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Abstract — Presented is a model for the prediction of the particle size distribution of inorganic powders made by the gas-
phase reaction. The assumption used in previous models that a monomer forms a nucleus is eliminated; the model in-
corporates the determination of the number of monomers required to form a nucleus and the nucleation rate based on the
classical theory. The present model was applied to a manufacture of ultrafine iron powders by hydrogen reduction of FeCl,
vapor. The average particle size of the iron powder predicted by the model was one half to two thirds of the experimental
value. For a reaction temperature of 900°C, the model could fit the experimental diameter by using the surface tension of
iron 1.283 times as high as that in the literature. The model prediction agrees well with experimental observation in the
trend of particle size increasing with the feed rate of FeCl,. The model, however, showed a deviation from experimental ob-
servations on the effects of the reaction temperature and of the preheating temperature on the particle size. Further in-
vestigation needs to be followed to correct the model.
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Table 1. List of dimensionless variables
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Table 2. Properties and data used in the calculation

Surface tension of iron: 1.45 N/m’[9]
Density of iron at the melting point: 7.15 g/em’[10]
Vapor pressure of iron, mmHg: Log(P)=- 21080/T+16.89 - 2.14Log(T)
f11]
Thermal conductivity, cal/sec/cm/°K{12]:
H, :80x107°+8.0x10 "x(T-773.)
Ar 10X 107°+0.8% 107 % (T - 773.)
Specific heat, J/mol’K [13]:
H, :27.1449.274x10°T-1381x107° T+7.645x10 ° T’
Ar 208
Lennard-Jones parameters(used for the calculation of diffusivity and
viscosity):

z/k (4]
H, 59.7 2.827
Ar 93.3 3.542
Fe(l, : 1818.2 4.18
Fe 3475.2 2.42

Molecular diameter(used for the calculation of mean free path), m:
H, :276x10°"
Ar  :2.86x10 "
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Fig. 1. Conversion of FeCl, vs. reaction temperature.
(FeCl, feed rate=0.02 g/min; Preheating temp.=900°C; H, feed
rate=S5 1/min; Ar feed rate=5 L/min).
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Fig. 2. Effect of FeCl, feed rate on particle diameter.
(Reaction zone temp.=900°C; Preheating temp.=900°C; H, feed
rate==5 L/min; Ar feed rate=5 L/min).

zApsb k. AR o4 = FeCle] 3-gafe] Z7hebdA A qlakel 9
#9l7de] 0.04umellA 0.088 um7tA] F7stalzdl, Rl
#ed7do] 0.02pmellA] 0.06 um7hz] WMIehs 22 vepylck(Fig.
2). Z7F ZAlell QM E mdst AgANr) A At glod,
Akl atelde mlo] AFAw} Bl 2bA] vebgdrt. gl el 2t
A e e mdeld A4 HEF AAlrct ZA A7,
LA £T 2 A AAag Ax s)4dg 4 9lv}. Adjustable para-
meter2 e ARE-EbR) odore-& Felsld AFANE viwy F
of| &ghrlir & 4 qlvh

33 HI2259| A

¥le7) 9l 2% 900°C, FeCl,2] 252 0.02g/min, 54 73 5V
min, o}2 §-2F 5 //min shollA] HFS- zoned] &-EE 800°C. 850°C,
900°CZ A A< wel ¥FYA Wshs zAlsiedch. Fig 3o+ ¥

HWAHAK KONGHAK Vol. 34, No.4, August, 1996



538 dhed - 297 - PAE - AE %

0.10 T T T
E .08} ]
c : .\
g 0.06 ® .
= 0.04 | o—0—° .
o)
2
é 0.02 O : Model 1
® : Experimental
0.00 1 L 1

750 800 850 900 950

Reaction temp., deg C
Fig. 3. Effect of reaction temperature on particle diameter.
(FeCl, feed rate=0.02 g/min; Preheating temp.=900°C; H, feed
rate=5 L/min; Ar feed rate=5 L/min).
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Fig. 4. Effect of preheating temperature on particle diameter.
(FeCl, feed rate=0.02 g/min; Reaction zone temp.=900°C; H,
feed rate=5 L/min; Ar feed rate=5 L/min).
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Fig. 5. Effect of preheating temperature on geometric standard de-
viation.
(FeCl, feed rate=0.02 g/min; Reaction zone temp.=900°C; H,
feed rate=5 L/min; Ar feed rate=5 L/min).
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Fig. 6. Conversion profile in axial direaction.
(FeCl, feed rate=0.02 g/min; Reaction zone temp.=900°C; Preheat-
ing temp.=900°C; H, feed rate=5IL/min; Ar feed rate=5 L/min).
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Fig. 7. Profile of average particle size in axial direction.
(FeCl, feed rate=0.02 g/min; Reaction zone temp.=900°C; Preheat-
ing temp.=900°C; H, feed rate=5 L/min; Ar feed rate=5 L/min).
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Fig. 8. Profile of particle number density in axial direction.
(FeCl, feed rate=0.02 g/min; Reaction zone temp.=900°C; Preheat-
ing temp.=900°C; H, feed rate=5 L/min; Ar feed rate=5 L/min).
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Fig. 9. Profile of supersaturation ratio in radial direction at three
distances from the inlet.
(FeCl, feed rate=0.02 g/min; Reaction zone temp.=9(Ki°C; Preheat-
ing temp.=900°C; H, feed rate=5 L/min; Ar feed rate=5 L/min).
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Fig. 10, Profile of nucleation rate in radial direction at three dis-
tances from the inlet.
(FeCl, feed rate=0.02 g/min; Reaction zone temp.=900°C; Pre-
heating temp.=900°C; H, feed rate=5 L/min; Ar feed rate=5L/
min).
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Fig. 11. Profile of the number of monomers forming a nucleus in
the radial direction at three distances from the inlet.
(FeCl, feed rate=0.02 g/min; Reaction zone temp.=900°C; Pre-
heating temp.=900°C; H, feed rate=5 L/min; Ar feed rate=5L/

min).
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Fig. 12, Comparison of particle diameter calculated with an ad-
justed surface tension with experimental data.
(b in Eq. (14)=1.283; FeCl, feed rate=0.02 g/min; Preheating
temp.=900°C; H, feed rate=5 L/min; Ar feed rate=5 L/min).
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b : the ratio of adjusted surface tension to bulk surface tension
as defined in Eq. (14)
C, : instantaneous molar concentration of reactant A
C, :1initial molar concentration of reactant A
C,  :molar specific heat of the gas
d,,  :average particle diameter
D,, :effective diffusivity of reactant A
D, :diffusivity of monomer
G : growth rate

AG  : Gibbs energy change for nucleation
AH; :enthalpy change with reaction

1 : nucleation rate

k, : thermal conductivity of the gas
k, : reaction rate constant
kK : number of monomers of a critical nucleus
k : Boltzmann constant
L : reactor length
M : molecular weight of product solid
M,  :k th moment defined by Eq. (3)
m, :mass of monomer
N : Avogadro number
n : number density of a particle having volume v
n, : number density of monomer
n, : number density of monomer at saturation
R : reactor diameter
r : radial distance from the center of a reactor
R,  :the gas constant
S : supersaturation ratio
T : instantaneous temperature
To : feed temperature
Tw : wall temperature
V.. :average linear velocity of the gas flowing through the reactor
v : volume of a particle
v, : volume of monomer
v : volume of a critical nucleus
YA : axial distance from the inlet of the reactor
agzjoja Xt
B : collision frequency function
Y : surface tension
€ : condensation coefficient in Eq. (6)
4 : coagulation coefficient in Eq. (6)
n : condensation coefficient in Eq. (5)
0 : coagulation coefficient in Eq. (4)
A : mean freepath
N : viscosity of the gas
p : molar density of the gas
G, : density of particle
o, : geometric standard deviation
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