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Fig. 1. (color online) Scheme of the free fall electro-

static separator[m].
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Fig. 2. Scheme of the wire-plate electrostatic precipi-

tator (191,
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Fig. 3. (color online) Charge density in fluidized bed [27].
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Fig. 5. (color online) Schematic representation of the

process of electron transfer on the contact surface of

two particles (547,
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SEIH TR REAS VTG PO 3 T, S0 JYMIDRE 1] BEFE RS R A SRR TEIRE, R WOk 1%

[63 () = (i + )] (Ri — Ry)
(R;+ R
BURAT AR, 5T R AR 5 K IR 5 L FR BN
nedoRli (28 +60) - p bR (2Ri + 6o)
Ri+R, TR R
RUZHY, 5 RORL I I FROAR L L A BRI A2 A 5%

Ag; = Tepu,o

Ag; = B;

g5 = C1(qs + qu) — CoAPesr; g, = (1 — C1) (gs + qu) + C2APer, APest = S (R, — Rg)/(RL + Rg) #H i
PRLAIS, RFL; g Flq" 2B i sl 5 MUk (A L& O, Co 25 HEA RMEEG S AHEE

Hr: Aq, TR 4, pu,o, do, RIF Ly n AMRCR I KRERE, R/

[56]

Hrb: Aq, Fhri M4, pu,o, do, RIFIL; B
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4.3 KB TFHREEHIRE

JAi Il AR A5 12961108 7K ) e B B 8 R Uk 3h
SRS AR, HH R BIBRL S JE B 5 1)
e, MSURL 2 T () BSOS AIE 5 2 W0 77 2247 9
R, WEIE T AH EIA BEZE R R HURL 28 45 A FRATLEE.

ORI W46 T B 5 R SRR AR [, 22
W% R L AE A8 B SR ] 925 ) A2 T 55 70 1) AR TR % 3% 1
TRE S, AR UL T PR 0 A 5 R g A
IRWAS B e, WISRL o FOUSTRL 5 BE 4 o F%
N BER e E W AT LRIR A

W = FS; - 815 + Fiij - Onij (1)
Ko, FS, FIES, 45 5B RER N b0 3 Ak
7] 73, e A 8045 53 90) D9 UK Rl 43 INF (14 171 1) 7. 4% A
E AL

i v Bt 2 #5045 21 (1) P9 R 1 35 43 IC T A8 B Al i
HIPANRIORL 2 P, UK AH L EE 45 1 R A, 0R []
TR BT AW SURLAE X7 Hhod T R e S A
77 305 A B RS e . AR 8 PP A i
2L HE AT A3 H ok R AR AR S EURE TR, S
S B 4 IR BE A R

AT; = e B IATY, (2)

Sooh N 5898 AR, SEERHCAIN Nu 250 A4 5
N Nu = 0.37Re™S Prl/3; B = ped2/(6)); A J9 T #
FH, AN W K Y AT, g e G
Sl s, ar = 22 v
Wi IR o 9L 6 (BT ¢ AL ¢ 1 LAV,
ar PR I M 2R

T OB A AP0 2 TP R, k2%
T 2 B — 2K A . SR B 8 O 4 A

A5 KAy T2 o HT JOH™ B B W A5 UKL 2 10 0
BRI T . 24 R 2 AP OR A B A
i, Ht JOH™ 2y FE 22 75 [T A%, A T4 o fr)
L a FIBURE 7 18] B8 B 22 7= AL i H JOH~ &
J AT LLRIR N

J = asas (ATl — ATJ) s (3)

X, AT, MAT; 35 WKL / R0RL § 55 3R 85 1] )
IRZE, # (AT, — AT) WKL ¢ FUBURL 5 8] AR
FEZ. ag R WM K BURE R T 1/ HLH 2, S5 AR
SR IR B 5. ag A& 3o BURL[a] R 5 5
72 51 S 1 I M TR RCRORE 18] 4 R 3 22 1) L ) 2R 4
HKMEFHT/OH ™ IR A K.

PRI, SRR FA 5 LB RO N

te
ts
te
ts

FEREAE R R v, KOREAR UL I T e AR,
RARRURLIR BB, - B R A8 2 b OH -
T A R LR, B2 1 T DGR E AR X g £
RLIE #2 I LA BRI RURL, I EAAE P AN ORE
ER AR, B AR BB (/AR BURLE £2 2
Uit BB ARLAR IR, A b 52 B/ SRR RORE 717 471
HL, ORI RORL A IR HL. HA B N B 6 BT .

TN A = e R e R RS UKL 2R T AN S 2 %)
JEI ), R RRD TR, Bk, &0
B A UKL 2% 48 JBE 45 FELASE 7R ) DA 3R Tk g e o
FRRITRE 28 8 N R LA, BTl 7 L TRAG IR B

(4)

6 (PIFIREa) AW B HBURL 2R G5 b HBUR 22 i 5 e R AR AR 159)

Fig. 6. (color online) The schematic of aqueous ion transfer on particle surfaces®9].

5 MR BRI B BB AR LT

FESERR Tk ZE =i RE R, 0RE ) LR 2 52 4
AL HORE I, RURE 55 A1 AR A3 A B S Y P I

FHIR S, BT 2R 2 M A B ] S 07 R 2 A% 18
FH RSO A PR A LE X BRI R 32 8 A VA I8 50 1) 52
AN [E R 2 [a) AR ELAE A . 3B SRR 1T B
Kf# Navier-Stokes J7FEAFH, 25 FEBLANURL 7E 3%
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SRR 32 S RE B, FRON SRR Bl ) 25 AR
A, FEH T A BRI ) - P ARR, SRTRLE) /)
AR T — R R ST S R R RS SR TR
BRI R 1 WURLAR 5 2% A0 2 18] AR LA
IR AH 5 3 B AR AR AR 22, (R
TSR, ORGSR AURORE 1) 38 B B, Sk
K RORL IR 38 B B R AT G2 v 53 A Jis A T 45 21 R
KLHE 1z B M.

AR, AR L FUNORL B)) ) BRI 2 R B
TE B RS T AN R i 38 UKL 5 U0KE 2 8] Y AH ELAE H,
R TT RIURE 28 G A AR WAL o ar L AT D 1 52 o 2 Ak
UKL By 7 57K Ve 5 UKL A 22 16 5 AT N 2 T8 )
FHE KR, BT (discrete element method,
DEM) R $i& fi RORL Al 18 I UKL iz 2l 5 4 10 42 3B 45
JE, L RIURL A 42 I T8 | AR UKL IR IS B
A EAEFH 7055, SR FH B HCR OV E AT BRI 1)
W AR Z, HLiR v Suknr i, 102630,

WKL JR Gt 32 i I 2 I, 0RL 5 iR 7 AH TR
B, WARAZ B AR N IR, 38 52 380k
XA AA AR FE 2, T RSUARE <2 8] FR) B3 il 42 A vl A 7
AR EEER. R R CFD-DEM J574
RO ] A A AL A RORE A R 2 PRI AU T 7.

5.1 RASHRLIENFFIEREA

MEAE VR A B2, B IR AR E B H A 1 3
ZEVE T RE NS TT R . X A 1R 3B B R A g
AT AU ) M A L AT S 4 7 S S A A 1)
WARRPE. H R R AR AL OV B, (direct
numerical simulation, DNS). KR (large eddy
simulation, LES) 175 # B} ) (Reynolds averaged
Navier-Stokes, RANS). H2# iifi ¥t #4 Ji& 5 Ut it i
(1 Jik 3 = BEE T R i (54, SR RUEE 7R
TSRS REE, s A BAE A R R AL g
OB (R0, /N R i ) 2R 2 FE R RE B 7B
B AR, KOREE B0 Bl E 8l R 1 T e I 2R 30
SR ZH ) 1) e, T AN TR B N R iR AR AE T
23 B L2 FEER. Rk, KiEri%
B 76 0 3K iR 3E 2 & Navier-Stokes 7 12 3K H 245
FONTRUE iRy, /0N R Ry 4] 52 M 368 3 A0 A ) S A
BERURAGA, KWL T IEAETH AL N A7 S AR
JEE T 5 THI AR ) 1 S 1001,

FEANTRIER T VE 2 B /N iR S 1 i A
TR X 28 i Smagorinsky 5 3 A, XA I e R
YEN TS FHRHETR & K E T, & T Smagorin-

sky B B) AR G K LA 1B AR 838 8 5 B
VBTSN RN, B A Ak A i AT HY 4 TR R
M, $ e R AU ) B AL RDURE E (00071 oy F
T AR A K E N s e, FERCE LU ARL
INEZS e s

S5 A KBS T TN 2 & H 0, — LR
#7775 RANS/LES [ BS #0577 ¥% (discrete eddy
simulation, DES) % 9970 448 ti ok, 5838 KR
Trik. R, IRAE ITIER SR TI IR B, ETR
A XA 2 HILBRER, ANIESEN; ok, TRk
JURT R SIS 2 1) 45 SR A Re ik N, Sox
R B FE B T BT AR UIRS B2 22, R 22 RO T A
TR AR LL R i St B e, N RANS FIT R
TR T A e R 1 368 P I A A 30T iR T AL sk
B, HmFiE RN S D REEA K, /AR
TR TE ARG 5 KRR K, BA WY P
LA HCE B ADN RS 52 A b FCAth A B 1T e 2
%A 71,

RORLAE 2 Sz 3ly, AUAMIRORE A (A0 ELAF
A LG B R IR . H T RN 5 2 SO EAE
RORTE, 23RS RORL I ) B 7738 H R 2 S 7 ok
TR

EH TIOR3 20 IR AN A= 10077 27 58 f, RORE 12 5)
428 1) 77 R AT E AR IS O IR, 5 ORI ) E
TR RSORL VR FH 3 OR8] Fr) e o 2. (750,

£ DEM BUE THHE o, G0 5 N BTN AL
BHARE (RURLEAL), 345G & B ()28 K, AR
T AT BRI AR, (ER2, R R AL
TRPURSE T 488 432 fipk 3 52 ) TR UL 3 7 )42 fi T AR
S I N, 5B A Ak ) A AU S
TOWAT 2, T [ A R [ ) 32 % YA BORL ] £ 4%
JAEANRE IR At IR BT H AR T RORE 1] % P R 2
S R AT A%, BT 1) R Hh R I T 54 i R
AT RE B R B2, T BLERE DEM i 55 7%
LA OASE 9 A 0 T DA Y 8 A DL RO £ T A% S5k
WAT A, FEORFEBURLER A T A0 [T

¥ th CFD-DEM J5 i i 5545 th B 0K Z 35
P55 58 3771 i i Ay HUBE R &5 ke Rk, AT DL 2
A 77425 TN RSORSE Al 428 A FL I AR

5.2 HETE

B BRI I % I ST %A, W E M
KL A6 > AT S RI a6 0 B, 8 3 R A A 42 11 7
FE, 19 2UWFI L7y, HIBURLE ) 77 R S8 RURE (14 57
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B, W RBURL A Al UM UL 2 G JEE R AT R
P T SRR A A U, B 5 19 205 S LR A R
FIURL 28 Gt UKL IR 38 B R 45 i LRV

5.3 FRAIfTEATHEBERMER

FE K A Tk 72 B[ P AH AL R, of 4 R
FH T~ FH L JBE 5 Ailf 98 17 A FELOE ER LY, B
0 7 A S5 B I R R g 2 R 5 0s s s [0
KB ) 92 56 45 SR UE 52 1 bR UKL B 5 Al 48 T2 B 1)
i FEL 37 0T AR T o R BT T R IR 9 3 1 5
M (29:52,76=78] 4R 7 A5 /b B 1 25 2 P B A LA
J7VEREFC T AR sk R B A< (] 9 AH AL H RORE 1
o L (79990,

Pt B 5 DEM A 4s At k, 2Bk
IS, Laurentie 25 501 B0l T R BRERES (polycar-
bonate, PC) Fl1 & Bt i% (polyamide, PA) Rt [ BE
Bt A R R B B ()~ 2 ey L S
SN, g5 RAR IG5 IR 85 R B kB
AR — B, UF B 7T DU G SO R (1)
far HL I L.

Matsusaka %5 57 A & — W flf 4 i F2
A7 1Y) % A% ' 5 R K fid T AR R OE BE, B A
5o ORI AR T, R R &R BLR RN
Agm = kS AVi,, HAt AV, S m SRS 5
Wz Sy, NECREAMTH AR, 7] LU DEM J775 3RS
K JhyH fidar O R v ) A FUE 2. R CFD-DEM
D3I T Ak A P A R R 43 A 58] A
T 46 75 W B T Ak = 2B B S BT ROk 5 Ok 2
V) P R L JBE 5 Al 4 1T A 380 A AR X, A
Ll BB A PAERA. Fe b RS E AR
mizdl, RGN ReE N TAHEE R 2 BORL . 7E
R (8] A ELRE B ) i AR, B A AL A 5k ) BE
P DA R [ 6 7% 51 kD 1) 35 ¥ A8 TV e % 46 g A 5
BE SR ETE RN EE. R, FORL -5 P4 5% 18] A3
J5E 22 o WA B UK 3% T 5 PR3 2 R (R E A8 #e. P
DA, A AN AN 2 52 i BB (1) 32 sh e, T HL 3G 22
5 W R 2 THD ) I FEE A A, DTG Ko R B 48 £ HEL
FEFEAE RN, X IE 2 4.3 15 KM B T 55 52
A K bk 4% B R H CFD-DEM J5 8 98 1
AR RG] A bR ) far FLREE, 49 tH T AN RDRLAR VD
W I er LB, RO AE AR SR B ORI AR R
7 1E HL T /N R AR UKL OE B7HE 3 5 S0 W0 0 &5 SR
g [89],

6 ZERE

T Az 7= T SRR R R SR AN T 38 G 1 2 A
L JEE Y G A8 T r HL. i FRORE 9 47 £ W] R R Tk
AR AR, W bR Ay, MR 2, FR
ENT A AL AT R M R W Tk AE e
T, G0 AT 2% N P A TR L R i Ik o AR A
AR R AR, RUE A R ORLAS B T )iz 1)
K5 R, AR RIORL 28 45 RURE PR A F LR AR SR
BB T, REETFZRAMS LT ES
W ARSI X LA A AL R RORE A H ) 2 i
LML EE A BB A T PR TR, AT BAJA g H LR L
=27

1) JUAE JBE 5 Al J5 i HHL I S AT LAV 45 T H
. B TR MR AR E TS ST
ST S AASROREL, T DA 3 oK ) 22 A AR AT
B, 0 T 4 S R UL (1 1 HL, BT DA B8 T3 R AN
VIR R Rt R . b, KM S e B o
AL 25 FE T BA 5T Hp U P 1) 2 T AT D P OF A R
Y PR FURL I L. AEAS — 3R ISR, X LRI far FELATL
HI AT e A7 R0k R PRl A g ).

2) ] DU B 47 F, 1) 20 5 B 2R ok T = o
SRR )y LR, AR A R A R AR R A 1K U7 SUA
[, far HLASE 20 2% 81 AN 3% (1) S 0, S X AR 4
) s T RN R 2 THT /K M B F RS L (ELAS — 4R
S, ANTRI AT FBE A AT B8 @ TR 1 r A e
Jr =

3) TEA B AR A, SR 22 8 i A B P i
1407 L, B F RS — e R S R IR AR 138 3)
1725 AR 14138 Bl B 2 5 i FURE PRl J8 401 2%
e TR AR S BRUR. R IIE 3 5 kL
)7 H A EL AR A, AEAF 701 A A A0 HR JOREL PR i FEL
R I 5 AS B ZUBG TR I S2 . ¥ CFD-DEM 5
fo FELABE 2R 2 45 T o T DA AR Gt M AT 7 ST A R
UL ) A7 FRE I, 25 2 RS T R A F AR P 11
FER, WS el AR | Bl R R s
M) 55

LA S [ 9 R 98 P AR A B PR P 7 EELAL
HREE AR T VR R SO T IRK IR, (54
A AR A R ]

1) B 7 3CH BT 8 K DY o e gy 3 B LB 2 A1,
Fe R ICAFAE R HAR R “Tu g dadk Befd i & AT A% 2
T TR I T S S 56 5 AR A T A SR AT
JEE P g FL I 2.
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2) H IR P 7 1 R A 7R I [ AR ok AR 82
BRIEAMORE 100920 gz b Tl et op A 7E (i A 7k
RLIFARBAE BRI, SRR AT LI SR HFHE, 3
BURS T/ L IR LA [ A SR T B 0 AT AN B, AE [
PRBCR AR FLER i K I FE v, B 7 /T B RHUK
AR, BT/ TR N g thIF AR
{0, T LUK 2 Fhoar AR 2 Sk, A SE OO A £
JEE, SE 0 A MR FURORE 2 St EE AT IR
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Abstract

Particles in industrial flows can be charged under an action of external electric field, while in the absence of external
electric field, tribo-electrostatic charges are almost unavoidable in gas-solid two-phase flows due to the consecutive
particle contacts. The particle charging may be beneficial, or detrimental. In the past decade considerable progress has
been made in understanding the physics of particles charging. However, the particle charging mechanism, especially in
the gas-solid phase flow, is still poorly understood. The purpose of this review is to present a clear understanding of
the particle charging and movement of charged particle in two-phase flow, by summarizing the charging mechanisms,
physical models of particle charging, and methods of charging/charged particle entrained fluid flow simulations. In this
review, charged particles in industry, which would be beneficial (triboelectrostatic separation, electrostatic precipitator)
or detrimental (electrification in gas-solid fluidized bed and manufacturing plant) are discussed separately. The particle
charging through collisions could be attributed to electron transfer, ion transfer, material transfer, and/or aqueous ion
shift on particle surfaces. For conductive particle contacts, the difference in work function is often used to explain the
charge transfer. For insulation particle contacts, the charging tendency can be explained by the ion transfer and material
transfer. In addition, aqueous ion shift transfer would be an important charge transfer mechanism considering water
content in environmental conditions and the influences of temperature and humidity. The charges on particle through
collision can be quantitatively predicted by using the particle charging model. According to the differently induced ways
of charge transfer, the charging models are related to the external electric field, asymmetry contact, and/or aqueous ion
shift on particle surfaces. In fact, the motions of particles in industry are influenced by fluid flow. The effect of fluid on
particle dynamics makes the particle charging more complicated. Thus it is more reasonable to study the particle charging
from the viewpoint of the gas-solid two-phase flow. The method combining particle charging model with computational
fluid dynamics and discrete element method is applicable to the studying of the particle charging/charged processes in
gas-solid two phase flow in which the charge behaviors are significantly influenced by the fluid mechanics behavior. By
this method, the influence factors of particle charging, such as gas-particle interaction, contact force, contact area, and
various velocities, are described systematically. This review presents a clear understanding of the particle charging and

provides theoretical references on controlling and utilizing the charging/charged particles in industrial technology.

Keywords: particle charging, charging mechanism, charging model, numerical methodology
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