases by 2. 4 times and 1. 7 times respectively. Compared with those of single
solenoid structure sensor, the signal-to-noise ratio increases by 1. 8 times. The lower limit of particle detection experiments show that the
casing structure sensor can detect iron particles with diameter larger than 30 wm and copper particles with diameter larger than 90 pum.
The research has reference significance for improving the detection sensitivity of solenoid inductance sensor.

Keywords : solenoid ; microfluidics; sensors; metal particles

AL K s T B B, AT
IO gt A S SR D i W S VNG SR S D DL R 2
S e A R A2 IR (0 S 1B VS R

TS i 43 B UL S MUE T e R T RS ARMEDC MG I 6 e U 5 7 Pl AR IR AR 8 b 32 B ML 3
MBS A T LA T S BUE RS ROIR ARSI, ATIDRS FERAR ) 5 ety 28R FH A el 3

0 3

T

Wk H #1:2019-05-01 Received Date:2019-05-01
* BT H  EK ARFHFES (51679022,51879020) | Hf e = 4 S ARFMI L 45 2 & 1 %8 42 (3132017013 ) ¥ B



57 1]

ok 45 SURLAT AT LR M I <5 U A I A% T i 217

B AN R AT LA X ARG 00 9k 8 7K 8 N AL, L AR DX A T
SRR R SR AR A 1 s 4 P I % 37
LK, BEAE DX 43 TH VR 1 A R 1 4 T TR Al A i 1 4
o R, - ELA B i e ) Flanagan 451 g
b T BT R B B ) Yl YRR ARG I, K T A 0 £ 100
wm ORI 200 pm 5 R, AR BT T —F
SRR Y S 4 R UKL AG T A% AR, BE 0 S BLRL A2
125 pm DA E BB RGN . Tk 2 1 T 4k Bl R
RS R 4 T R L B A R 4 UK I 1 7 ko BT
Sl b BT T — O B 45 4 (1) 4 8 Uk G A SR
AEfESC L 100 wm DL _E (R BURL FN 500 pm DL i) 4] 51
VA B R R = W AN W SIS R 77k 5 ) O
B RIS B D) e RABERAS o Bl A SO AR B A By PR
TR TR RN Sl £ BB %) 107 A S50 H i T IR 4
JR UKL AE LA I 2 SR . Du 45 75 F JRRZR B8 1 LAtk I
FRECHLES A LC BB S8 32 pum BRAFRL AT 75 jum
R R B 75 28 X 20 R L Zha 2SR H Rk B
P — TR AR 5T 20, 2B T 11 pm BRRETE 4R
FORLEORRIN > b IR T A B A e ki
PR, SR 5 Fi JER Ak B 1) 4 R A I R B . AR Sk
TR BRI S, R OB R B R BT T RANGROT R 2k
P TR 2 A 2 P R DA SR, i 1 T A R A
TR RS  TEANRE B AN 77 52 R 4 J S0 4G I 2R R 11
RIFEARTE HHET 2= 2 . AW A TE BT 05
FER - B MR O 2 A A 8 1 LSRRG I A B, A
T2 R AR LR A, A7 RO ik N 0 M A A A X
S0 R SR 5, 4R s Y A 4 AR (14 A I R AU

1 BRI 5RNEE

L1 feRERiIRT

RURLAT AT S5 M AL AR BT & 1 s, T2
ARl T8 L T (R A1 3 B A 0 SOG4 . Hevh,
R AT p 2 A R 50 ) i MR 2k 4 2k Pl A ik, 2 A4
BRAAT LR B A2 1) W 55, P B AT A M . 2 IR LR T8
I ER K | BEAE T 434 AP SR LR A8 LR B 7 A W 3 e 43 3R
FE T N B MR A 2 A ARG DX 3, 41 g A TS Rk e
RN DX I ) T ST 5 B8 o 4 < s R, 2 e A Y DX S
P S Bl R i A VA A PAY 8 7 A i 3 Y 8 g 3
(I, A2 TR M i S 9 A2 Ak, 30 10 52 i R 24 A 4 il
R AL
1.2 NEBHEEELBREQNRE

BRBEA AP IR LR A 28 Bl ) A2 20 A 1y oy, 2R 18
BB 1, RO no BURERAS T2k b i o AR B i i
o, FENLANEL 2 PR i) —HEARPR AR

)
Y.
2>

PDMS

1 fREs BT

Fig.1 Diagram of sensor design

Fl 2 ZH4iarbnF

Fig.2 Two-dimensional coordinate system

XTSI P LR HE L5 R e T 490
o R P A R R

B = %n[( cosf, — cosf,) (n

s o NEE AT BRI 6, .0, 705108 P i
5 ZIREAE LB P ) e . Horp,

x t— X~

2

) l
ri + (x - ?)

XF T AR, th TR 2 R IRAAT L R, U i 47
7 P T A0 g B2 R A P T T 2k FR 1 75 S 1)
Mo WHIREAE LB IE ry — ry, (RSS2 BE | 4R
LA REON o, WA (1) WL R AT, /15
7 JEJELJRE B DA TR A B ) SRR 5 BN

,cosf, = —o

B, =JJ2 %n](cosﬂl - cosf, ) dr (2)
PG
g + P+ |x+ Ly’
/ 0 n r (x 7)
B, _ Moan (x s L) On 2 _
2 2 H 2
N r, + ri + (x + ?)



218 3 2% X

#= ¥ M $A40 K

~———
]

(3)

N‘N N‘N
DD]:TD[:JD

,{
]
+
O
+
—_—
=
|

ERF(3) B =0, 75 21 Py R A A 24 el i 42 s
Ak BT S SR R A -

(4)

e R B v R S, T 0 U R 2 2

HL R

(1)
ri+ |
Vi (3)
> (L)
r; +|—
I+ (5)
(1B, AT LA 2 S R MR A AL 2 il i £ v A 1)

L3R A R % o H R

l 2
r, + r; +(?)

2 2
n®, uean mr

e B (5)

r, +
In
r, +

anl
L= (6)
l 2
+ + =
I (2)
+ [ +( ! ) 2
2 2 3 r, -
an’ mr 2
L, =2 ’In (7)
5 l

4 e S R ARSI DX, 23 % R4S P TR
FEHE RN , AT R WL i A4 T T £k B ) L IR e A
AR ARG T TR S A v, (9 R BR AR 1 A K
DR, S T A PR RZR AR, LR R A

+
o
+
—_—
|~
_
(]

(w, = 1 ),L,Loanf'ﬂ'r,2
- 2

.
AL, In (8)

*
S

+

-

~

+
—_—
D |~
_

AP 1 B m BB BR S A L ) BRI, i T4
JERRAERIA L, = 2r s, J ARG 55 n, 6 ) i

*ﬁ%%ﬂggi%@ﬁ,n( = %l(o Jﬂﬁﬂb‘lﬁ;ﬁfﬁj
2(p, - 1)/U«oﬂmzﬂ'rrrzI N
= n

AL : (9)
l r r, + ri +r
[F) B, T LAFH SRR A 24 Pl 1) Fh SRS A o
AL, = 2, - l)zﬂoanzwr?In N (10)
l ry t+ ,/r§ + r?

Xof T HERA A 24 T T4z £ B, AR R IR A T e A mT LA
P93 HAE R N

L,=L +L, +2M (11)
A 3] 4 8 JIURL 28 35 45 85 Ky 22 L B 118 S5 205 P JRK
LEEN

AR
2(u, — I)Moanz’nFZD r, + A/rf +r
AL"’I = 2 [n +
! U r, + r§ +r!
r, +./r + 20
In— 2 [+ 2AM (12)
ry + A/r§ + 20

Arbe My 2 BRERAE 2k B 2 0] 9 FLR R B, R IR
LRI b DL R ORL (A X 5 R R E . 2
PR R, 28 ok B A S5 A R R I, R T AR X R
TCOR T 1, 2 Pl 25 Ak ri R, TR 24 Yk e AL 28 5
EA GBI OB N 0™ A2 B AL o i AR
2 AR A B i e i L o £ el A A L SR AR, 55K
(9) (10) A LE, Al A& B4 i UKL 28 ik 78 45 4 2k Jel
I, PTG T A1l R 2 A8 2 e ) S ik R —
B ELJR PRI, PR TRV A A L PR iE 2R A 2 A RE B 1
EPN R

2 ERREGMESHNRRER

2.1 fRREERHIME

FRAIE AR SCHE AR A I A% R g VR FR T | % 8 T AR
AL B LS RO 4 ™ B R SRR ML (52
71,SRDZ23-1B) $4§-4 4% 90 pm (AR AL 26 (H 208 A% 0
70 wm, R ML S B E L 10 wm, 2] AL 2 >4 )
([EECH 150, AEAE0 350 wm, #2480 650 wm) B2
LB L K 1 AN EECH 150 [H N2 8 670 wm (112
LA MG 350 um [ IR A 2R R RN P AR
670 wm RYIRZRAE LB AT B4, SRR T E 48 500 wm
HYAR R AR B A N AR IR AT L B G
U4 PDMS Jig ( 3R HH Bk AU, Ji A 5 [ 4 751 T 25 L 451
1:10) #EATHNEZS  BESRTE U E B, Jf 6 L A 80 C
TEIRAS HRERE 1 h B 47 Ak, 16 5 K i 4% A PDMS i
rhdl R BRI, 22 0t 58 BSR4 A8 S A 4 M A I
BIMIAE o A T B PR ) A 8 A SR 4 4 o AU A T
TERE A48 G540 A A8 5 K TR VR TE — > SO 45 A ) A%
RS MBS TR E 23T o
2.2 WNRSGEER

FERR MRS I R G0, NE 3 Fias . AL A e B A
A% Jgs | Lab-view ¥R £ F.IC  BHAT 43 BT A ( Keysight
E4 980 A) . i ¥ %% ( Nikon AZ100) L K & 1 9 5
(Harvard apparatus B-85259) ., H.o, BH¥L /0 #r X B % 51
I Sp A 0 2 et 4 B 1) S50 LR R, R P b sl 5 T



57 1]

ofeliy 2 BURZAE B A5 I W Tih 4 R AG I A2 8 2 219

LA Bl £ 5 sl 2 15 iy 0RES DRS , An 8T 4 7 ok

T ML) A 168 1o 28 P 15 0

K3 Bom iR Il & 4
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