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Abstract: The segregation of granules under vibration is the premise of minerals screening, and particle shape and size are
important factors affecting the segregation rate and results. Based on the Discrete Element Method simulation, the dynam-
ics of a single (non-)spherical large particle segregation in the sea of small particles were investigated, the influence of
particle shape on its segregation rate was studied. The interaction effect between the shape and the size in a binary uni-

form mixed particle bed was analyzed, and the distributions of segregation rates as well as the orientations in a multi-com-
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ponent particle group were revealed. The results show that under a strong vibration, the segregation rate of spherical large
particles showed a non-monotonic trend of first increasing and then decreasing with the increase of particle size ratio. And
the segregation rate of non-spherical large particles is significantly higher than that of spherical large particles, mainly be-
cause the particle's bottom end extends to a deeper bed where large porosity fluctuation occurs. In addition, the segrega-
tion rate difference between non-spherical large particles and spherical large particles also shows a trend of first increas-
ing and then decreasing with the increase of amplitude. When there is convection in the binary mixed particle group, the
segregation rate is significantly higher than that of the non-convective particle group. The segregation rates and rotation
orientations of non-spherical particles in the binary bed show a “Gaussian-like” distribution, and there is a competition ef-
fect between shape and size, which leads to the abnormal “Reverse-Brazil nut” phenomenon when a small size ratio and
low sphericity are given. In addition, the influence of particle shape on the segregation rate is significantly higher than that

of particle size structure. Adding intermediate-size particles slows down the segregation process while widening the size

distribution range also reduces the segregation rate.
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Table 2 Calculation formulas of the indexes used in this research
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Table 4 Basic parameters in multi-size mixtures
Figatity R mm Kk e LR _
KT/ (mmxmmxmm)  fRiE/mm RMHz RS
ZIURLRE 3.0, 75 1.0, 2.0 50. 50
=JCRLRE 3.0, 5.0, 75 1.0, 2.0, 2.0 38, 28, 34 100 x 100 x 60 2.5 20 4.02
PUsGREE 3.0, 5.0, 7.5, 9.0 1.0, 20,20, 1.0 38,24, 16, 22
FRIE: Y Moom=1.0 B, R HEAL T8 2R A RS Y 110 0
0] 9 4
Maora=0 i, FRBLREAL T 52 A BINTIR 100 o
11 A9 22 T0IR A R 4 (B 55 7 I 0 25 | I ¢
LA, H 11l g0, Joie BURLIE R Aandey, 8 fin v (a] ks ;gf( 70r 14 =
N N ZiE e T, N S s Pii 60 150 4E
TR 2R BT L 2, T SR B 5 £ 00 [
B 2 R BT K R SR, S L SR S-NS e ; {0 g
/ NN 2] - ol - 1
PR S-S Ry B ot B AT 1, AR Ok S 4 o A ear—er 3 10
SBEATUL OB (AR T4, it o WSS L
Je G| AFEBRIE Hh APRLZUMORL ) S-NS-NS IR, i s it — 0 o 05 05 o7 oF o9 1o 1O
A FERIGY S-NS-NS-S I, H BT Rz i F e
BRI UK 1 S-S PR, 2 ORI IR 01 B 7 8 % 1o N 0
= b T g 4k 100 | A2 L2 6y —T # 110
SO 3B M PR or e e
1.0 £ % ; D 30 E
' oo [ 5-5-S N 15, E
SLl N b
0.8 Y - 150 £
st / 160 &
Z 40 |S-NSNS sfés 10 5
0.6 %2 / 0 X
g Z 0% 180 &
20 | 4 90
0.4 10 | Xy , - 100
0 1 1 1 1 1 1 1 1
02 03 04 05 06 07 08 09 10
&
0 110 0
0 300 600 900 1200 1500 1800 100] 38 pa o T ot > | 10
i 1 41 90| - 3/T —o-8/T 120 &
g g0l —o—4/T --+-9/T 130 £
BT 2R OBV TR G A B R BT I T Fr 2 £ LR E =51 - 10/ L of =
 T0F = 1 40
Fig.11 Variations of entropy of multi-size particles with time JEE 60| —— o2l 150 %j.é
We €60 Tl ”» - N N 50+ 4 60
FEFBURL “2 BRFEH0 SR A B BT o, 2l 15 %
TRE BEHT AR 1 2 R 3 2 2 1 IR LB ik 4 30} 180 2
SRR AR S e 2 5 P 12 R DRI ol ¥ 107
H 22 TERTREAE— R SR R I B I I Il

PIFLBR R () ZZALAFIE. AT LATE Y, X T BB 0RL IR
Lo (%) ARBOBIURLIR, IRAR S RIZAK A n] 1% 90 mm,
X LB A AT 1.0, M2 UK o FEE 22 00T T A A v
15 A8 fE— N IRBIEIIN, FLBR 5 20 e il R
PR BE RSt R B e — R —” B AR
PRAAFLBR 3 ) 22 A 32 B IR R sl 7 A BOBDRL AR 28 A
T T A% 338 R R AR L R AN (] g BE R IR 9247 1
ZES T, 1X E BB URLR 2 U ) 25 5

03 04 05 06 07 08 09 1.0
€

K12 AEDRLER TR A RLRE A LB AT — iR A
i e 2 S R
Fig.12 Variation of porosity with height in particle mixtures of

different size distributions, within one vibration cycle

K 13(a) iR 3 TBORE P AN ] g B2/ INORE B9 41 7
2k, nTLIE I, B v AN, 413 il £ A AR i LA



Tl ZARE R RS IRS T 3 1 45k 4583

=% /mm

)

20 2530354045 52 54 56 58 60
S
() TRARLFEA [ = [ FRAR B A B

2.04 (20 Hz, 1.94 mm) 54 mm

. C
E 136}
Elg
iz 068F

0
E 2791 (20 Hz,2.32 mm) 18 mm
E 16t
= 093

0 .

6

E 27r (20 Hz, 2.49 mm) mm
~ 18_
E -
E 09F A

0

15 20 25 30 35 40 45 50
A Hz
(b) TR A RLEEAS[R] 2 5 JHUR I 35 A3
13 IRARRE B IR sh AT

Fig.13  Vibration spectrum of particles in mixtures

¥4 2 A B B AR Ak, KRS 2 R AT A B AR e,
ISR B A A5 R A, 15 2R ) ) B Uk AR 5
AR, WAL 13(b) TR o R I B BRI 1 48
Bz ik, LR35 033 ] e A3 B — Ak B S O, X
%k 20 Hz, JRIE K 2.49 mm, 33X 5 4MINE 24 2% & i
— 3, TR A URL R B B Y AR G AT o s TR e 2
WK AR 7 5 TP R 20 Hz Ab4h, 78 5~ 15 Hz J5 B f
U BT R . LR R BRIR SRS BOR AR A, 18
PR LA 3R 7 07 1) B B EE g A, 38 32k RS Ok Y
“RARET LA ROK A TS URE PR 9IR AR AN — BT 8
AHXT R BEF=A: TR BZAIHRAER, fE— - RshEI
T B RGBS R A TR AR A o AE PR B0 R
T A% 138 1) T2 s (0 3 AR TP, P TR ORI R AN
IFi) e B i 2 A R — B, S BB B 1) A A A
SRR DL, o ) J2 JUAE G 32 JES S 00k A% 1 FH e 22 T
TRTORE T ATREM o T BE B RGN, L R AU ) B
U2 Bk F 0 R 0B 29 SRR S, AR
TN Ak, AR AT Ak 0 11 50 R R I U i A S 2 i,
PRI AR A e, DR AL R A b =2 T
HE—2 % LA AT 13(b) S5 6 & I, AR ) ey 2

5 10

Ak IR A ORL IR Hh B ORI PR S AR L 22 50 Ok
PRI 4%, JuHIEAE0, 20] Hz N, Bk iR 17 0
AP X FEEH Ry, S hk R AR G R R
FLBR R, JORL LA % S Y 7 =X e 8, Bl LA
TeF IR 25 32 PR, P RSP ERRAE S

BEAR, % T BRI UKL IR, To 18 23 i v [a] R 4% 34
JE A TERL YN, R AR AL BRI EHE T R S-S
(47.20%) > S-S-S (45.88%) > S-S-S-S (44.68%), H-1E
— ARG RN B Sh g (EHEP R S-S-S-S (12.11%)
> S-S (11.43%) > S-S-S (11.02%) ; XF & AL BRIE ki
R U, FLBRZRIMEHET N : S-NS-NS (46.03%) >
S-NS (43.08%) > S-NS-NS-S (44.45%), 2 W hndfE ek
TERIUREATE Ry v ) b7 20 25 8 25 4 T R AR A FL R 3 34 (B
X H A3 B AT S, B AR S-NS TR Y 48 B R AR T S-
S IR, (HH B M s R A0 2 3 T Je 4, i E 2 iRk
T U AE B A 3ok A v g B ) M S B0, Al 14 B,
P | 591 A TR A7 R UNCY TR UR s A (82 912 TE TAERRIS
) THRBN Iy ], ZR5 SRR B TR R 5 45 S T
A, TR 2s tn R ORI 0 R AR

0.35
0.30
0.25 S £ 59.80°
§§ 0.20 ///
o
= 015
0.10
0.05
0 20 40 60 30
KAl 57K /()
(a) 7.5 mmAEBRIE R
0.35
030
0.25|
£ o20f TS 77.31°
= oast ///
=
0.10 |
0.05 |
0
10 20 30 40 50 60 70 80 90
KAl 57K /()
(b) 5 mmIAEERTE FkL

14 S-NS-NS JRHARBRIZ RO AE BT R A HUR)
Fig.14 Orientations of non-spherical particles (S-NS-NS bed)

during the segregation process



4584 %% 3

% 2023 4E4F 48 %

Bt e . XA —E R R, EARXT AT
UM o T RAR LB

5 & it

(1) BERIRSIET, BRIEAIORL B AT AR AL
FE A3 0 L BRI B i A ke 3, 2 AR
T R /NSO A BR o A e % A S BOE IR A
BRI 805 AR BRIE UL S BT 3 5 1 2 5 T RROE R
OB A 2 PR, 2 R P B — B, JEERIE
AL G i S AP 2 SR PR, AL/ INBORE ) Fr R A L
B e S T BOL B Bt AT

(2) 31 BE JEE 455 S 10 ORI 8l B B S BOKR L /N
K B Ay RODGER XA, A BRI A URL A B4 B A
AR P55 AR A 1 R S o T JE X A O, e
TURE I B(E B/ MBS E 5 . BB BORL
AEBRI/ INBORLIR A3 PR, HEAR- SR RE X B B 2 R ) 3
MELHE A7 P R (2 BERE S s 4P Al 0 SRR ) 7 g
KLEE LG RERIE B 401 T R BL “IVE2R” B,
AR /AL BE LU ARBRIE BE A5 R ) 1 R L PG 2R
B M e

(3) TEARXF TS HrEAd , eI STk AR dn oy,
SN e ALK BURL 23 I8 G RLATE B B M A, 4 SR
JE 3 A 3 R [ A A 2 T BB A R R e IAIEBR
TR 2 At A A B i e 24, ORI IR X
eI A NS SRR e o

LA, ASBIETE P AR ERASORE £ AR BRIE UKL T
PRBNEHTOTIE, 7R L2 R BORLAE Sy Al B8 WKLY
PR BT R, SZATURE T LTS R R0 T T 45 DR 3R
SN, RS R A AL B 5 1) AR LA X 2%,
ARARMTFE R, AR — 25X 2 I R A B A A7 o T
JERA T o

22 ik (References):

[1] SHINBROT Troy. The brazil nut effect — In reverse[J]. Nature, 2004,
429:352-353.

[2] SHINBROT T, MUZZIO F J. Reverse Buoyancy in shaken granular
beds[J]. Physical Review Letters, 1998, 81(20): 4365—4368.

[3] DUAN Chenlong, YUAN lJiale, PAN Miao, et al. Variable elliptical
vibrating screen: Particles kinematics and industrial application[J].
International Journal of Mining Science and Technology, 2021, 31(6):
1013—-1022

[4] VLHFER, T, BRI, 55, WIZERS G m Bt i s 32 5 RS

F 3 ATHLEE D). PP A4, 2021, 50(5): 923-932.
JIANG Haishen, YU Shijie, ZHAO Yuemin, et al. Kinematics of ri-
gid-flexible coupled high elastic screen surface and screening distri-
bution law of material[J]. Journal of China University of Mining and
Technology, 2021, 50(5): 923—932.

[3]

[6]

(7]

[8]

9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

FEOF B, e, BRAR, 55 9K ORI ok Y R R A % e ).
i ERR2E (B #), 2000, 43(2): 119-124.
TANG Fanggiong, MENG Xianwei, CHEN Dong, et al. Glucose bio-
sensor enhanced by nanoparticles[J]. Science in China(Series B),
2000, 43(2): 119-124.
HE Jingfeng, LIU Chengguo, HONG Pu, et al. Mineralogical charac-
terization of the typical coarse iron ore particles and the potential to
discharge waste gangue using a dry density-based gravity
separation[J]. Powder Technology, 2019, 342: 348—-355.
HE Jingfeng, YAO Yake, LU Wang, et al. Cleaning and upgrading of
coal-series kaolin fines via decarbonization using triboelectric separa-
tion[J]. Journal of Cleaner Production, 2019, 228: 956-964
Mg, XA, LM, 55, IEIKRIURLTS JE PRI S N di Ak B b2
25 KBIFFE[T]. TllaK AL EE, 2020, 40(11): 49-52.
YANG Liying, LIU Weidong, WANG Hongmei, et al. Treatment of
chemical pharmaceutical wastewater by expanded granular sludge re-
actor[J]. Industrial Water Treatment, 2020, 40(11): 49-52.
AR, %S, IR, 45, PR B BOTEUZSHbe € 7 ik
WFFE[I). HhE2h, 2020, 51(24): 8.
SHI Chenfeng, YANG Maorui, TANG Zhengxin, et al. Calibration of
discrete element simulation parameters of Chinese medicine extract
powders [J]. Chinese Traditional and Herbal Drugs, 2020, 51(24): 8.
TSR SC, RESME, WARR, 45 UK S B IR —— R R
AIURE U 6 BHVE 5 32 o B IR S5 (0], BE 9 2441, 2019, 44(2): 582-
587.
XING Yaowen, GUI Xiahui, CAO Yijun, et al. Bubble-particle at-
tachment science: Advances and dilemma in bubble-particle attach-
ment on a macroscopic scale[J]. Journal of China Coal Society,
2019, 44(2): 582-587.
LRI, XUSCHL, FRAEAF, A5 P73k T ORI ) A X S Tk
JE[I]. HER 2541, 2019, 44(9): 2867-2877.
ZHUO Qiming, LIU Wenli, XU Hongxiang, et al. Research pro-
gress of relative motion between particles and bubbles in froth flota-
tion[J]. Journal of China Coal Society, 2019, 44(9): 2867—-2877.
L, PR, SR, 4. R AR RN v 04 ORI LR B R B
WFFRE]. LR 244R, 2021, 50(2): 582-587.
LU Kai, MIN Fanfei, ZHU Jinbo, et al. Study of settling drag coeffi-
cient of coal-based fine kaolinite particles[J]. Journal of China Uni-
versity of Mining and Technology, 2021, 50(2): 582—587.
SRR, B BN, 5. IRSVURLIRE & 90 4 R I A R4
SRERFERL[Y]. YRR, 2015, 64(13): 227-235.
HE Feifei, PENG Zheng, YAN Xiping, et al. Energy dissipation and
periodic segregation of vibrated binary granular mixtures[J]. Acta
Physica Sinica, 2015, 64(13): 227-235.
B, TV, ST, 5. ACFERIR T BRIE I PG RS B T
GEI). B3 252F48%, 2020, 37(2): 630-636.
ZHAO Lei, HAN Bing, GUO Bingjiang, et al. Simulation of separa-
tion effect of Brazil-nut under horizontal shimmy[J]. Chinese Journ-
al of Applied Mechanics, 2020, 37(2): 630-636.
HONG D C, QUINN P V, LUDING S. Reverse Brazil nut problem:
Competition between percolation and condensation[J]. Physical Re-
view Letters, 2001, 86(15): 3423—3426.
XIE Z A, PING W, ZHANG S P, et al. Separation patterns between


https://doi.org/10.1103/PhysRevLett.81.4365
https://doi.org/10.1016/j.ijmst.2021.07.006
https://doi.org/10.1016/j.powtec.2018.10.010
https://doi.org/10.1016/j.jclepro.2019.04.329
https://doi.org/10.1103/PhysRevLett.86.3423
https://doi.org/10.1103/PhysRevLett.86.3423
https://doi.org/10.1103/PhysRevLett.86.3423

55 12 ] e B ARA AR IR SN BT 3l ) 274k 4585
Brazilian nut and reversed Brazilian nut of a binary granular 1986, 49(1): 59—69.
system[J]. Physical Review E Statistical Nonlinear & Soft Matter [30] LIFFMAN K, MUNIANDY K, RHODES M. A segregation mech-
Physics, 2012, 85(6): 61302. anism in a vertically shaken bed[J]. Granular Matter, 2001, 3(4):
[17] XU Cheng, SANDALI Yahya, SUN Gang, et al. Segregation pat- 205-214.
terns in binary granular mixtures with same layer-thickness under [31] MAZOZIT, CLEMENT E, RAJCHENBACH J, et al. Size segrega-
vertical vibration[J]. Powder Technology, 2017, 322: 92-95. tion in a two-dimensional sandpile: Convection and arching
[18] KNIGHT J B, JAEGER H M, NAGEL S R. Vibration-Induced size effects[J]. Physical Review E, 1994, 50(6): 5138-5141.
separation in Granular Media: The convection connection[J]. Phys- [32] WARR S, HUNTLEY J M, BALL R C, et al. Particle size segrega-
ical Review Letters, 1993, 70(24): 3728-3731. tion in a two-dimensional bed undergoing vertical vibration[J].
[19] QIAO Jinpeng, YANG lJinshuo, LU Junyu. Particle behavior and Physical Review E, 1996, 53(3): 2812-2822.
aperture optimization of variable vibration-amplitude screening [33] Z20FHE, FIE IS, B4V, 25, YR SR 5 b (3 FE 008 B f ]~
based on discrete element method simulation [J]. ACS Omega, 2023, SIS IR, WUEIEEAR, 2009, 58(9): 5923—5929.
8(34): 30976-30989. JIANG Zehui, JING Yafang, ZHAO Haifa, et al. Effects of subhar-
(20] AHMAD K, SMALLEY 1 J. Observation of particle segregation in monic motion on size segregation in vertically vibrated granular ma-
vibrated granular systems[J]. Powder Technology, 1973, 8(1-2): terials[J]. Acta Physica Sinica, 2009, 58(9): 5923-5929.
O [34] S, T, F 90, 4 BRSBTS RS
[21] ZHAO Lala, ZHAO Yuemin, BAO Chunyong, et al. Laboratory- FHETIIE]. YR, 2012, 61(13): 273-280.
scale validation of a DEM model of screening processes with circu- PENG Yajing, ZHANG Zhuo, WANG Yong, et al. Experimental
lar vibrati .P Technology, 2016, 303: 269-277. L Lo « . ”
ar vibration[J]. Powder Technology, 2016, 303: 269-277 and theoretical investigations of the effect of “Brazil Nut™ segrega-
[22] DONG Kejun, ESFANDIARY Amir Hossein, YU A B. Discrete . L . . .
tion in vibrating granular matters[J]. Acta Physica Sinica, 2012,
particle simulation of particle flow and separation on a vibrating
61(13): 273-280.
screen: Effect of aperture shape[J]. Powder Technology, 2017, . .
[35] LIU Yu, ZHAO Junhong. A model for the Brazil-nut segregation
314(SI): 195-202. )
time[J]. Granular Matter, 2015, 17(2): 265-270.
[23] QIAO lJinpeng, DUAN Chenlong, JIANG Haishen, et al. Research ) )
. . L [36] QIAO Jinpeng, DONG Kejun, DUAN Chenlong. DEM study on the
on screening mechanism and parameters optimization of equal
. . . . segregation of a non-spherical intruder in a vibrated Granular bed[J].
thickness screen with variable amplitude based on DEM
. . Processes, 2021, 9(3): 448.
simulation[J]. Powder Technology, 2018, 331: 296—309.
e ~ N o R . . 37] FERNANDO D N, WASSGREN C R. Effects of vibration method
4] T, KBRS B DB SR B b DL M D)
S, 2021 and wall boundaries on size segregation in Granular beds[J]. Phys-
QIAO Jinpeng. Research on particles vibrational segregation kinet- ics of Fluids, 2003, 15(11): 3458.
ics and variable-trajectory screening process[D]. Xuzhou: China [38] TAIC H, HSIAU 8 S, KRUELLE C A. Density segregation in a
University of Mining and Technology, 2021. vertically vibrated Granular bed[J]. Powder Technology, 2010,
[25] ENSNER H M, KRUELLE C A, REHBERG I, et al. Reversing the 204(2-3): 255-262.
Brazil-Nut Effect: Competition between percolation and condensa- [39] SHIQ, SUN G, HOU M, et al. Density-driven segregation in vertic-
tion[J]. Physical Review Letters, 2003, 90(1): 14302. ally vibrated binary granular mixtures[J]. Physical Review E Statist-
[26] QIAO J, DUAN C, DONG K, et al. DEM study of segregation de- ical Nonlinear & Soft Matter Physics, 2007, 75(6): 61302.
gree and velocity of binary granular mixtures subject to vibration[J]. [40] JAIN Anchal, METZGER MATTHEW J, GLASSER Benjamin J.
Powder Technology, 2021, 382: 107-117. Effect of particle size distribution on segregation in vibrated sys-
[27] CIAMARRA Massimo Pica, VIZIA Maria Domenica De, FIERRO tems[J]. Powder Technology, 2013, 237: 543-553.
Annalisa, et al. Granular species segregation under vertical tapping: [41] KROUSKOP PETER E, TALBOT Julian. Studies of mass and size
Effects of size, density, friction, and shaking amplitude[J]. Physical effects in three-dimensional vibrofluidized granular mixtures[J].
Review Letters, 2006, 96(5): 58001. Physical Review E Statistical Nonlinear & Soft Matter Physics,
[28] WEN Y, LIU M, LIU B, et al. Comparative study on the character- 2003, 68(1): 21304.
ization method of particle mixing index using DEM method[J]. Pro- [42] BOSE M, RHODES M. Dynamics of an intruder in a shaken granu-
cedia Engineering, 2015, 102: 1630—1642. lar bed[J]. Powder Technology, 2007, 179(1-2): 25-30.
[29] ROSATO A, PRINZ F, STANDBURG K J, et al. Monte carlo simu- [43] HSIAU S S, YU H Y. Segregation phenomena in a shaker[J].

lation of particulate matter segregation[J]. Powder Technology,

Powder Technology, 1997, 93(1): 83—88.


https://doi.org/10.1016/j.powtec.2017.07.010
https://doi.org/10.1103/PhysRevLett.70.3728
https://doi.org/10.1103/PhysRevLett.70.3728
https://doi.org/10.1016/0032-5910(73)80064-6
https://doi.org/10.1016/j.powtec.2016.09.034
https://doi.org/10.1016/j.powtec.2018.03.031
https://doi.org/10.1103/PhysRevLett.90.014302
https://doi.org/10.1016/j.powtec.2020.12.064
https://doi.org/10.1103/PhysRevLett.96.058001
https://doi.org/10.1103/PhysRevLett.96.058001
https://doi.org/10.1016/j.proeng.2015.01.299
https://doi.org/10.1016/j.proeng.2015.01.299
https://doi.org/10.1016/0032-5910(86)85005-7
https://doi.org/10.1007/s100350100093
https://doi.org/10.1103/PhysRevE.50.5138
https://doi.org/10.1103/PhysRevE.53.2812
https://doi.org/10.1007/s10035-015-0548-2
https://doi.org/10.1063/1.1614811
https://doi.org/10.1063/1.1614811
https://doi.org/10.1016/j.powtec.2010.08.010
https://doi.org/10.1016/j.powtec.2012.12.044
https://doi.org/10.1016/j.powtec.2006.11.012
https://doi.org/10.1016/S0032-5910(97)03263-4

	1 研究方案与评价指标
	1.1 研究思路
	1.2 研究方法
	1.3 主要指标

	2 单颗粒离析速率变化规律
	2.1 单颗粒非线性离析行为
	2.2 非球形单颗粒离析行为

	3 二元混合粒群离析行为变化规律
	3.1 混合粒群离析速率分布特征
	3.2 混合粒群离析速率竞争机制

	4 多元混合粒群离析行为特征
	5 结　　论
	参考文献

