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A Numerical Analysis of Growth of Non-spherical Silica Particles
in a Premixed Flat Flame

Sebaek Oh, Bang Weon Lee and Mansoo Choi

Key Words: Non-Spherical Particle(H]-73 % A}), Premixed Flat Flame(o] ¢ H W 3}4)
Abstract

Two dimensional aerosol dynamics considering the effecls of particle generation, coagulation,
thermophoresis, sintering and convection has been studied to obtain the growth of non-spherical silica
particles in conjunction with determining flame temperature by performing combustion analysis of
premixed flat flame. Heat and mass transfer analysis includes 16 species, 29 chemical reaction steps
together with oxidation and hydrolysis of SiCl4. The effect of radiation heat loss has also been
included. The predictions of flame temperatures and the evolution of particle size distributions were in
a reasonable agreement with the existing experimental data.
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Table 1 Inlet conditions

Inlet temperature, Ty, 400 K

CH, flow rate 2500 cc/min

Total Flow rate 3.5 lpm

Equivalence ratio 0.75

8iCly feeding rate 2.87%10™ mol/

Argon flow rate 45 cc/min
Gt
A& 4 M= puA )
oA Be&
g dl _ 1 d (,,dT\_
M dx ¢, dx(M dx) Qraa A %))

A d A .
— A S Ve wlL A S,

3EF BHE

. dY, .
M#*‘%(PAYka)“‘Aka/FO (3)

CL LS RS A (4)

~

A7 A=gdiolT d= WY WA
2.2 254cmE AMEEET o, k-3B8] A4
%—Q]Cq Qrad-“z' %%9}'9‘] %A} ﬁ%ﬂ.%i ?_lﬂ' El'
AL dEHdoleh Agl dAe] Bal geaAe 31
Haha] ggten 39 £ 4A4HE CO,9 H09
A} &4 gt go) Folzlng 1

dez 21@,&(2‘7‘%«17.‘4 - Ewadefu_ Eeamdﬁ) (5)
ky=NX cokpcol D+ X o koo D1 (6)

AN kp oS kpuos A CO8F H09]

B F AT (mean absorption coefficient)e] ™ &
2o Fm Folzr} 0

A WAANz zetE AL 4 se
b ALSd AAzAL e Zu e



1354 S
X=O 7(0)=Tb, Yk'f"%:Ek
(M
ar . 4Ys _
X0 gy =g 0

ol

oA7loM T B EWelM Fold &
M, e kBUES 79 AFREIG,

4 @ GIA A8 Ve sEEel
Lwoln) Bgn g

Vk = Z)k+ wk-i- vV,
Dy
X

Ditp, 1 g1
X, T v

g Yilw,+ o)

(®)
o) Bt

vXit——

i =)
=1

o7l Ay %9 71279
Exole, g, EF4k(thermal diffusion)d © ]Il
glatEe] Aagle] dAF Fisxoju
w3 X, = v, AFEE, E 99
8 Aol

Batge] Y450 e o] &

W= jf‘(%k
<[ wem ﬁ(

A

E_\E'\%'

2
T

k.

Vi)

oY,

&)

N

9 AoH Ko e A ARg R o
Aol thgs 2ok

oY,
W,

) — k(D) ﬁl(

u}

©
&

K=AT #, ~(&rT)

(10)
k= ki k§

=

E dreldE vgd 3719 da dAuS

©.% Tsatsaronis-27} A2te 2978¢) #}shub-S-wA

2 zgate g WAYUSE AHEEl e 1671
¢ ggtEg mEslgth B QA= siclL
Arzputesl shrRaulgoz A ARE W=
3 #7119 dxe A nHsck Ashik-s
7A5RE wgoz Q¥ 80,9 BAHAEL FAN
A ZAE oj&3te A el & R 9

o} (23,24)

. o]bg-{J .

A4

W si0,~ W sicl, ™
Box =1.7><10Mexp(—

(-

1_
'\:
&
0

(it Eppe [ HLODISICLD
4020 kTi mol) ) !
RT

121,42, 1(kl/ mol)

12.0£0.3
10 ¢ BT

k= ) 5!
(11
[H,0 tSiCLY 1,09 2RSS
Sju) g}, 3}E €3 A HE 80,8 54
g2 & sAe B3 B o dgstqon oA
darz B £ Ak daby A A4Ee g
gt wh-eE3 Zoh dfE AuEANE FTA
YL olgste FAHen, FH 2w
& Hol Wy 97 AA4F 2WUEHA HH
sk}, AA}e 10178, 15170, 2017} %
2 AFA7NEA FHE vusiE o 2 -iM

7} = s,

[SiCl} =t bzt

rd
o,
&

}\-—.l

22 817 XS] AT A, O 84
2 aveAE Af €4 God dPee 7

279 Wrd Aol 42e ANach o
F o2 A4, £, 48 ¥& a1 ¥
Ut Qs A B gD

(=]

Ly

ua—%?';(—m__l“gg([a_(yi)mao]n(,,,,(x))
gx (72 " a(x)Ku— In T) gx (D on 3;(417) )

Xf__l B oilaa—dny(Dn, 5, (%) dadv
( )2/1

“ay

— 1y, a(x)f f

+8,.4(%)

e A2ZE vhebd), Azt 43
Bd2e A FE(viscous flow) £F3 HHY
2 M58 pagt sintering 29,7 9284 4~74 #
UgE"? aea gt 3dfes W o
el EgrdYe Aty

A/ WAUSES Argets Ase 22
EANZE g3 o) & £ Ak

Bu s(a, @n Hx)dadv (12)

A A 7HS

4
3% 10_10d,,exp(—6%0—)

7,=6. (13)



A EF Aol vl E vt AL g #ek FAHNA AT 1355

fast sintering model S Qa)7F A7} 102477}
A 9 J4AE At 2 o3 FEE A
fr5 22 A8k HZo Ehman' Ve 23
Aotel PAEF AAS S e e 44
B4 AGE ALggt,

. 4a
ART E,+ va(Pa-l— dp)
RT

128Dy5v, P

T

(14)

HeF 10 nm o]Ae] 7 YAk Aol HAH
F dAYES dgst e 2dARdEA #
Agd & oAdva geA k) webd g
10 nm Bu} 22 Qlxte) Aol dAEAE
AUFE, 183 2 4y Afde ddGE
AYUESS AHgshs 3o @28 otk merA
oA A (13)9 AFE 54 AT 4
(148 22 54 N FA94 FL L A6
= EY REE Addte HEEo B o
gol EF 2ddMe ¥ 27 1700 KY 7
Sl d,7F 21 nm B} #E wlEs 44 o F
Ugol, 21 nm B} Zdde FAHF AAUE
o] A&y}l ZF 2d RdL HEslo] A
Adss A H E oA vt

date i3 g8 &t nEEgen H
T4 Jate] LA T Xiongd Pratsinis!?7} A
£ thEe] BAAE AMESSTh

8k3T+ 8ksT\!

12
1/2 1/272
m, ™, [(-5'1(11) + (8202) 1

(15)

_1
A=

A7l kpe BER Aol my, myE Y
o] Aol g, 58 ERA  FHTE(surface
area accessibility)o]t}. =3 #Hi4AF= AFEAF
ol T, of A AL 4AY B
A washA S ol e 4L A
LR oaad

_ kT
D,(d.,) Smud..
0.55d

[1+3—i(1.257 +o.4exp(-""7~f‘))] (16)

A7 dy=| Lol

FUAANEE Agagion A (129 u
B ogae MEggdes wYAA 44389
L0 ke UFREE QoA FEE FHE
From BANAA Ak 2dd PP
A2 Y wol= AN &FT A A
Az $ulE 22 ASAYRD F0%d o
B 2xte sobsr] Asel FHAPENel 2
So FH7b 159we} 208 ASE st
diameter of average volume, total number density,
total volume density® HlWERTh 1 2371 2}
Zt 22%, 6.7%, 05%cIem HAHA A=
29 A7 gee & 4tk £% w0 A2
719l &g sotatr] st AARTE 1010
2 slgeus) 201/ AL wo) 1%x}
& 2ol Beleng olRg s|AedAE 1017
o ¥AA% 209 SUF AR,

3. oot E2f

Fig. 2= <JEgH UGN 2522 F Y
Ehd Aolt), HUEWORRE 2 mm A= Ho
F Bt HRLLEE SR HBEE o RE
of 3dde] HAELE & & vt BAGELS
A AN ATE SdAe A o] Fd HUE
TFERE dolaAfH 257t deoljxe AL F
5 7 &g E ¢ vk A¥4dFge 2%
32 SiICLE FU38 @AY FAd 445
o] getEr] wRd sicLe FUglol FA% 2
Ftolth® 7oA HAe] sicLe F9lel gl=
Aol AgAze vuy g9 AHE g

1800 vy v —
1700 | e,
e W g
el
o 1600 \H e,
T Tt e,
g 1500 £ — e
—~—
§ 1400 — ]
a
E 1300 § ®  Expemental data wio SICI, | 7
(Chang and Biswas)
1200 —w BiCl‘ cale.
mooll 0 | wio SiCI, caic.
1000 & : e ]
0 0.01 0.02 0.03 0.04 0.05

Distance from the bumer surface(m)

Fig. 2 Axial distributions of flame temperature



1356 L4 . o]
x10°
14 T ™ T T
:"," 12 ¢ — oxidation l ]
"E -+ -~ - hydrolysis
% 10 ]
g
[
c
0o
S
a
Q -
Q‘
@
0.0 U h . NN
[+ 0.01 0.02 0.03 0.04
Distance from the burner surface(m)
Fig. 3 Comparison of SiCl4 formation rate by
oxidation and hydrolysis
6 T T T (Mamns
£ ol -
g / atomistic diffusion mechanism,
] hybrid model
P ]
o
£
g ]
= fast sintaring madel
o
£
=
[
viscous flow mechanism B
- e —
[ [ S T Ll I L
1] 0.01 0.02 0.03 0.04

Distance from the burner surface(m)

Fig. 4 Comparison of primary particle dia-
meters estimated by several models

Wz ol&s & ¢ Jd #98 sicLy Tl 9
= A9 gl 299 v BEygg de &%
7t ZAEA FHe AL B 5 dEd ol sicl
o] @-4ko] TpE vl vEHA F s 7kA7
2ot} o]2)§ A= Allendorf 5979 A7

Fig. 31X+ siclL,el Atsat-ga e
o7 Q3 w28 wadle] Holvh BT Hu

Lt A HhE o] M F& 4 4 dvh
wE B9l Fol 1,07 AAMEZ EZEay] u

ol HEGel A FheEsintgol Al
SAGS &5 gk o= FdFelAM Azt o
A A £A FpEEHEE TS W Eh
Fig. 4v 7212t A4 F% A2dR VM) 3}
it AZFEYADM) LB fast sintering =9
(FSM)& A8t 73k 718 AHprimary particle)
o] 72718 Jvehd Aot HANF 4AdRIAE

AHEE el VIEQYATE Ao ARH @ W

= N
gy
we T from TOP fo BOTTOM -
= .1, HM, ADM, VFM, FSM .
£ S W
3 107 T P 4 |cut-off
F3 e
@ from TOP to BOTTOM i
© - 10, HM, ADM, VFM, FSM
T a0 S,
E 10 4
g .....
c Snm
g 10° cut-off
= =
» Experimental data (Chang and Blswag)
108 . L L | L

0 0.01 0.02 0.03 0.04
Distance from the burner surface(m)

Fig. 5 Comparison of total number concentra-
tions with experimental data

o
o

iy a3

T T e T T
___.'_-_-::_::;;.s‘"'-"'i""' . . . » Znm
cut-off

=

" Nfrom BOTTOM ta TOP
1D, HM, ADM, VFM, FSM
AR TR no
cut-off

| I |

=]
]

from BOTTOM to TOP
1D, HM, ADM, VFM, FEM

Diameter of average volumefum}
S

* Experimental data (Chang and Biswas)
i n 1 " Il ]

0 (1IR3} 0.02 0.03 0.04
Distance from the burner surface(m)

Fig. 6 Comparison of diameters of average
volume with experimental data

H UG} AEREE AREY gole F 45
m7tA AXE A& B £ Aok = 22 YA
o AFARdRE 4L 2ZAREE, & A
¢ 2AREEE HAART HAEAEEL AlMEde
EHE d(hybrid model)S ZHEF) Ybe] A
4 & Amstgvt. ERRde] HHFe 44
2 AdRde Aspet vnjg Aolg BYIU}
ol o &Y WHEPY A¢, dIFH IS
7 e Fgg2xrt ol 4zl 8 A7l A
AT AZE8EY A FEEgelA FA e
5k wEolch,

Fig. 5, 6AME 244 AL 2dnd, 34
fre 2ZFEY, B3 29, fast sintering 2% 2
g FEAARGID)E T8 JFAY F9A
Ry, HaEve g7 492995 8wty
B2k B A7 HaE Chang® Biswas™'9)
g4 Zugdy i 71Ee Agesie
ng d4dar) ojste] UAREL FHsA] E3}hA
"oy weba] FYRAG, HErvle A& v

e

2 |

i



AFE ARG HA vy st e 4] dd 5

wet=d QoA A7) ojste] YAEL 2
MN717 wgn AgAdst dust= He) B
o},

Fig. 5, 6214 5 nm cut-offg} ¥< 5 nm ©|3}9)
a7Z1E AR JAEL BT xgl W71 E Al
Atate AAel ZEA7A gdeS onjdith
cut-offg sH1S mhell= CQZ}J] /ﬂ—rl_' Zrol2) Al
Hu Fds] 4 HFAEL AAA 9 20
nm cut-offS 3 A= 5 nm cut-offy 2Ax}e}
Mg zolg BT UxlY FEEE FIR
2 o Jbg Wi vEM3 FsMY W JBE A A
il fdzte] Av]E dhdE g o) AfEat
BG4 A= 7 HAEFE FEA A
HHo| ot A Hol FEE FEo] FolAn
Sdol @ dojuA FS gujdc) Aley 27
AN FAHE A2FARE, 4N 2459 &
o 2EE 2218 o RE A3 sjMde) A4
At 49379y 2 dHslz oy FEL
7b g 12 ool Het s Axe A3
A} o] g Holq gt

4. 2 B

Wb ol £8 HEaAA sicHe] Ashurg
bRl e wajehe vT Awt
o 44 2 4%e setstr] ste] Buje} 6
S SPASLE o= oY dolnE o B
g #A AN H4% Bl Faod
A9 FrEE, UANE & 7|F9 it
¥ olg4d dPATY wEad Bg o
oA wEe Ane e, 2ush ud
& EYUSTL o= ol dolrE o8 &4
o Buwe Egwsz st dAY HYuyn

4
W
gl
]
d83 & ¥ dA%s 2HE 42 4 A}t

I

7|

of ATE BA7Ee FoIH ATAFANY
(AT g ATyl g3l A Qg ol &
LEREED]

g ol

S |

(1) Ulrich, G. D., Milnes, B. A., and Subramanian,
N.S.. 1976, '"Particle Growth in Flames IIL

A A AT 1857

Experimental Results for Silica Particles,” Combust.
Sci. Technol, Vol. 14, pp. 243 ~249.

(2) Ulrich. G. D. and Subramanian, N. §., 1977,
"Particle Growth in Flames III. Coalescence as a
Rate-Controlling Process,” Combust. Sci. Technol,
Vol. 17, pp. 119~126.

(3) Ulrich. G. D., and Riehl. J. W, 1982,
"Aggregation and Growth of Submicron Oxide
Particles in Flames," J. Colloid Interface Seci., Vol.
87, pp. 257~265.

(4) Hurd. A. I, and Flower. W. L., 1988, "In Situ
Growth and Structure of Fractal Silica Aggregates
in a Flame," J Colloid Interface Sci, Vol, 122,
pp. 178192,

(5) Chang, H and Biswas, P., 1992, "In Situ Light
Scattering Dissymmetry Measurements of The
Evolution of the Aerosol Size Distribution in
Flames," J. Colloid Interface Sci., Vol. 153, pp.
157 ~165.

(6) Yang, G. and Biswas, P., 1997, "Study of the
Sintering of Nanosized Titania Agglomerates in
Ftames Using In  Situ  Light
Measurements," Aerosol Sci. Technol, Vol. 27, pp.
507~521.

(7) Erhman, 8. H.,, Friedlander, 8. K. and
Zachariah, M. R., 1998, "Characteristics of Si0Q; /
TiO; Nanocomposite Particle Formed in a
Premixed Flat Flame," J. Aerosol Seci, Vol. 29,
pp. 687~ 706.

(8) Windeler, R, S, Lechtinen, K. E. J and
Friedlander, S. K, 1997,
Nanometer-Sized Metal Oxide Particles by Gas
Reaction in a Free Jet. II: Particle Size and Neck

Scattering

“Production  of

Formation-Comparison with Theory," Aerosol Sci.
Technol, Vol. 27, pp. 191~ 208.

(9) Pratsinis, S.E., 1998, "Flame Acrosol Synthesis
of Ceramic Powders," Prog. Engery Combust Sci,
Vol. 24, pp. 197~219.

(10) A4, °13F, AES, A4, 1999, "Hat
@it YAEFHL o] FEF FAIE 49
a7t date] 4 23 () L= JF"
HeriAs =23 BY, A23& A9E, pp.
1139~1150.

(11) Koch, W. and Friedlander, S. K., 1990, "The



1358 S A . o

Effect of Particle Coalescence on the Surface Area
of a Coagulation Aerosol," J Colloid Interface
Sci., Vol. 140, pp. 419422,
(12) Xiong, Y., and - Pratsinis, S. E., 1993,
Particles by
Part 1. A Two
Dimensional Solution of the Population Balance
Equation," J. Aderosol Sci, Vol. 24, pp. 371~378.
(13) Kruis, F. E., Kusters, K. A. and Pratsinis, S.
E., 1993, "A Simple Model for the Evolution of
the Characteristics of

"Formation of  Agglomerate

Coagulation and Sintering:

Aggregate  Particles
Undergoing Coagulation and Sintering,” Aerosol
Sci. Technol., Vol. 19, pp. 514~ 526.

(14) Okuyama, K., Shimada, T., Fyjimoto, T.,
Magkawa, T., Nakaso, K, and Seto, T., 1998,
"Effects
Characteristics of Titanium Dioxide Particles
Produced by a CVD Method," J Aerosol Sci,
Vol. 29, pp. §907~ S908.

(15) Frenkel, J., 1945, "Viscous Flow of Crystalline
Bodies Under the Action of Surface Tension," J.
Phys., Vol. 9, pp. 385~391.

(16) Kingery, W. D., 1976, [Introduction. to
Ceramics, Wiley, New York.

(17) Ehrman, S.H. 1999, "Effect of Particle Size on
Rate of Coalescence of Silica Nanoparticles," J.
Colloid Interface Sci., Vol. 213, pp. 158~261.
(18) Smooke, M. D. 1982,
Burner-Stabilized Premixed Laminar Flames by
Boundary Value Methods," J. Compu. Phys, Vol.
48, pp. 72~105.

(19) Liu, Y. and Rogg, B., 1991, "Modelling of
Thermally Radiating Diffusion Flames with

of Preparation Conditions on the

"Solution  of

L E S

Detailed Chemistry and Transport,” Heat Transfer
in Radiating and Combusting Systems (Edited by
Carvalho, M. G., Lockwood, T, and Taine, I.), pp.
114~127.

(20) Abu-romia, M. M, and Tien, C. L., 1967,
"Appropriate Mean Absorption  Coefficient  for
Infrared Radiation of Gases," J. Heat Transfer, pp.
321~327.

(21) Curtiss, C. F. and Hirschfelder, I. Q., 1949,
"Transport Properties of Multicomponent Gas
Mixtures," J. Chem. Phys., Vol. 17 pp. 550~ 555.

(22) Tsatsaronis, G., 1978, "Prediction of Propagat-
ing Laminar Flames in Methane, Oxygen, Nitrogen
Mixtures," Combust. Flame, Vol. 33, pp. 217~239.

(23) Powers, D. R., 1978, "Kinetics of SiCl,
Oxidation,” J. Ame. Ceram. Soc., Vol 61, pp. 295
~297.

(24) Kochubei, V.F., 1997, "Kinetics of the
Gas-Phase Hydrolysis of Silicon Tetrachloride,”
Kinetics and Catalysis," Vol. 38, pp. 212~214.

(25) Rogak, S. N. and Flagan, R. C, 1992,
"Coagulation of Aerosol Agglomerates in the
Transition Regime," J. Colloid Interface Sci., Vol.
151, pp. 203224,

6) A}, FEF, oHd, Hzber, AYI,
1999, "di 3k &4k BE FelA HTE da A
Aol #g A dariASE =3 B, Al23
H, A8E, pp. 997~1009.

(27) Allendorf, M. D., Bautista, J. R. and Potkay,
E. 1989, "Temperature Measurements in a Vapor
Axial Deposition Flame by Spontaneous Raman
Spectroscopy," J. Appl. Phys., Vol. 66, pp. 5046~
5051.



