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Abstract: Behavior of alumina powder particles in inductively coupled thermal plasma (ICTP) can provide theoreti-
cal reference and guidelines for improving preparation process of plasma spheroidization. In this study, the motion tra-
jectories and heating process of alumina powder particles in ICTP were investigated by means of numerical simulation
with FLUENT software. Then the plasma spheroidization experiment was carried out on the basis of simulation results,
and the effect of input power, powder feeder rate and particle size distribution on alumina powder spheroidization were
studied by combination of experimental and the theoretical analyses. The results show that the small particles absorb
enough heat from thermal plasma and therefore be heated to completely melt. Furthermore, the particle can get more
energy from plasma while the input power of system is increased or the powder feeder rate is decreased, which im-
prove the spheroidization effect of alumina powder particles.

Key words: ICTP; alumina particles; trajectory of particles; heating history; numerical simulation

FSEH: 2017-05-31; WEMEFS BH: 2017-09-06

EeuH: ERARRIEIES (11535003, 11675074); WM& ¥ E /T W H (15C1174)
National Natural Science Foundation of China(11535003, 11675074); Project of the Education Department of Human
Province (15C1174)

TEHB N BRSCik(1983-), B, a4, YEI. E-mail: snipers2004@163.com
BIEE: EIUHE, HFF0A. E-mail: tonghh@swip.com



5

WRICHE, 45 SIS B 1 U i) 26 BROE S0 08 A 1 BB B0 B SRR 7t 551

BRIE S ALK R AR R B A T . B bk
i B 45 A5 A R MR RE, I8 A MBhEIF, PRL% M
FABE S e, I 7 AR YA 5 45 R A i A 2L 4% 11
L, MR PUbHIE . L2tk T
ET RN R R, E G, AR BRI AR K
I & BARBE +0 EERNIEE Lo

SR A B A R ERAG B AR A — P L ok
AWM EME A . 5EGH RERIC T IEM L, S50
G B RV T2 B, ) A IR R S BR T R
s RMEDCIERELE . R oRali B Bt s sy, 78
AR T AR, U RIS BRI N R (K i £ B BAR
A A AR BRAG R AN, S M= S Hh A,
W29 7 ZHAR M Tl A BP0, 78 S B Aok AR
SIS IR, BTORAARRLAE A . RGN TI R K
T I 55 T2 S U R e 2R A RO 1 B A
. XESHET G L 7 AKATIRE, ML
A . FERK, T EH AR B RIS . R,
g A S IR EUHE AT BB AL RS I A AR B AR
RER T R B2 504 20 T BV,

H 7l & 2 AN 70 4% F BB AU 5 U 5t
Tk 75 45 B 1A b 47 L L din, Hossain 250112
ST T BHRAE E ARAE ) 4ERE A, R BUEWT R T
LB TRS BN RIORL ] B AH IR A A8 . Shigeta AF
7t A AU 2 18 SR 52 2438 R 6 SR 3 RO T 11
BUHR T, XHRURLLE & 5 71 (152 77 5 4% #om A gk
17 T2 . Boulo /MNAMEERI % T A ALE 8 A KL
BRAEAR R TAE S A AL 2. Colombo /N
W53 B 1 S0 55 B8 AR UE T AE S50 AR A A R P
JFN AR RURE AE BB IE 2 AT FE I 52 RS o H A,
IR TR 22 B A T B A FOREL BB — R AR FURL TR
5% 77 B S AT ORI B R U i 5 B S [E R
853 AT [P RURE R AE A B TR 52 ) S Ak il A3 A
KRR FEHAR D o bbb, 7ESEPRERILSEEG I FE A, |
THERHM TAESAR. SME KD D)5 3k
3 B RS HOYAME, F IR 50 RR T s
%, HIEA R E B H B BRI ERE Ry R il 28 T2
i,

A TAER LAz Tl vh B EE A 72 B B A7 B il 119
WSS B TR ERAL 38 BONIF RN B, 5% e kL 5
ST BAE FH SRR B, R BE L T 5
BERINDIZE . IR 28 1 DR R A [RRLAR 79 A B4R
BB Ry R R A TGS B R v R sh s BT
FEIISZ M RN, F 45 & BOE B0 BT i 2 1) SL 36 2 50
T R AT A R BR AL S 50 .

1 HEEBAERTRIE

WIS R B SLIS R W E 1R, B
FEAFEF AR IE(TAEMZE A 3.0 MHz). 83
B WSS TRIE. KA RME. BRIESE
KRESHIR R G b, SIS S TR IE R EA R
G ORE, EERE, WA, SN R
B TR e A R R, LA R B E T 1(b)
Jior, B Qon 01 A O A R G &
PSSR E . ASCHUUE 1 245 3
B SR AR AT B AR
11 #=HIAEE

BB S A G B AR R A R B A I AR AR A
TR 8 (LTE) S, H5 B R ot %
(RIS i R AN A T B ) R 250, DA 5
FZTAB AT, R BB R AT N 1)
Pt 7 R LT LS

Jo & S AR T R

V-(pv)=0 (1)

Bl By TR
%+V-(p\7\7):—Vp+V-‘z:'+pg +FL (2)
TR EWI
(oh
ot

Q)HE (o))
<l

~—

k
+V-(p\7h)=—V-{C—pVhJ+PJ -0r (3)
p

(®) Plasma torch _ Cooling chamber

= = = T\

A
Y

ks

ceeall { é}
S0 l N ) | - N - -
N e _ —
RF Power R /;// _ain
\ collector

Powder feeder Vacuum systém (S

{«————— Plasma torch L, L,

(b)

Powder Outer

injection £¢ Sc tube
IRETS
Rc

QZ-—>

8;::%?%“ D'I Dol Axis D| Exit —

RNV

Inner tube Coil
7
L o‘—z

BT SRR R A B TR BR A R G (a) BN A5 B TR AR 2 1 (b)
e =

Fig. 1 Schematic diagram of inductively coupled plasma
spheroidization system (a) and plasma torch structure (b)
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Tablel Physical propertiesfor alumina powders
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Density heat point  enthalpy  point ton
f(kg'm>) /(J-kg " K Ok ) K enthalpy
K /(0kg )
3900 1020 2326 1.07x10° 3800 2.466x10’
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(a) P=56 kW; (b) P=63 kW; (c) P=70 kW
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Table2 Dimensionsof RFinductively coupled plasmatorch

Parameter 1# Particle 2# Particle
Particle mean diameter/pm 45 25
Plasma power/kW 63.75 56.00
Carry gas flow rate/(L-min™") 5 5
Sheath gas flow rate/(L-min”") 70 70
Center gas flow rate/(L-min") 34.5 34.5
Powder feed rate/(g-min™") 35.0 35.0~65.7
Chamber pressure/kPa 40 40
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Fig. 9 SEM images of 1# alumina particles
(a) Precursor; (b) After being spheroidization
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Fig. 10 SEM images of 2# alumina particles
(a) Precursor; (b) Powder feed rate at 35 g/min; (c) Powder feed rate at 65.7 g/min



556

TN MR R

33 %

3) IR R S L Y I A S AR

oA e LR RV H RN, R B AL R R R B ER
WA RbfE g R b, w] LI A 2 i 5
B HRIAT B AERRALRCR

SE Wk

(1]

(2]

HE D L, MICHAEL B, MAXIME G, et al. Diameter and length
dependent self organizations of multi-walled carbon nanotubes on
spherical alumina micro-particles. Carbon, 2010, 48(4): 244-248.
LI H T, LIAO Q L, WANG F. Preparation of millimeter-scale alu-
mina hollow spheres by oill-in-water-in-0il2 emulsions. Journal of
Inorganic Materials, 2016, 31(3): 329-336.

ZHU H L, TONG H H, YANG F Z, et al. A comparative study on
RF thermal plasma spheroidiation for two alumina ceramic powder.
Advanced Materials Research, 2014, 58(10): 221-225.

GUZT, YEGY,JINY P. Chemical compositions of spherical ti-
tanium powders prepared by RF induction plasma. High Power
Laser and Particle Beams, 2012, 24(7): 1409-1412.

LEE W Y, CHOIC S S, OH S M, et al. Preparation of spherical
hollow alumina particles by thermal plasma. Thin Solid Films,
2013, 529(1): 394-397.

KAROLY Z, SZEPVOLGYTI J. Hollow alumina microspheres pre-
pared by RF thermal plasma. Powder Technol., 2003, 132(1): 211—
215.

BOULOS M 1. The role of transport phenomena and modeling in
the development of thermal plasma technology. Plasma Chem.
Plasma Process, 2016, 36: 3-28.

FROLOV V, IVANOV D, SHIBAEV M. Mathematical modeling
of plasma technology for TiO, fine powder production. Digest
Journal of Nanomaterials and Biostructures, 2014, 9(3): 1233—
1240.

COLOMBO V, GHEDINI E, GHERARDI M, ef al. A two-

[10]

[11]

[12]

[13]

[15]

[16]

[17]

[18]

dimensional nodal model with turbulent effects for the synthesis of
Si nano-particles by inductively coupled thermal plasmas. Plasma
Sources Science & Technology, 2012, 21(2): 025001.
RAMASAMY R, SELVARAJANA V. Numerical studies on ve-
locity, temperature history and heat transfer to the particles injected
into the argon plasma. The European Physical Journal D, 2001, 15:
229-235.

HOSSAIN M M, YAO Y, WATANABE T. A numerical analysis
of plasma-particle heat exchange during in-flight treatment of
granulated powders by argon-oxygen induction thermal plasmas.
Thin Solid Films, 2008, 516: 6634-6639.

HOSSAIN M M, ALAM M R. Thermal treatment of Al,05;, MgO,
and CeO, granulated powders by induction thermal plasma: a nu-
merical approach. Japanese Journal of Applied Physics, 2013,
52(1): 219-233.

SHIGETA M, SATO T, NISHIYAMA H. Computational simula-
tion of a particle-laden RF inductively coupled plasma with seeded
potassium: a numerical approach. International Journal of Heat
and Mass Transfer, 2004, 47: 707-716.

YE R, ISHIGAKI T, JUREWICZ J, et al. In-flight spheroidization
of alumina powders in Ar-H, and Ar-N, induction plasmas. Plasma
Chemistry and Plasma Processing, 2004, 24(4): 555-571.
BERNARDI D, COLOMBO V, GHEDINI E, et al. 3-D numerical
simulation of fully-coupled particle heating in ICPTs. The Euro-
pean Physical Journal D, 2004, 28: 423-433.

YE R, LI J G, ISHIGAKI T. Controlled synthesis of alumina
nanoparticles using inductively coupled thermal plasma with en-
hanced quenching. Thin Solid Films, 2007, 515: 4251-4257.
TONG J B, LU X, LIU C C, et al. Numerical simulation and pre-
diction of radio frequency inductively coupled plasma spheroidiza-
tion. Applied Thermal Engineering, 2016, 100: 1198-1206.

LU X ZHU L P, ZHANG B, et al. Simulation of flow field and
particle trajectory of radio frequency inductively coupled plasma
spheroidization. Computational Materials Science, 2012, 65: 13—18.



