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COMPUTER SIMULATION OF SEPARATING
MIXTURE METAL AND PLASTIC PARTICLES FROM
WASTE MOBILE PHONES BY EDDY CURRENT
SEPARATOR

ABSTRACT

It’s been estimated that over the past year, the number of scrapped mobile phones in China
has reached about 100 million, resulting in a tremendous waste of resources. Scrapped mobile
phones contain high concentration of heavy metals, which can cause potential contamination to
the water and soil, do harm to our living environment. While the dismantling of scrapped mobile
phones nowadays is basically artificial and requires great human resources, there is no large scale
of mechanical crushing and recycling operations. In addition, most of artificial dismantling
process takes place in small family workshops, which can easily cause secondary pollution.
Although there are researched on finding ways to recycle waste batteries, LCD panels and other
utilization of mobile phone in China and foreign countries, there is still little about large-scale
mechanization of recycling mobile phone, especially separating the plastic and circuit boards
containing composite materials after mass crushing.

This paper is focused on using Eddy Current Separation (ECS) to separate between the
crushed boards with both metal and plastic of small appliances like mobile phones. And it's
realized by stimulating the trajectory of the particles during separation with MATLAB language.
Based on the computer stimulation, it’s found that ECS can be used to separate metals and plastics
of crushed phone boards with specific parameters. Guided by Design-Expert, the optimum
separation conditions and proper eddy selected operating parameters are analyzed concerning with
different particle size, feeding speed and the rotation speed. It is simulated that under the
condition of v = 1.18 m/s, ® = 3000 rpm, R,= 8.44 mm, the separation reaches its optimal
condition. And it’s verified with practical experiments with a separation efficiency of 95.54%.
Such a model can be used to select separators for specific applications like waste phones and
other small household appliances and decide the optimal working parameters.

Key words: scrapped mobile phone, ECS, trajectory simulation, MATLAB, Design-Expert
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Fig.1-3 The recycling process of second-hand mobile phones
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Bl TR RIS IR L i 7 5 /N SIORE 35 B K AR R i 2 4 WURE vt ). T BELJE sk s <A
i IS E R B E R 1-7, HFEEE A R e XS 2 A S A, A
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Table 1-1 Distribution of densities of different plastics in WEEE B7)

Ranges in densit Typical densit
Type of particle Abbreviation g Y P y

(g/m?) (g/m?)

Low density polyethylene LDPE 0.918-0.93 0.932
Medium density polyethylene MDPE 0.926-0.940 0.935
High density polyethylene HDPE 0.941-0.965 0.94
Polystyrene PS 1.03-1.07 1.06
Cross-linked polyethylene XLPE 1.15-1.28 1.15
Poly (ethylene terephthalate) PET 1.35-1.40 1.37
Poly (vinyl chloride) PVC 1.37-1.42 1.39
Polytetrafluoroethylene PTFE 2.07-2.20 2.17

T — B TRFAY D EH KBRS RMER, eNNERERBK, BAGER
SNBSS HLT I R ERARH AT, SR AN B iR 1-1 BR.
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Table 1-2 Comparison of different physical separation methods

Type of separation
¥ P Features of the particle that be separated

method
Density separation particles with great difference in densities
Magnetic separation particles with great difference in magnetic properties
Electrostatic separation particles with great difference in the amount of electricity
Eddy current separation particles with great difference in generated eddy current
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Fig.2-2 Process of getting raw materials
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Fig.2-4 8411 Type of Electric screen

S T RBRYE i ER TH AL (K98 45 UL 0 97 7R P I 8411 IR 0B, Qnl&l 2-4
FivR o RS AR SRR 2.5 mm FR07 R, A IR 20 07 23 H1LI it kA% oK T
25mm [HIRGHIRL, FEFREILR.

& 2-5 BS600 H TR
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Fig.2-6 HT201 Type of Tesla meter
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Fig.2-7 ESC-60 Type of Eddy current separator
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Fig.3-2 Proportion of different models and brands of mobile phone

3. 1.2 JRIHFHLSH o & L

TR, X105 G FHLH A Il e BT 84 S IIFREICT I, AT 5 EANF
ML E LN 25.37%. H A EARPL MM E RN 26.40%, #EHLH b EE LN
25.01% . 83X 84 F RIS 2 THF ML A o A L B 508 7783.3g, H A it 5L 25 1287.0g,
HLER AR S R 1529.2g, RN E 4967.1g » WA 3-3 Fas. HI&ER4 o ELfs T L%,
FrEmit 25, RIHFIH I R S8R R R = A h 1 3,

BRIHFHLEE 2 R E

CR=EN
m R
u ¥R

& 3-3 RIHFHL&HoHE

Fig.3-3 Proportion of different parts in waste mobile phones
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Fig.3-4 Thickness and mass measuring of PCB

3. 2.2 kiR

FE IR L% Y SIS B0 R 3B 7, @ik X AR IS P 1H LR TR & R PR 23 28 18 381 S Al
PRI 0 B R FE PRI, KRR R IR, WA Ry 28y 25 - 5 mm, BLAEE R
KT 5mm, HEWE 3-5 fix.

2.5mm<Rp<5mm 2.5mm<Rp<5mm
composite particles plastic particles

® e
PN é\Q\ J‘::,V -

® - ©
TORE 3
% @m,

@ (b)

% 18 Tl 3k 58 T



- ¥z
A=k -'“’ fé Aﬁ}t T
TR/ SHANGHAI JIAO TONG UNIVERSITY EIRFHAERE R B RN 5 2B RUR & BURIAY R IR B IEHLH]

Rp>5mm Rp>5mm
composite particles plastic particles

& 3-5 kLRI B

Fig.3-5 Particle size ranges
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Fig.4-2 Measuring the distribution of magnetic field above the roller
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Fig.4-3 Distribution function of the magnetic field above the roller
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e uanarun o Towc Univeriry B B T AT PR B 5 SRR & B AR R e

LN, MACKAL, SR w SRZEREN To WAL R e A Tl 2 3
Ft B it B AR A T AR IR O

A® = B, ;L (4-14)

FEI LR Pl P R B L B B ] AR R

Br%Lk (wR-v)

g = — T (4-15)
FE T2 Pl 1 L B AT AR 7RO
12w(y LD
da = - Td_ (4-16)
WU, RE T A2 P v (1) S S L A SR FE T LSRR N
Byk(wmR— 1:)}/TLWdz
I = (47
T I 0 G P A S I L AT R B AR 40 1T AT R T 4 J L (1) B L HL A 5 B A
fd] _ Brk(wR- v)yTsz wo_ Brk(wR-v)yTLW? (4-18)

2mRW (5+1) 2 81TRW(%+ 1)

(3) =T 4 Jm Bikr o B S i FELIAL () 5 B T A
Z WY & @ ORI T O R, [RIRE AT DAV = A 4 UK JJ R i FRL R SR S o X6
T=fMwERikn, nf R HRaK, & A, KEREEESMNEA W, L. C. T,
IR = TR N B A — N RO = M T2 U‘Jﬁf&%lﬂ{dﬂ w, =N ﬂ{d\jzc, 4
JEZEEN T (WK 4-4 FR), ZERETER A BT 52 i A8 40 v AR IR N
*w

AD = B, —~ (4-19)

AL R Y RS R B A T AR IR -

B P Wk(wR-v)

s (4-20)
ZHAIBERI FPE A] LA IR
11 -
=2 (4-21)
VU TE AR A vh = F T B 8 P9 87 AR R IR N L U S B D
d] _ Brky(wR—v)WTld% (4_22)

2mRC

&
N
(o2}
b=l
H
&
p=i
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e oS0 24 Pl P SN P U 5 FEE AR 0 T A = A T < S DR o ) % S R VAR 98 9
]T _ fd] _ Byky(wWR-v)WT féidi _ Brky(wR—v)WTL? (4_23)

TRC 022 8TmRC

4. 3.2 HLEEHR 4 B0k e A B RN B3
1 Biot-Savart SEHE, KA AL HL USRI T DAL K OB SR I . L
B BIRE RS A (R Ly AR 5%

By = ko (4-24)

Py = BpSy (4-25)

N T IFAEANFRTEAPBORL BRI 3 24 SRS I RS, SRR TR A, @ T
FIA =S I BRI T AR TR 58, M6, 23

W —
20L+W)

8 (4-26)

L5, 4-27)

Fr LA (4-13) (4-18) (4-23) T A 115t (1) 8B A i AN 2 (4-24) , 285 7571 A\ 3X(4-25)
{8 T] AR H A [ AR BURL Y 35 72 AL R S R RGBSR R ks
PIERD -

o = BRI Sl (4-28)
OF = Brk(wR::}];VSp(sRHO (4-29)
@T = Bri(@R—vYVSpdrio (4-30)

4TR

4. 3.3 ARSI T BB AR < R UKL 3 it At 115

<2 UK 32 21 AR IAE A0 2 - RUREAE Joa i FL R LG ) Tl A AL Tl il i ()
W AL RN Gtk E . (o, J7 AR, MEHF . R A MHF 7, B
TS AP I7 1A S R R R T 77, R 50N

PpPim

F.= (4-31)

4pgmh?

U h UL 5 R 2 T PR A3 T B 25, ABCBERIUAE 5 T Rl Lo 2 5 3 T 1) M) SR A1 A
o B3, IRAARREEE h AT AR -

h = - R (4-32)

SRUURE PAY 1 7 22 Y JE I 1 7 308 oy, T LIRS AORE P (87 SR L, T 3 9T PR AL A R )
(AR A B b,y (b B, R R R R T R IR )

. = ByS, (4-33)
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B |RF AR FE A B BRI S 2B RER & BRI R IR B i AL

K3 (4-32). (4-33) LU B AN RIFZAR (O R00RE (1) S R S i B v 5 (4-28)  (4-29) B
(4-32) i N3N (4-33), W] LATHEASA FIFIRBURL AL AR AL 1E37 h 32 1 R /1K A~ 3 2099009

Brk(wR—)YVSp®Bm 1

Cc _ -
k== 16m3R3 (sec a —1)2 (4 34)
R _ Brk(wR-v)yVS,6rBm 1 _
k== 16m2R3 (sec a —1)2 (4 35)
T _ Brk(wR—v)yVSpS7Bm 1 _
k= 16m2R3 (sec a —1)2 (4-36)

4.4 JRREIERIES AR

T HLE (R A 2 A AL R PR R A28 10 B e AL v A2 R e P T P2 P
Pl o PIANZHG W 4-1 F R o SEbripii R RE i, Jh 2 52 31— S H A D R K520,
N TR BE R, BT TR R IE I RE P A E S HO e It LI 32 i SR B
FESR I TR 5 B R T 2 22 (0R-v) AE MR I HLLE 1 R B A 30, Azt oy PROR) 2 J3E
(V) AR, MROR A )N, ARG B i PR B 2 2RO, i R
A,

4.4.1 PR eRE g

S HIR TP B E S, R AERIAR T21Hz, #EE o £ 808rpm, Bz
318Hz, f M EGHE v 29 0.4m/s I, FEBURLEAR/N T Smm 1) 24.7g JKIH HLERARCEE v 1)
SJPHMEMEIE b, WSO IR, 0% SLIREE R . KER - BURLE [ 7 3k N R [X 4 %%
FAEMIE, BEEFNAESBUCEM: D3 R 3E N X385 46 ) [0, B
FZL IR RN RS, A KR Z e N ARG R e, e & Jm Ui Hh B0 A3 21 1)
FHL B AR I FE £ 0.6

I SEE 45 UL S B AL G R S Bk SEIR S HT , AR 2, KR Fy Bk
TEARRES ) 052 J11E A R R, ] BE R R Wit 71 K/ M B IR KN, AN f2 DASE RO 78
W R EIE s, BEs R . AT 4 ik R B R R I, MR K2R, WRLZ
FEX A, SRR AR, PRIz B I8K, R EIA S RN, B RAERM
W .

4. 4.2 WiERFEHE

TEAECR By o G OL T, BT MR E o 249 2600 rpm, FRRIEATHHFIRE
B53idk, 2558 ARG Jm SCEE R v F R AR o SRS B e, (HE AT RGER o B v BORLAS g
RT3 0 B B By o FEIUA WL IR R ST, XA Ry /T Smm % TH FEES AR B
B3 B 5 R R IRIAR, K2 BRI A e #2355, i[RI AT B2 PR A RoR A B 5 77378 K
T HAE N R % R DI BT 52 B BRI 7, R ek B A Jd 8 B e SE B 2 1

WS LS, BRI v o 0.4 mis, REARILIHE o i 2600 rpm IR Sy i
VES % I8 RIH o BBV IPRAR DAL 3R« B Fe A S i 7 B 1 %8, TRy
B E H SR, 5 deis T SEMLER ARSI 0 AT L A e S e e fE RS h N 32 s sl i o,
REPRAE Hh 53 I By L B, e AR 1 v
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S S AR i I R AL RGP T B A 7 5 L A AT T B, DLRORT R AR < DR AE i I
LR R P T ST 0 (1 3 T T SRR b, 3t 2D O IR R S BURLAE 7 e R rh . A
Tt AL Y S PR B B R AT T SRR . o S R K 52 0 M, R R R
FIWr A, AR5 IE MATLAB B0, 4B ok H SN R (U BORE S B ibei I S 80T, i
L1 Bt 28 o

4. 5.1 FORLIr B AR K 52 7700 H B ol 185 st F ) i 2% A

e AT AR, G BURAYRL T e feALik s _EREE RO SO AT, 1S o) 4
Jo& (4 P B ARCRIURE A JE N B A BRI Y B N s 7 AR IRNI RS, AR 52 BRIORLA B 5
U EELEH ST T BOFE R TR (B BIPE L, B B SR BURLAE 52 7 b iAo BT S b
Herboy, WS SRIEMANEIE R, SRBURCAS B 52 BRI BT, M0 =i i e RhL
HTT A5 3R T ROREA B 5 (Fp )i BURLAE T 4 it 2 B e 3%, Wl 4-5 From, 1
i B I UL T AL KIAE B (Xo, Yo) W2 T 20 BT SR & o, R mT LR U 55 R A o Lo e 2
SRETT Ry H)HIFSA o RER.

AY

P X
4-5 BRLS BRI

Fig.4-5 Force analysis of particles during separation

Wi R b, ATLCEH, WRANE 8 R AR, R R SRR AR, AR AR
37 5 B 70 AR < R RO A L Pl 88 B e K)o 25 e S L3 A2 B 21 9 -

Fy — (F.cos(a)) =0 (4-37)

T3 2 TH T WU RE J VR 45 UKL T B 20 SRR R U, ARG TR A 2 2 BT
FIFERL, BRI AR 7 B R R, RURURL A B iy 18 3 52 1) Je i 4 R 200 0 (F ) IIFE T
RS0 ) I 3R B A KT RVORL AR By E I, SRHURLT 4R B0 25 R e R, T 2 A RO P Ak
FRIASL & (Xo,Yo) A0l A2 BERLBTRE A B 125 A, R ) A HTBIURE 55 R mh Lo i 20 15 8 L T (y ) )
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B suananat 1o Tone UnivessTTy B B FHL R 5 B B4R 5 SR RER & BURL 405 R 7 B e AL

F o RIS o BRPRURLLE FL Rt 128 B (10 P 18 P 3 A2 0 2% A

F,— (Fg cos(a)) =0 (4-38)

4.5.2 FOORLIBE B8 s 1T E SR

FEX L L 1 R RS BRI 32 1 e 2 S5 WE T PR R AN RS0 P 5 125 it 10 240
M, FERRMGHE TR G BURI I B R TR . TR A S S B IR KR, Nz
SRR RS R RIRZ AR %, WRAPREE . KR, AR 48 2 B IX
JUANSHL,  TRIE A W R AL R iy 26 P AR AR s P AN S 4. BT DU 7 3@ ig
MATLAB 4, 4B AR 7 K v A R RO 2 2O i IR S H0R,  BORL I B 29 A

MATLAB 58 & Bk it 8 SR i 4-6 Fis, HEm AR TR PR S, ki

v R G R R R IR LN S E, R AR S0 S, B TR AL R
mﬁkﬁﬂm%%ﬁ%Aﬁﬁoﬁ%%AT%M%ﬁﬂ%ﬁu%%ﬁmﬁmt,u&zw
X 3 B SR REAULRTNT PRI AR 4 a8 BN FIT 52 1 (R W 0 IR B G ST, R 18 55 0 Sl 6
HL %A 4 RO A SR R A 43 B AR R 152 01 5 B 0% RIAT VR, — LI 2 IS A
I E S, R Ria Rk, ot Bk e sl s, IR SRR O EL S
R BT ) (y )T o

Input c onof Calculate
Program begins p,Rp,T omputationot | | geparating
Br and Fr
and & angle a

& 4-6 MATLAB 5B & HRLL B R KR P A
Fig.4-6 Diagram of MATLAB program computing the separating angle

4. 5.3 FoORi i B A B LA R A

AT IiEFH MATLAB 3R, AT LA {8 i H 55 HE AN ) (A0 000 2 B0 % A AN o0 i 1% 4% 2
T, RRIGEVR A BRI A . 7RI BLERATT B Ja A (142 s AR & B ik, (R T 48
FIORE T8 EE 2 FE BRI I IR/, Sema R R LU R 2, S REAREL T, BRLA G SHE A K R
Rl 28 4.4 HROe B IR UL B S0, 1 Ry 20 FE v 4 0.4 mis,  TEARH%IE o 24 2600
rpm AR S R, R SO R RIS . TR B R R A S EUh I —AS, AL
R BNFRLA PR X H AR R I ik b FE v, B A B R A . X TR R UL,
T RO Ty, BT AR 5850 )1 KN I I B iy B SRR AR £ 8 1 K/
SRIRIRTRLIL A7 P A DR 20 SRR R 1) JB 2 A 5, I B A 25 SRR i — D).

(1) URLRLARXT i 25 s () 2

TE A v o 0.4 mis, WEEREE o v 2600 rpm, &I ANEEKEE, HEE
HEBZEET A0 mm, BJEEANL mm, FREEAZHRIBELT, SARER RN,
RIVBURL I 4% Rp, A\ 2.5 mm 3G 021 6 mm, 45 214N 5] ROST 0K R Bt B8 A1 2, 2 Hh 1] 4-7
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JERRAGER K, B ORLER LA By BT . DRIl UKL RIAT RO, B0 B A RERROR,
Pl 8 B2 o
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20 M CENNPOIN LENETUNNS SRR (U SRR (NI MR R
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B 4-7 JBURCRLARN I B A TR

Fig.4-7 Influence of particle size on separating angle

(2) BIURLAZ AR DR 75t JE (28 551 (14 52

TER T EIEE v o 0.4 mis,  REFRELTH o 2 2600 rpm, FHRFFHEZ R, N 25 mm
EREZEEETHN0L mm , SEENL mm AERFHLT, SURER KRR ET, 2558
B M=, [BARTRRBR IS AR, Wk 4-1 o HRAIA, BEE MR
& B ERIA WG R, BORLFT 32 30 I 7 B SR K, ORI 25 A ok K, R
B SORLER PN Rz B e BRI, SR 4@ B, TR A RO, R R A

RA-1 BORLTEARNS i B R I

Table 4-1 Influence of particle shape on separating angle

Shape Area (mm?) Ry/ LXW (mm) Separating angle (° )

Circle 78.5 5 (Rp 7.3
Rectangle 78.1 11 X7 (LXW) 6.82
Triangle 78.1 142X11 (WXL) 7.45

Circle 19.6 25 (Rp 3.79
Rectangle 20 5X4 (LXW) 3.8
Triangle 20 10X4 (WXL) 4.13

MR EHE AR DL, ARG L BRI R DL, AN FITRIR D <5 e FURE FD e 125 £
FEARFAIE, PRk SRR T AR /ANAH S5 I ORS00 R 7ok 3 SORE A 128 s 57 L Y
FHAK e BT LAFE Z J5 0] T RI0RL AR it 25 s 90 R AN Zh P 28 RIS, JRATTAT e 3¢ [ T 00kE
&, P U AL S B UKL AR 73 e i R T R IE Zh (K52
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(3) UL 4 a8 2 X it 2 R PR S e

FER AT v o 0.4 mis,  WIERHEE o N 2600 rpm, EFEE NEEKEE, R
FFHER R, N 25 mm , BJREEH 1 mm, REEAEIEL T, SCRERH TS SRENE
#, WHEEZMEET, W01 mm 3EMEI 1 mm, 15 EAE RSB0 E A o,
HhIHE 4-8 o FHEINEN, BEAE R 4R ZEN A WG, BORLET S BRI K
B, FOURL IR B 25 A Pt R, SR B RIURI R MR s B . (R, ki &R 2
A E R ) N A e

4.50

Separating angle (°)

225 | L 1 1 1 L 1 n 1 1 1
0.0 0.2 04 06 0.8 10

Thickness of metal layer (mm)

& 4-8 BRLE IR BN i B S R i

Fig.4-8 Influence of thickness of metal layer on separating angle

4.5, 4 FURLIIE B8 S 0 SE I 30 IE

AT HARAR R EE ST, 2 /10T, I EiZH MATLAB B, AT BLTH AR 1 Mk
SHRGAF RN 1V 2 21 N IR A R (1) 08 25 A B o 1A T 38 UE MATLAB 3R AL I 25 #
J5E 2 15 5 SR e T R i SR P 5 S AR EEAE — B, FRATTIZ FHRERD 300 i i) ey IR SR AL
BT, TWENC S ANk R R ok RS B A, @ bR ie Sk i B9 5 K E AL
B, SRAIWIERNGS B 5 5ebrah BAR BT SRR, a7 B B 75 IR L B IE VLT &
G A, AR SRR, B ER AR IC SR B MG SRR B N, W 4-9 PR

SIS R B IR FRIE A G R AL, ORUERE LRSS ML N IR Rk AR . SRS
IR R &, WERSASE, R ie ARG, Rl — e HnEE
SURL N 231 5 2% Bty B, JFaRor i 2 . A ks BB I S, i sh BB AL ]2k,
F A e 3 B SR T B R TR S T LR BT ] P () A iRaE sl #2, AT BL DA B A )
A P, CMET R80T,

G5 UF 5258 126 FH — s & & R AURL Ry 700l 9242 5 mm F1 7.5 mm IR FRRL, [
—E MRt IR HAESEL, M HPATSRE, 1dsk N RRR & B BRI oy ik i R R g st
2o BB — IR GE M i I R A O — N e BRI RRLE sh s, il 4-10 Fios, DS T
FEMCE AL, RS B AR
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Fig.4-9 Recording the separation process with high-speed camera

& 4-10 FHURLH i B8 4 i
Fig.4-10 Judgment of the separating angle of the particle

FER R T IR A B B D I S W VAT LM R Sl IR I 8 S )
{32 A T 5 LA KBRS o 208 R B 5 o 1 2607 0 K T B
Bd, W 411 PR, BUEAR 4-40, CURBERIIEE R, AR DAL H R IR fr B
0 5 B 2 I A o BB o T U0 S R 4 TR A7 A
RTAE, — 3T S AT R, R R R R ST, PR R4
TR (T35 4 0TS0 R SRR (T8 £ S 55 MATLAB S PHBEME 47 LB, L
ST B 75 ST 3

a = arctan (%) (4-39)
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Fig.4-11 Methods to determine the position of the separating angle

1E [z i i ey 860 Hz, iR ANy 2322 Hz, BIFE By eIk BE v 9 L mis, G
HRE o 2 2600 rpm MIERMESECT, @it 3 IRELIGE S P MPAS [RDRLAR 1Y) <6 J8 UK 1Y) 73326 1t
e, %L T, THEW TIREMAERFIME, 5 MATLAB B EHMERET T LU,
A& R K 4-12.

[Isimulation result
25 V] experiment result
°_ 20t
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i
o
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B 4-12 FURLiE R SER RS R

Fig.4-12 Result of experiments on verifying the separating angle
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B 5 A L R, oy S SERRIETEME o HRZN B, THEITF:

as —ar

B == X 100% (4-40)

SRIGIO RS R DU T FFRLAE 5 mm Fl 7.5 mm FE R0, TS AR AR 22 At
fE7 7178 2.60 % A1 3.10 %, NECACHAKE R, WHASEIE TR, it iR
S ST BEA b AR BGE B R AR ADL A 4 R BT SE 1Y, T BAFR 3 R — 2D BRI 138 3
WM, DUE S WA [FIRURL A& 75 RE 614 2170 B BOR .

4.6 R IEHURE & BUR R EITARTU

FER UL R e A A RURE ) 5 2 L (R AU T S B A L, 4RSI MATLAB B Fi1 51
TR i 189 12 7 R 11 @ st B2, e 245 BIRURLAE S At FRLIZE I A% Hh B 38 Bl Lz AR 7 1t
RRIARAR,  FEAT RIS RLAT i AR < R RIURE P R RO R 3t s (R KT RS 22 o AR I P R RTR L
(17K A 22 AT LA W At FELIZE E 75 P DR 73 8 IR | H - WLARERRE Ji FD R 45

4.6. 1 BB ER KA

FERT RO 25 m VT SRR A b, W T RORLE 2 B O AL B . AR LR 1, 2P
XRURL I ST REATARN . B BERURLAE I 25 52 7 5 AR AL AU R P (1= 0.0001s) » FTKEL Y
ZNERARAEBAE, WEESIEIZS), TSR 2 A B8 L, P o Rk
527353 Hr, A5 BB AINIE NI 1), AR DATHSRCHY I ) 22 JE TR RO B, W& 4-13 iy
o SRJE I MATLAB BAFEMIX AR, RAID B S 245 SIRURLAE i it HLIZE 1Y) 2 38
BB

e (]
Non-metal Conductive
particles  particles

&l 4-13 BURLRE B J5 KW T P BhE R B R
Fig.4-13 Marching on method of computing the trajectory
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Y saasctu o Towa hvesare i L B AR 5 28 5 & BR O R37EE SEAL

A RURE R 125 Bty I A 5 Bt R FEAR TR TR E N Vo S E T I EEN vy
7 AP R A 85 A FO 57 2 (Xo, o) T AR RS 365 = 2 e UL Bt RO M0 o8 A E o H B4R 3, R

Vyo = U (4-41)
Vyo = 0 (4-42)
Xo = —R * tana (4-43)
yo = 0.15 (4-44)

WL 32 73] LIS BUBRLAE o O B B98I B, WITiHE e 22w s F M
HI1 Fy o SRIEARIE S 10 W vt AR S B UKL R KT AN R BT [ IR SE ae A1 a0 Al
FHEMBIVEEE vep » Vyos ARIADLEAFR (Xo, Vo) » I hs LA 2 )55 5
E A DATHSRAS 2R — I ZUR0RE A7 B (xq, y1), B

B, = 0.145829(sec @)~ + 0.855432(sec a)™%° (4-45)
Fo= MOt 1 (4-46)

Fy = pgV (4-47)

A =~ (4-48)

Ay = et ty Co;; e (4-49)

Xy = Xo + Vyo X t+ 0.5 X ay? (4-50)

Y1 = Yo+ Vyo Xt + 0.5 X ayy” (4-51)

FIFEE T EALT (6 y) CLERBRZENR T Fry o RS IRAEZ 10 i it A3 2t
I RIORE (R KT AR BT R IIE B ay M ayge M CARIILZIRERSE vy o vy » IEIEE
FE D EANAL £2 2 8] 50 2 AE W] ATHSEAS 20 R — I 20RO AL B (X, Visr), F AR 3K

a; = arctan(;—i) (4-52)

B,; = 0.145829(sec a; )~° + 0.855432(sec a; )™%° (4-53)
P = (4-54

ay = (4-55)

ay = T (4-56)

Xip1 = X; + Vg X+ 0.5 X a,,2 (4-57)
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Yit1 = V1 + Vyi X t+ 0.5 X% ayiz

(4-58)

HiT MATLAB B gmiafE Ry, SR DL THE F9GI0, 8k AW H AR A TR el fa e »
UKL BT E 57 B B 210k % A F8 o FE IR B FE A B, e 215 B — AN se B ik i
S FERPUEE, 1 MATLAB FERFRIse 8 mfE i 4-14 Fios.

4.

Input
P,Rp,T
and &

Trajectory and
landing point

yisa=fun(yi)

Output :

) Calculate
Computation of Separating
Br and Fr
angle o
Calculate

Xi+1=fun (Xi) <

Xo, Yo, Vo, Qo

& 4-14 MATLAB BUZEIEFRAER

Fig.4-14 Diagram of the program on trajectory simulation

6.2 FURIBIL T AL R

it MABLAB AL, 140 & 4-14 P e i A ORI < 2 Bt i m mT AT 2 4
4-15 T o I I LI BRI S I, b RORE T b a5 R KT B

Vertical distance (m)

0.20
0.15 v (m/s): 1.0
— w (rpm): 2600
R, (mm): 10

A0 p
o Pplastic (kg/m3): 1200
0.05 - prce (kg/m®): 1500

. Ppure metal (kg/ma) 8900

O b—
-0.05 \
0.10~ \\ .
-0.15 plastic \ / pure metal
-0.20-L L ! I h ;

0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

Horizontal distance (m)

& 4-15 MATLAB BBR AL FE 1A [ F0RL £ 32 Zhha /&
Fig.4-15 Result of simulated trajectories of different particles with MALAB
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5.1.2 ALt R

SR 25 FE B I LI AL B 7 2 FEE o i P 2 S LA B 0L P 2 A2 0K = PR 3R [ i %o VR 45
LT T KT B 2 A s e i, AR e I B A B 1S Bl 25, B LA Design Expert 8.0.6
BATARAC RS, 5% WA B T 77 9% (Response Surface Methodology, RSM)FI .00 8 & 92 ¥ it
(Central Composite Design, CCD) ¥ 77 VAR AL iR i FLIE S 5. AL R =R 2 MK 4644,
MRPE AR R SLIGEE B, TR v7E 0.3-1.5mfs, BRI o 7E 2600 - 3000 rpm,
BORLRIAE Ry £ 25-10mm , AL H MR R S5KF ILE 5-1.
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Table 5-1 Experimental ranges and level of independent variables

Independent Ranges and levels
Variables
-o -1 0 1 o
Feeding speed v (m/s)  -0.109076 0.3 0.9 15 1.90908
rotation speed » (rpm) 2463.64 2600 2800 3000 3136.36
Radius R, (mm) -0.0567231 2.5 6.25 10 12.5567
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Table 5-2 Result of Central Composite Design

. Feeding speed v rotation speed o . Horizontal
Number of trail Radius R, (mm) )
(m/s) (rpm) distance (m)

1 15 3000 2.5 0.087
2 0.9 2800 6.25 0.1502
3 15 2600 10 0.124
4 0.3 3000 2.5 0.016
5 0.9 2463.64 6.25 0.149
6 1.91 2800 6.25 0.062
7 0.9 2800 6.25 0.1502
8 0.9 2800 6.25 0.1502
9 0.3 2600 10 0.137
10 0.3 2600 2.5 0.126
11 1.5 3000 10 0.125
12 0.9 2800 -0.06 0
13 1.5 2600 2.5 0.086
14 0.9 2800 6.25 0.1502
15 0.9 2800 6.25 0.1502
16 -0.11 2800 6.25 0
17 0.9 2800 12.56 0.133
18 0.3 3000 10 0.061
19 0.9 3136.36 6.25 0.15
20 0.9 2800 6.25 0.1502

5.1.3 ks R

(1) 5T B 7 0 4

iz Design-Expert 34 — % 22 T aCABE A i i PR i TR 6 JRE 22 8] R 7K ST PE B 22 1) B
WEHAT RN 04T, 1SRRI T 240 A ah RNk 5-3.

F* 5-3 HEMT) F N 11.14 R IZEBARIREZ M. KT Prob > F FIZ kUL, —H
/N 0.0500 H 7R IX — Tl 2 2 0. fH AT WL, FEAR AN A, B, C,AB, A2, C2 £ RE I,

o 2B B [F AR 15 B 4032 i VR A5 ks 2 TB) B /K T BE B8 22 y [R5 FE R

y = 1.36866- 0.3398 x A — 747 X 10™* X B + 0.013188 x C + 1.96 x 10™* x AB + 1.11 X

1073 x BC + 5.67 X 107 x AC — 0.10708 X A> + 837 x 1078 x B? - 1.85x 1073 x C? (5-1)

Xt TR A UKL 2 (8] (KT BRES 22 v [l T Z I T 4 R AR 5-4 i
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Table 5-3 Variance analysis of the regression function

Sum of p-value
Source df Mean Square F Value
Squares Prob > F
Model 0.049 9 5.41E-03 11.14 0.0004
A-feeding speed  2.54E-03 1 2.54E-03 5.24 0.0451
B-rotation speed  2.43E-03 1 2.43E-03 5.02 0.049
C-radius of
. 9.26E-03 1 9.26E-03 19.1 0.0014
particle
AB 4.42E-03 1 4.42E-03 9.11 0.0129
AC 5.00E-05 1 5.00E-05 0.1 0.7548
BC 1.45E-04 1 1.45E-04 0.3 0.5972
A2 0.021 1 0.021 44.15 < 0.0001
B/2 1.61E-04 1 1.61E-04 0.33 0.5768
Ccn2 9.74E-03 1 9.74E-03 20.08 0.0012
Residual 4.85E-03 10 4.85E-04
Lack of Fit 4.85E-03 5 9.70E-04
Pure Error 0 5 0
Cor Total 0.054 19

Hrp A, B, C 7 ARG st LA L B Hr 2 L AR 3 DA SR ) A = A2 R 3

FR5-4 TR HLLE 5 IR A UL TR B 7K T BE B = B R T R T =504

Table 5-4 Result of variances of the regression function

Source Value
Std. Dev. 0.022
R-Squared 0.9093

Adj R-Squared 0.8278
Pred R-Squared 0.3079
Adeq Precision 11.006

PZ[E AT R P g 2 H(R-Squared)y 0.9093, 2 M AR Y] DL e fiffe 90.93 % 1V
IR AR 2 8] IR 7K P R S 221 . (H2 T H0L & B (Pred R-Squared)’y 0.3079, S5iGIEHLS
% (Adj R-Squared) 0.8278 [ ZAEEIR, R bR ] REAFAE—EHIBF R R . T
5] 9 75 R 45 14 L (Adeq Precision) 24 11.006 > 4, FERERAE =, 0 LU ST .

E— 0 18 7 R R 258 T ) ) = e 1 T P R DA B R R R A [ R 3R 2 [0 K P
PEE 2R, 2R LA 5-3, 5-4 fil 5-5. MR FRATAT LA HYax s 7 h 1 8 5 i
ARZS, TR A ISR B T BT SR P P 2 25 B o s e DR 2 T AR A B, T o R A v A
RS SE F . B 5-3 Hha] LB A Y, BEE B s LR FE I K, S0k 1] /K T 8 2
S0 R RS KSR D, XA R A A R, URLI KA B R, TR S
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Fig.5-3 Response Surface diagram of the horizontal distance between different particles
under different feeding speed and rotation speed
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Fig.5-4 Response Surface diagram of the horizontal distance between different particles
under different feeding speed and radius of particle

MIE] 5-5 v R RIS ) 1 PR P S RO, > A4 ) P X UL 5] 7K ~F- B 2 RO 2 ), H 7T BAK
IR R o RS ) R TR ST, A Ee /I o R ] 7 1 P 5 I A OAE 1A 48 R T K

% 47 T1 3k 58 T



VY FELIAY
%) Sianorin a0 Ton UNversITy P IR AT RIS HB B R 5 2B & Bk 3R R R L
X5 2 A ORI 520 R 2 A AT e, R AR S 4 Ve A — 2

horizontal distance
°
8

2680.00

2760 o}\

3 10.00
B: rotation speed 284000
2920.00

3000.00 250

C: radius of particle

Bl 5-5 TR R TR 42 o ML TR 7K P B B ) = v 2 T P
Fig.5-5 Response Surface diagram of the horizontal distance between different particles
under different rotation speed and radius of particle

(2) ZHALE R

izH] Design-Expert $AFRIACTIRE, WEHFF=/NREmI R 30 e el SO v £ 0.3 -
1.5 mfs, WEHR¥EHE o 7 2600 - 3000 rpm, MUKi4E R, 1E 2.5 - 10 mm HFEHEIN, WERK
KWL [R7K-PRERS S B bR, Wkl 5-6 Fis.

0.30 1.50 2600.00 3000.00
A:feeding speed B:rotation speed
__ﬁ——ffl,ﬁﬂ”x#ﬂr
2.50 10.00 0
0.1502
C:radius of particle horizontal distance

Bl 5-6 Wit LG IR AR T K P BE B Z M RAL 1R 55 B A

Fig.5-6 The conditions for optimizing the horizontal distance between different particles
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Fig.5-8 Models of practical experiments on separating efficiency
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A IR A BRI 73 I8 2 Eg o

5.2.2 iFESE

E CA 852 (R 4030 25 A% 40 BB AT IO B AR SE56: 10 SR — VR 43 28 i S AL AT T FL 5 AR R
(108 5 i DA K 70 8 USSR A P SRR 1) 53 B R 40 25 S USSR B P F B AR AR 1) o i
SR TSR — VIR I L S TR A R e k0%, g5 RNk 5-9, 5-10 Fiow.
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Nomenclature

a acceleration of the particle (m/s?)

Bm intensity of magnetic field on the surface of belt (T)
Br intensity of magnetic field of the magnetic roller (T)
C perimeter of triangle particle (mm)

Es separation efficiency (%)

Fq gravity force (N)

Fr eddy current force (N)

g acceleration due to gravitation (m/s?)

d horizontal distance of particle in practical experiments (cm)
L length of rectangle or height of triangle particle (mm)
M, total mass of plastic particle (g)

My total mass of PCB particle (g)

M, mass of recycled plastic particle (g)

mp mass of recycled PCB particle (g)

n natural number
r distance from the center of the magnetic roller (m)

R radius of the magnetic roller (m)

Ra recycling rate of plastic particle (%)

Rp recycling rate of PCB particle (%)

Rp radius of particle (mm)

T thickness of metal layer (mm)

v velocity of the feeding belt (m/s)

\Y volume of the particle (mm?®)

W width of rectangle or bottom width of triangle particle (mm)
X horizontal position of particle (m)

y vertical position of particle (m)

a separating angle (9

ar true value of separating angle in experiments (<

0s simulated value of separating angle with MATLAB (9
B error rate used in verifying the separating angle (%)
OR shape factor of rectangle particle

ot shape factor of triangle particle

Lo vacuum conductivity (S/m)

0} rotation speed of the magnetic roller (rpm)

p density of the particle (kg/m®)

T conductivity of particle (S/m)

Q resistance of coil in eddy current model (Q2)

Pm magnetic flux generated by magnetic field (Wb)

Po magnetic flux generated by particle itself (Wb)
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COMPUTER SIMULATION OF SEPARATING
MIXTURE METAL AND PLASTIC PARTICLES FROM
WASTE MOBILE PHONES BY EDDY CURRENT
SEPARATOR

Nowadays, smarts phones have taken large parts of people’s life and the update of these
phones has contributed significantly to the global e-waste. Recycling of waste mobile phones,
especially the printed circuited boards that contain higher quantities of metals can bring large
benefits in economic perspective and reduce environmental problems. As the dismantling process
of mobile phones often requires a large amount of time and human recourses, mechanical
processes are usually employed during the recycling of waste phones, after which the various
metals and materials contained are liberated and separated by some kind of shredding or crushing
process. In this case, a more efficient way to separate metals and plastic needs to be found out in
order to improve the recycling productivity. Eddy current separation (ECS) is most often applied
to gather large-scale nonferrous metals from waste streams that contain mainly non-metallic
particles. However, there is little research about using ECS to separate the metal from crushed
plastic boards of small appliances like mobile phones. The aim of this paper is to testify whether
the eddy current separator can be used to separate conductive metals and plastics particles for
better recycling crushed phone particles. In this study, the particle shape characterization and particle
trajectories simulation were performed on samples of mixed particles with theoretic model of the
trajectory of the particles supported by MATLAB language. And suitable conditions of ECS are
found and verified with the actual operation. The simulation results pointed out that PCB pieces and
plastic pieces had different detach trajectories at the conditions of same size and certain device
parameters. With the help of Design-Expert, the optimization was studied. An experiment carried out
using an eddy current separator to sort these particles based on the optimization parameter. The
separation efficiency got 95.54%. Such a model can be used to select separators for specific
applications like waste phones and other small household appliances and obtain the optimal working
parameters.

The eddy current separator consists of a rotating roll and feeding system where particles are
transported on the feeding belt to pass through the fast rotating roll. There exist alternating
magnets beneath the rotating roll and as the rotating roll spins, it induces eddy currents in
electrically conductive particles moving close to it. The Lorentz force generated by the eddy
current in the magnetic field of the particles combined with its gravity force, centrifugal force and
other mechanical forces will decide the moving trajectory of the particles. The particles tend to
follow the motion of the rotating roll at first, as they get closer to the magnetic field, the Lorentz
forces on them change simultaneously. When the co-acting forces exceed its own gravity, the
particles will detach from the rotating roll.
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The magnetic factors are considered by measuring the intensity of magnetic fields with the
different distance from the alternating magnets. The data of the intensity are fitted with an
empirical formula and used in computing the Lorentz force. Based on the intensity distribution
function of the magnetic field, MATLAB is used to simulate the detachment point of particles with
different size ranges (radius of 5mm to 25mm), also with different shapes (cylindrical, triangular
and rectangular) and with different thickness of metal layer. The particle density p = 1500 kg/m?,
the metal layer having a thickness of 0.1mm, the total thickness of 1mm, the velocity of feeding
belt v = 0.4 m / s, the velocity of the magnetic roller w = 2600 rpm, surface magnetic field
strength By, = 0.17 T and with 8 pairs of magnets. Through observation, it is found that with
increasing particle size, the angle of the detachment point also increases, indicating that the
particles with the larger surface area in the separation process will fly off the belt earlier. In
addition to particle size, the thickness of the metal layer in each particle also has influence on the
detachment angle, because the thickness is proportional to the size of the particles generated the
Lorentz force. Thus, the thicker the metal layer, the earlier state of detachment from the belt. But
the shape of the particle has little to do with the detachment angle when the particles have similar
area of cross section. The computation of the separating angle has been verified by actual
experiment by high-speed video capture. The separation process of PCB particles with the radius
of 5 and 7.5 mm under the condition of 1 m/s feeding velocity and 2600 rpm rotation speed. It’s
calculated from the footage that the actual separating angle corresponds to the simulated one and
the rate of error between the two is about 2% to 3%. It turns out that the computation of separating
angle with MATLAB is quite reliable.

After the detachment, it is assumed that the crashed particle moves along with constant
acceleration in 0.001 seconds and by calculating the velocity and accelerated velocity of one point
and the next, a program written by MATLAB is used to plot the trajectories. The horizontal
distances of particles containing different thickness of metal layer are used to judge if they can be
separated. The output data includes detachment angle and landing coordinate. By inputting
different characteristics of the particle and the parameter of the separator (v, w, p, Ry), the
trajectory can be simulated under different conditions, which can be used to judge to which extent
different particles can be separated by setting the height of the collectors. By changing the velocity
of the feeding belt while fixing other parameters, the horizontal distances are calculated. If we use
the distance between two kinds of particles to judge the effect of separation, we find out that the
larger the velocity of the feeding belt, the larger the distance between two particles and the better
the separation effect. By changing the velocity of the magnetic roller while fixing other parameters,
the horizontal distances of different particles can be calculated as well. It is found that, when the
velocity of the magnetic roller changes from 2100 to 3000 rpm, the results of horizontal distances
of different particles turn out to be quite similar. In addition, the larger the size ranges of the
particle, also the larger the distance between two particles and the better the separation effect.

These stimulations can help to find out the optimal conditions of ECS for different particles.
In this study, the response surface methodology (RSM) was used to analyze the interaction of
several independent factors by the Design-Expert software (version 8.0.6, Stat-Ease, Inc.,
Minneapolis, MN). Experiments were conducted in a standard RSM design called central
composite design (CCD) for the optimization of indium recovery ratio. The belt speed, the rotation
speed of magnetic roller, and the particle size were selected as factors on the response horizontal
distance with the coded values at 3 levels (-1, 0, and +1), which refers to the belt speed of 0.3 -
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1.5 m/s, the rotation speed of magnetic roller of 2600 - 3000 rpm, and the particle radius of 2.5 -
10 mm. It’s modified by Design-Expert with a function of the horizontal distances of different
particles related to the three influence factors. y = 1.36866 - 0.3398 X A — 747 X 10™* x B +
0.013188 X C + 1.96 x 107* X AB + 1.11 x 1073 X BC + 5.67 x 107® x AC — 0.10708 X

A? + 837 x 1078 x B2 - 1.85 x 1073 x C2. Besides, Design-Expert also helps to decides a few
groups of optimal parameters, of which the belt speed of 1.18 m/s, the rotation speed of magnetic
roller of 3000 rpm, and the particle radius of 8.44 mm are selected to be the most optimal for the
best separation effect. The result of modified model is also verified with operation in reality by
using the most optimal parameters to separate mixed particles. The idea of separation efficiency E
is used to judge the effect of separation in real experiments. By changing doing separation with
particle radius of 5 - 10 mm, it’s found that when the belt speed is set to 1.2 m/s and the rotation
speed of magnetic roller is 3000 rpm, the separation efficiency reaches its maximum to 95.54%.
This verifies that the stimulation model designed by MATLAB can help to find out the optimal
conditions of ECS for different particles and can be used in real life experiments. The further
modification is needed to make this model more accurate to explore its more uses in guiding the
choices of optimal parameters in separating other particles.
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