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Fig. 1. Types of collision particle pair: (a) Solid particle and solid particle; (b) solid particle and droplet; (c) solid particle and

mixed-phase particle; (d) droplet and droplet; (e) droplet and mixed-phase particle; (f) mixed-phase particle and mixed-phase

particle.

064702-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 6 (2023)

064702

25 ALl 58 T P 925 16 R X 3 88 R s A% 2
B, RS AR, URLEES T

2.5  BURIAGTE R R AL IE

FE T ORE IR AT A 2 1) L SR & A= A T
XGRS A AL B 1N, BURETRE 4 AN § & ARl
FE, EC SRl ORI NECH min(w;, w). ARIE
Fa 8 T R0RS B, PR BORE 0k B0 A NS s i )
HE IR J0RE S 550 W L S R R T 1 S B A 2
2.5.1 kg ALE

BB WUk e i R P AR RS, [ FH o
SPE SRS E A, Al A5 4 A 5 R S AR
FIBET R EAE d, . S p,. EFE v, 535

da = \3/ d? + d?a (15)

6 (m; +m;)

Vy = 77711'1]2‘ Tt mj’UJ . (17)
m; + mj

XoF T HORE SR (R Alf 42, 38 Ao R B AR | 1
o BRI IRBUBORBE I I 25 R, BARIR.
Hw=w=2n(n=1,2,3, ) H:
{w;w:wi/z ™ —duy P =y O} =,

new new new new
wi™ =w; /2, &Y =da, pi = pa, Vi =0,

(18)

J J

HBuw=w=2n-1(n=1,23,)H:
{w?ew—w P12, = dey =y 0 =,

new __

wj

(wj —1)/2, A} =dy, p;™ =pa, V;*" =0,
(19)

M ow; > w;

new __ ew __ new __ new __
{wi =w; — wy, d;‘ _di7 P =Pi, Uy =y,

new __ ... new __ new __ new __
U)] =wy, dj _daa p] = Pa; vj = V.

(20)
M w, < w; i
Wi =wi, di™ =da, P =pa, V] =14,
{W?ewwj —wi, T =dj, g =pj, Vi =v;.
(21)

AP, B4R new FRBEIT IS HUHE.
2.5.2 AR AL E

FETRERRAIRY, UKL ¢ A1 5 & AR TRl IS Y R
SRR 071,

%,[n~G<z 1
G| T T hH(l+e)

vi= v~ (n+ fyt)n - G)(1L+e) L,
i J

iR

r m;
v; =v; + (n+ fpt)(n-G)(1 —i—e)mi e

(22)

%,[n-G>z 1
|G| 7Hh(1l+e)

iR

2 m;
vi=v; —[(1+e)(n-G)n+ ?'Gt‘t] m; +]mj’
r 2 i
v =v;+[(1+e)(n-G)n+ ?'Gdt] m; +m;’
(23)

B, £ ONEEREG GAMXHEE, G = v, - v,
G, WHXTEE G WYl i ¢ ) e B ) 6
AR r RN

XFFARL 4 FN g PR A R, SR YRR B R B
B (22) R (23) AP IR R AL, LLARAS i
FEIRRIE AR evet I Ry 29

o 9u(d; + d;)(1+ €)ln(6/ hy,

et _ 9l spsgzzc(ma-)m( [ha) (24)

Xof T IR SR (1) A 48 I B %) Ak B kR
M ow, = wy i, #I(22) 2 (23) R BURL
JEE B R A B0 B S SBOR RlE 8 S AR R BRI 45 R 2
w; # w; I, PRI ORE B A, SR <70
I AL FR PO AN, TE w, > w; B, SRR
FERURL ¢ 7329 9 H A 73501 0w, AT (w; — wy) 1Y
HUREISORL o1 6, JTAb R AR R HORE UKL < F0 5 1Y
FUB SR B BUREBURE & IR 2 5 fil 48 ) BURE 15
A IR R BB 0T 4. AR sl E E A
B IS UREISURE 4 A 8%

o = [w; v} + (w; — w;)vge. ] /wi, (25)

A, Bhr m R GIFE, Fhe of 5RO
T FIRACIR TV, R R R SR AN

Mo, = w; i

v =, v =) (26)
B ow; > w; I

v =, v =) (27)
M w; < w; i

v =, v = (28)

e ZEULIA IR O -8 I ik e AT
WEGL I AR BRI R AE:

064702-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 72, No. 6 (2023)

064702

1
AE= —m;

| 2
2 .

T 1 m

[ 05w =)o 2] = S

(29)

ISR G R R, A A A
P05 SR s 1, ORI 2

1 < WesMyg

3 < . < 2, (30)
2o, AR s Fon Pk s
2.6 HETER®

EHEO<z2<)\0<y<00lm0<:z<
0.01 m AYIXIRM AU DX, #2 IR SCHR [5] HAY 5%
PR SR AR BURERIURE , 44 IR ORI ) BE AL M
IMARAU IR, FFH I E R B a0, % T3
J3E BERS TR) A AR E SR T R s Y, DA e
T BB T SR AR 5 i R 12 ) Rl e
U] 57 8 T3 e v T 50 A I R] 2 b A TR A
IR T 254 B 8 6 BB e B30 B A AL
X FEE AR 2. — Ok, SR B0k Iz 3
AR IS ) 2D A /N T UREA 5t I ] SR i FURE il
AR At W /N TRURE2 [ s fa] 07,

WIEHLERESRL )

I

TR 22
AtJE R B

!

AEBEH R
A HUREURL

ffffff DURFBEL BB |

FHERINECR, FEHE R
PR Rl Y

[ irsmmies P, |

RIS ver

e
A ——

FWT AL BB 4t

[F A 785 FE X AT R R RIURE @ AR AR P, < 1.
BT FEARESR, ASCRAAL =107s, At, = 107 5,
I, At./At = 100, FmBkLE 3 H315 100 2,
KA 1 AP BORLR AR . BARBEAALL AR WL IR 2.

3 #X54
HERITST

K5 Zhang % 9 25— B SAHSEL 5
Gy 554 W06 UKL (A FIURE A BRI ORI, A
TR A F A K ) FErES R X S Ve
T AR ) PR BT, DL AN A5 F T [ A
B P BT PR T 00T R EUE R, LG TERI AL,
AR IBUES S EOLEE 1, Hod, PR SAHEE,
py FIRAREE BE, K RAL e SRR AR f, B9 IUHE
IR RRHRE I AL 1) 2 85 2 29,

B3 45 T BB AR RS B B P e s U R
Bt 5 g A Xt L, B Oy A Bk gL H ik
B & 3 [l T e AR RURE 55 4 M e i A
oA, al L, FEARSCRAI IR R AR R 0.02—10 pm,
W KA A 7.8—53 um, REFI/RFEH1E SMD =
26.58 pm. FUEAL, 7557 5l Ve B A4 T BURE
WORIECH by 7448 A5 AN A5 E R, BR 7448 4~
] R BURE ORLAD , IR AT 272 SR A BURE S0RE . 540
gEILRM, S M E AR L, SN AT
B ORI R E VR BE iE— 25 TR, X RS IR
T RE A TR  BEITUCR , 55 S0 2 B0 H A W) ) 1
FUEE. BT AR R AR B, ME LU P Il e iy
AT 3% ez sl i AR 55, o5 50HA ) R
K, 51 B E NS RRAN, 155 BRI
B AL 5 RN S 0 B R A T ke E R R,
A g AR N RS SR U R A3 miA
W S5 T 3 VA A FTREAIR, RS 2 75
BERCR IS AT 5256 o8 FLIR PR AT AR S 56 P i
L 55 AR RS AN, ME LR A AT, i s
Yy A AE JO0 X 38, T 5 B0 A A SRR 55
FARLPULE R, BEAh, B IR & AR T 25

3.1

B2 LR RIHURIRTE, SEPR P BEIF AR5 A UKL Y [ A
Fig. 2. Flow chart of numerical simulation. PRBUA T RER TURARIRAR, i R 25 h 2L
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Table 1.  Parameters used for model validation.
P/Pa T/K L/dB f/Hz /s ps/ (kg-m %) p/ (kgm ) e b
1l 101325 298.15 144 1400 4 2500 1000 0.6 0.2

064702-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 72, No. 6 (2023)

064702

PE , T HE T B L AR G AR RIORE 5 [ AR, 2
(] A ZRb B 0355 T 56 TR LA AR 45 REBORE, Xl
R AE— 5 B2 L5 [ B EA UL T A9 P B 2OR
G 25 BRTA, RSO BB RE RS 5 BRI
PWURL R BEIF 1. 7 ZEUL I A, RV S PR kL £
TR A —E R R (IEHL S A ), (i 5
AR LARN, AR ORLE S LF A2 i T 52
M. of RO AR T 75, # P D 20aed R m UAE [] 286
BAFRE T S M URLBE ST 55 0 Ay i S, AT Tl fiE
XFRIEARE 2R AR, A4 R BT R, A) 25 i
FL TSR, XA i — AP Bt

6
= O~ IR ARASTRL = ® — WIHRAMIE
—O— FEISRME L e RIS S
= S —A— RN —A— TRV L5
‘E 0.4
o 4r
E
<l
=
20
S 2t
>
B
Q
el 1
O -
d/pm
3 FEEEIF R LA 4 AT AR AN 45 5 5 SR [15] L8R B X L
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tribution after acoustic agglomeration with experiments

from literature [15].
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Table 2. Parameters used in numerical simulation.
P/Pa T/K L/dB f/Hz /s ps/ (kg-m ) o/ (kgm®) e %
BE 101325 298.15 140 2000 4 2500 1000 0.6 0.2
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Fig. 4. Dynamic behavior of acoustic agglomeration: (a) Particle size distribution; (b) agglomeration efficiency of fine particles;

(c) snapshots of agglomeration process (0 < z < 0.25), liquid phase at 40x magnification and solid phase at 120x magnification).
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Fig. 5. Influence of additional droplet diameter on performance of acoustic agglomeration: (a) Particle size distribution; (b) agglom-

eration efficiency of fine particles.
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(b) agglomeration efficiency of fine particles.
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Abstract

Agglomeration of fine solid particles under the excitation of external acoustic field has potential
applications in the field of ultra-low emission of combustion pollutants. It is expected that the performance of
particle agglomeration can be improved by adding large sized liquid droplets. According to the dynamic process
of acoustic agglomeration, including the particle motion, collision, agglomeration and rebound, a model of
acoustic agglomeration for gas-liquid-solid three phase system with coexistence of liquid droplets and solid
particles in gas phase is developed by using the direct simulation Monte Carlo (DSMC) method. Using this
model, numerical simulations are performed to investigate the process and performance of acoustic
agglomeration of fine solid particles under the effect of additional droplets. The numerical results are compared
with experimental data, and the proposed model is validated. On this basis, the dynamic behaviors of acoustic
agglomeration of fine particles in the case with additional droplets are explored. Furthermore, the influences of
the diameter and number concentration of additional droplets on the performance of acoustic agglomeration of
fine particles are examined. The results show that rapid agglomeration among the solid fine particles and
additional droplets can be achieved by adding droplets into the acoustic field, yielding large sized liquid-solid
mixed-phase particles. In this process, the agglomeration efficiency of fine particles increases significantly. It is
also found that the diameter and number concentration of additional droplets are important factors that affect
the acoustic agglomeration of fine particles. The agglomeration efficiency of fine particles rises, while the
magnitude of increase tends to decrease with the droplet diameter and number concentration increasing. The
research results can provide both theoretical basis for modeling the agglomeration process of complex particle

systems and method guidance for achieving the ultra-low emission of fine particles from combustion sources.
Keywords: fine particles, acoustic agglomeration, additional droplets, numerical simulation

PACS: 47.61.Jd, 47.35.Rs DOI: 10.7498/aps.72.20221912

* Project supported by the National Natural Science Foundation of China (Grant No. 51976130) and the Science and
Technology Commission of Shanghai Municipality, China (Grant No. 13DZ2260900).

1 Corresponding author. E-mail: fanfengxian@usst.edu.cn

064702-9


http://doi.org/10.7498/aps.72.20221912
http://doi.org/10.7498/aps.72.20221912
mailto:fanfengxian@usst.edu.cn
mailto:fanfengxian@usst.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

B 2 A T B 4L P S A
RE XEE YL LRM F9e

Acoustic agglomeration characteristics of fine solid particles under effect of additional droplets
ZhaoHao Wu Zhi-Hao  Hu Xiao-Hong  Fan Feng-Xian  Su Ming-Xu

5] Fi{5 B Citation: Acta Physica Sinica, 72, 064702 (2023)  DOI: 10.7498/aps.72.20221912
TEZE RT3 View online: https:/doi.org/10.7498/aps.72.20221912
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

B by e B T FORE A A ELAE R
Interaction between monodisperse fine particles in a standing wave acoustic field

WAL 2020, 69(6): 064704  https://doi.org/10.7498/aps.69.20191681

B 7K TR SRR AR AT A5 W A5 A O BB
Numerical simulation of modal evolution and flow field structure of vibrating droplets on hydrophobic surface

PrPReEd. 2021, 70(14): 144701 https:/doi.org/10.7498/aps.70.20210161

TR = R A AR S R R A B AL

Numerical simulation of deformation and rupture process of bubble in an oil film impacted by an oil droplet

PyFE2EAR. 2018, 67(11): 114701 https:/doi.org/10.7498/aps.67.20180133

/NG 88 o BE T A AR R EL A
Numerical analysis of heat transfer characteristics of small droplets impacting on wall

PFEEEAR. 2021, 70(7): 074402 hitps:/doi.org/10.7498/aps.70.20201354

PP ES B0 W 9 SR 1 SRR A2 e S SR 7 A

Effect and relational analysis of physical parameters on coalescence—induced self—propelled jumping of droplets

YrHE2E 4. 2021, 70(12): 124702 https://doi.org/10.7498/aps.70.20201714

P52 AR A IR 1 25 S T AL B ) R (A AL

Numerical simulation of recombination rate effect on development of equatorial plasma bubbles

PIFEAEAR. 2019, 68(19): 199401  https://doi.org/10.7498/aps.68.20190173


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20221912
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20191681
https://doi.org/10.7498/aps.70.20210161
https://doi.org/10.7498/aps.67.20180133
https://doi.org/10.7498/aps.70.20201354
https://doi.org/10.7498/aps.70.20201714
https://doi.org/10.7498/aps.68.20190173

	1 引　言
	2 数学模型与计算方法
	2.1 气相场方程
	2.2 颗粒运动方程
	2.3 颗粒碰撞模型
	2.4 颗粒碰撞后果的确定
	2.5 颗粒碰撞后果的处理
	2.5.1 颗粒凝并的处理
	2.5.2 颗粒反弹的处理

	2.6 数值计算方法

	3 结果与讨论
	3.1 模型验证
	3.2 外加液滴条件下声凝并动力学行为
	3.3 外加液滴直径对声凝并效果的影响
	3.4 外加液滴数目浓度对声凝并效果的影响

	4 结　论
	参考文献

