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a b s t r a c t

A chemical vapor synthesis (CVS) process for synthesizing nano-sized aluminum powder as a precursor
for various hydrogen storage materials was simulated by the use of computational fluid dynamic model-
ing. The fluid flow, heat transfer and chemical reaction phenomena taking place inside the reactor were
analyzed together with particle formation and growth in the CVS process. The temperature, velocity and
eywords:
omputational fluid dynamics modeling
hemical vapor synthesis
ucleation and growth
luminum

particle size distribution fields inside the reactor were computed. Chemical reaction rate and population
balance model were used to calculate the particle formation and growth. The particle size computed
by the program was compared with the experimental data, and the calculated average size of the final
product particles was consistent with those obtained in the experimental work.

© 2009 Elsevier B.V. All rights reserved.

anopowder
ydrogen storage

. Introduction

A number of aluminum-containing compounds such as AlH3
1], NaAlH4 [2], LiAlH4 [3], and Mg(AlH4)2 [4] have been identified
o have high potentials as hydrogen storage materials, especially
or automotive application. Sohn and coworkers [5,6] have pre-
ared nano-sized aluminum powder by a chemical vapor synthesis
CVS) process. Chemical vapor synthesis is a method for preparing
olid powders by vapor-phase reactions and provides considerable
exibility in producing nano-materials by the use of wide variety

f precursors. The CVS process involves reducing a vapor-phase
ixture of volatile precursors of the constituent metals by mag-

esium vapor or hydrogen, depending on the thermodynamics of
he synthesis reactions. The key advantages of this process are small

� Disclaimer: This report was prepared as an account of work sponsored by an
gency of the United States Government. Neither the United States Government nor
ny agency thereof, nor any of their employees, makes any warranty, express or
mplied, or assumes any legal liability or responsibility for the accuracy, complete-
ess, or usefulness of any information, apparatus, product, or process disclosed, or
epresents that its use would not infringe privately owned rights. Reference herein
o any specific commercial product, process, or service by trade name, trademark,

anufacturer, or otherwise does not necessarily constitute or imply its endorse-
ent, recommendation, or favoring by the United States Government or any agency

hereof. The views and opinions of authors expressed herein do not necessarily state
r reflect those of the United States Government or any agency thereof.
∗ Corresponding author at: Department of Metallurgical Engineering, University

f Utah, 135 South 1460 East, Room 412, Salt Lake City, UT 84112-0114, USA. Tel.:
1 801 581 5491; fax: +1 801 581 4937.

E-mail address: h.y.sohn@utah.edu (H.Y. Sohn).
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product particle size, the ability to produce powders of many differ-
ent compositions, the homogeneity of powder composition, and the
ease of dopant addition in one-step synthesis. The precursors can be
solids, liquids or gases at ambient conditions, but they are delivered
to the reaction location as a vapor from a bubbler or volatilization
source, as necessary.

Another key feature of chemical vapor synthesis is that it allows
the formation of uniformly mixed multi-component nanoparticles
through the use of multiple precursors. Sohn and coworkers [5]
synthesized WC–Co composite powder by reducing WCl6 and CoCl2
precursors. Srdic et al. [7] prepared zirconia particles doped with
alumina by oxidizing liquid precursors, zirconium-t-butoxide (ZTB)
and aluminum-s-butoxide (ASB) in two sequential tubular reactors.
Sohn and Paldey [8–11] used the CVS to prepare nickel and tita-
nium aluminides and molybdenum nikelide by reducing mixtures
of metal chlorides with hydrogen or magnesium in the vapor phase.

The synthesis of aluminum nanopowder by the vapor-phase
reduction of aluminum chloride with magnesium is represented
by:

AlCl3(g) + 3/2Mg(g) = Al(l, s) + 3/2MgCl2(g) (1)

Experimental results involving the CVS process have shown
that mixing ratio and mixing patterns of the vapor-phase reac-
tants are important parameters that affect nanoparticle synthesis

kinetics and morphology. In addition, residence time, location of
reactant feeders and temperature influence the product particle
size [5,12,13]. However, it is difficult to experimentally quantify
the relationship between these factors and the physical properties
of the product particles. To better understand the effects of these

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:h.y.sohn@utah.edu
dx.doi.org/10.1016/j.cej.2009.10.044
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Nomenclature

c.v. coefficient of variation (ratio of standard deviation
to mean)

Ci molar concentration of species i (kmol/m3)
Cp heat capacity (J/kg K)
d∗

p critical particle size for nucleation (nm)
Di molecular diffusivity of species i (m2/s)
G particle growth rate (m/s)
gz gravitational acceleration (m/s2)
hi enthalpy of species i (J/kg)
J particle nucleation rate (#/m3 s)
�ji diffusive mass flux of species i (kg/m2 s)
k thermal conductivity (W/m K)
kB Boltzmann’s constant (J/K)
kg, particle growth rate constant (m4/kmol s)
kn particle nucleation rate constant (m3/mol s)
km mass transfer coefficient (m/s)
L particle diameter (nm)
mi ith moment of particle number density function

(mi−3)
Mi molecular weight of species i (kg/kmol)
n, n(L) particle number density function (#/m4)
�ni mass flux vector of species i (kg/m2 s)
NA Avogadro’s number (#/kmol)
p1 partial pressure of species 1 (Pa)
pe equilibrium vapor pressure over a flat surface (Pa)
P pressure (Pa)
�q conductive heat transfer vector (J/m2 s)
Rj rate of jth reaction (kmol/m3 s)
Rs molar rate of aluminum deposition to the particle

per unit area (kmol/m2 s)
S saturation ratio, S = p1/pe

Sm source term for mass added to the gas phase by reac-
tion involving condensed phase (kg/m3 s)

T temperature (K)
v1 molecular or atomic volume (m3)
�v gas velocity vector (m/s)
vx, vy, vz gas velocity components in x, y, z directions (m/s)
Vmol molar volume (m3/kmol)
Y gas-phase species mass fraction (kg/kg)

Greek symbols
� molecular viscosity (kg/m s)
vi,j stoichiometry coefficient of species i in jth reaction
� mass density (kg/m3)
�2 variance (square of standard deviation) (m2)
��x, ��x, ��x flux vectors of momentum in the x, y, z directions

(N/m2)

f
a
u
p

2

o
i
r

Table 1
Gas-phase governing equations.

Overall continuity �∇ · ��v = Sm (2)

Momentum in x direction − �∇ · (�vx�v) − �∇ · ��x − ∂P

∂x
= 0 (3)

Momentum in y direction − �∇ · (�vy�v) − �∇ · ��y − ∂P

∂y
= 0 (4)

Momentum in z direction − �∇ · (�vz�v) − �∇ · ��z − ∂P

∂z
+ �gz = 0 (5)

Energy −��v · Cp
�∇T − �∇ · �q −

n∑
i=1

hiMiω̇i = 0 (6)

Continuity of species i − �∇ · �ni + Miω̇i = 0 (7)

Net mass flux of species i �ni = �i�v +�ji (8)

Diffusive mass flux of species i �ji = −�Dim
�∇Yi (9)

Net generation of species i by
surface chemical reactions

ω̇i =
∑J

j=1
vi,jRj (10)

Table 2
Equations for gas-phase transport properties.

Mixture viscosity �m ≈ �Ar = 2.6693 × 10−6

√
MAr T

�2˝�
(11)

Mixture thermal
conductivity

km ≈ kAr = 8.3279 × 10−2

√
T/MAr

�2˝k
(12)

√ ( )
ω̇i net generation of species i by homogenous chemical
reactions (kmol/m3 s)

actors, a mathematical model was developed and solved using
commercial CFD computer program Fluent. The results of sim-

lation were used to identify the relationships between particle
roperties and gas flow pattern in the reactor.

. Computational fluid dynamics model formulation
In computational fluid dynamics (CFD) modeling, the simulation
f fluid flow makes it possible to analyze the flow characteristics
n realistic geometries and makes it easier to improve process and
eactor designs. Based on the integration of the principles of trans-
Species Fickian
diffusivity

Dim ≈ DiAr = 1.8829 × 10−2 T3

P�2
iAr

˝D

1
Mi

+ 1
MAr

(13)

port phenomena and chemical reaction kinetics, the CFD simulation
can be used for determining optimum reactor configurations and
conditions, such as reactant feed rates and the locations of feeder
inlets to control particle size and maximize the product yield of the
powder.

2.1. Basic fluid-phase equations

The commercial CFD code FLUENT uses conservation equations
for mass and momentum combined with an equation for energy
conservation to describe heat transfer phenomena. Table 1 shows
the basic steady state governing equations used in this simulation.

Eq. (2) in Table 1 represents the total mass conservation equa-
tion and Eqs. (3)–(7) describe the components of the gas velocity
(vx, vy and vz), the gas temperature (T) and the gas-phase species
mass fraction (Y), respectively, as functions of position inside the
reactor.

Table 2 shows the expressions used to compute the gas-phase
transport properties. Because the reactants are mixed in large
excess Ar throughout the reactor, the viscosity and thermal con-
ductivity of the gas mixture were set to those of pure Ar. Similarly,
the Fickian diffusivities of the gas-phase species were set to the
binary values of those species in Ar. The gas phase was assumed to
obey the ideal-gas law.

2.2. Particle population balance

The development of most population balance models begins
with the general dynamic equation (GDE) in terms of particle num-

ber density function. By solving the GDE for different initial and
boundary conditions, the particle size distribution function can be
obtained. The GDE represents a population balance of the particles
in a volume element, which at steady state is given by the following
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quation [14]:

∂

∂L
(nG) + ∇ · (n�v) = Birth − Death (14)

here n is the particle number density function. The birth and death
ource terms represent the rates of particles birth and death due to
ggregation and other related phenomena. The boundary condition
t L = 0 for the integration of the first term of Eq. (14) is obtained
rom

dL|L=0 = Jdt = J
(

dL

G

)
(15)

(0, �x) = J

G|L=0
(16)

here J represents the rate of nucleation of particles.
When the gas phase is sufficiently supersaturated, particles

ucleate and grow. A multiphase model is necessary to model the
article nucleation and growth in Fluent. The Mixture and Eulerian
odels are generally used for the multiphase modeling [15]. In this

esearch, the Mixture model provided in the Fluent code was used
ecause it is simple and requires less computational work, while
he accuracy is acceptable.

.3. Modeling particle nucleation and growth

The determination of the nucleation and growth kinetics for
luminum particles produced from the reduction reaction is a dif-
cult problem because the reaction occurs in the gas phase and is
xtremely fast. Therefore, it is difficult to obtain the information
xperimentally. Many researchers have investigated the particle
ucleation and growth rate by modeling [14,16,17]. However, they

ocused on modeling the physical evaporation and condensation
rocess by volatilizing bulk aluminum.

Simplified general expressions have been used for the nucle-
tion and growth rates, together with assumed values of the rate
arameters, which were successfully applied for SiO2 nanoparticle
imulation [18,19]. The kinetic parameters for the nucleation and
rowth were treated as adjustable parameters and the best set of
he values by comparing the results with the experimental data
ere determined in this previous work.

Gas-phase homogenous nucleation is a process by which gas
toms or molecules are transformed into liquid or solid particles.
or a supersaturated vapor, clusters form but most of them are
hermodynamically unstable with respect to evaporation. Only the
ufficiently large clusters are thermodynamically stable. The Kelvin
ffect describes the stability of the atomic clusters and particles
ith respect to evaporation [20]. The Kelvin effect is expressed by
∗
p = 4�v1

kBT ln S
(17)

here � (N/m) is the surface tension. The parameters used for the
elvin diameter calculation are presented in Table 3. If the critical

Table 3
Parameters used for calculation of the Kelvin diameter.

Parameter

Surface tension, � = (948–0.202T)/1000
Atomic volume of Al, v1

Temperature, T
Total pressure, P
Total Ar flow
Aluminum concentration per unit mass of gasa, nm

Vapor pressure, pe = exp(13.07 − 36373/T)P
Saturation concentration of aluminum, nms = pe/kBT
Carrier gas density, �g = PMw/RT
Super saturation ratio, S = p1/pe = nm/(nms�g)

a Assuming all AlCl3 (0.00075 mol/min) reacted and converted to Al.
g Journal 156 (2010) 215–225 217

particle size d∗
p is smaller than the monomer size, the nucleation

is considered as collision-controlled nucleation because there is no
thermodynamic barrier for nucleation. The calculated value of d∗

p
for aluminum was 0.217 nm, smaller than the monomer diame-
ter (0.286 nm). Thus, the monomer is thermodynamically stable
and there is no thermodynamic barrier to the formation of the alu-
minum particles. In this case, each atom or molecule is a particle
from the thermodynamic point of view. It means that the growth
of the clusters is not inhibited by thermodynamics and becomes
collision limited.

In cases where chemical reaction occurs to form the monomer
and when the critical size is smaller than the monomer size, nucle-
ation is equivalent to chemical reaction in the sense that each
product molecule forms a monomer. This condition occurs for many
materials produced at low temperatures relative to their melting
points [20].

Based on the theory of chemical reactions, the nucleation rate is
expressed by

J = knNACaCb (18)

where J (#/s m3) is the nucleation rate and kn (m3/kmol s) repre-
sents the rate constant. In this work, J was set equal to zero when
temperature was less than 1073 K for purely computational rea-
sons because Fluent has difficulty in numerically handling very low
nucleation rates due to low temperatures or reactant concentra-
tions.

The gaseous reactant is transported to the particle surface where
reactions take place to form the product particles. The rate of the
surface reaction involving the two gaseous reactants AlCl3 and Mg
is represented by

Rs = kgCAlCl3 CMg (19)

where Rs is the molar rate of aluminum deposition to the particle
per unit area (kmol/m2 s), kg is the surface reaction rate constant
(m4/kmol s). The volumetric growth rate of the particle is then given
by:

dv
dt

= Rs�d2
pVmol (20)

where dp is the particle diameter (m) and Vmol is the molar volume
of the aluminum particle (m3/kmol). The growth rate of particle
diameter is obtained, as follows:

Grxn = ddp

dt
= 2RsVmol (21)

For the reaction of AlCl3(g) and Mg(g) to form Al on the particle,

Grxn (m/s) becomes

Grxn = 1.48 × 10−2 kgCAlCl3 CMg (22)

The linear growth rate of a particle under the control of mass
transfer Gmass is determined by the smaller of the mass transfer

Value Ref.

0.69 (N/m) [21]
1.23 × 10−29 (m3)
1273 (K)
101.3 kPa
12.4 L/min (25 ◦C, 86.1 kPa)
2.043 × 1022 (#/kg)
0.0187 (Pa) [22]
1.067 × 1018 (#/m3)
0.382 (kg/m3)
7292
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ate of AlCl3 or Mg, represented by the following expressions the
erivation of which is shown in Appendix C:

m, AlCl3 = 4VmolDAlCl3
m0

m1
CAlCl3,b (23a)

and

m, Mg = 8
3

VmolDMg
m0

m1
CMg,b. (23b)

The overall growth rate Gt is expressed by combining the rates
nder the control of mass transfer and chemical reaction kinetics
s follows [23]:

1
Gt

= 1
Grxn

+ 1
Gmass

(24)

This expression, which is exact for processes whose rates have
rst-order dependence on concentration, has been shown to be
alid at least approximately for other cases [24]. Further, it becomes
xact when Grxn � Gmass or Grxn 	 Gmass, which is often the case. In

his work, Gt was set equal to zero when T ≤ 1073 K. Again, this
as done for the same numerical reasons as described above in

onjunction with the nucleation rate expression.
The particle size distribution characteristics are expressed in

erms of the appropriate moments of the size distribution. The ith

ig. 1. Geometry of the reactor for simulation: the left side of the figures represents the i
a) Actual geometry, (b) geometry used for simulation, and (c) magnified view of mesh de
g Journal 156 (2010) 215–225

moment mi is defined by [25]

mi =
∫ ∞

0

Lin(L)dL (25)

where L is the particle size and n(L) is the particle number den-
sity function. The zeroth moment, m0 represents the total number
of particles per unit volume of the gas-particle mixture. The first
moment, m1, represents the total length of particles per unit vol-
ume. The second moment, m2, represents the total surface area of
particles per unit volume. The third moment, m3, represents the
total volume of particles per unit volume.

The GDE is normally coupled with the gas-phase equations such
as momentum, heat and chemical equations. The GDE is a non-
linear, partial integro-differential equation. When complicated
reactor geometries or boundary conditions are to be incorporated,
analytical solutions are not possible. Therefore, many efforts have
been made to develop numerical tools to solve it efficiently and

accurately. In this research, commercial fluid dynamic program
Fluent was used as the solver for the computation of the CVS pro-
cess. The Quadrature Method of Moments (QMOM) [26], which is
a numerical solution method for population balance models, was
used to solve the GDE.

nlet for the precursors while the right side represents the outlet of the mixture gas.
sign.
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Table 4
Operating conditions for the simulation.

Parameter Value

System Environment Argon
Precursors AlCl3, Mg

Carrier Ara Flow rate 1 L/min each tube (25 ◦C,
86.1 kPa)

Temperature 800 ◦Cb

Additional carrier Ara Flow rate 0.3 L/min each tube (25 ◦C,
86.1 kPa)

Temperature 25 ◦C

Dilution Ara Flow rate 8 L/min (25 ◦C, 86.1 kPa)
Temperature 25 ◦C

Total Ar flowa Flow rate 10.6 L/min (25 ◦C, 86.1 kPa)

Precursorc Precursor feeding
rates

AlCl3: 0.1 g/min

Mg: 0.03 g/min

Furnace Wall temperature 1000 ◦C

a The different Ar streams mentioned in this table correspond to those described
in Fig. A2 in Appendix A.

b Based on simulation including the precursor feeding tubes carried in the earlier
stage, the temperatures of the tubes were 800 ◦C. After this, the temperature was

◦

The measured wall temperature profile described in Fig. B1 in
Appendix B was used as a boundary condition for the simulation.
The two-dimensional temperature distribution inside the reactor is
presented in Fig. 3. The distribution is based on the cross-sectional
H.Y. Sohn et al. / Chemical Engi

.4. Geometry for simulation and assumptions

The details of the experimental apparatus in which Al nanopow-
er was synthesized are shown in Figs. A1–A3 of Appendix A. These
gures show, among other features, the geometries of the feed-

ng tubes for reactant powders and the Ar gas. The temperature of
he reactor wall was measured using a K-type thermocouple and
sed for the simulation. The measured wall temperature profiles
or the two different furnaces set at 1000 ◦C and 1200 ◦C are shown
n Fig. B1 of Appendix B. The length of the constant temperature
one was around 50 cm. The measured wall temperature reached
he target temperature except for the 20 cm lengths from the inlet
nd the outlet. It showed a long hot zone with a uniform wall tem-
erature in the reactor, because the 3-zone heating element in the
urnace provided precise temperature control. The spatial variation
f the wall temperature in the hot zone was about 10 ◦C. After the
ot zone, the wall temperature cooled down rapidly.

For the simulation, only the part of the actual reactor from the
r inlet to the furnace outlet was considered so that the simula-

ion time and complexity of designing the model may be reduced.
ig. 1(a) indicates actual geometry of the system and (b) shows the
eometry used for simulation. The left side of the figures repre-
ents the inlet for the precursors while the right side represents
he outlet of the mixture gas. The experiments were performed
t steady state. The product particles were considered spherical
nd agglomeration of the particles was not considered because the
article growth involves a number of rather complicated mecha-
isms, and thus in this study, the particle growth rate constant was
reated as an adjustable parameter. Therefore, the growth mecha-
isms, except the well defined mass transfer step, were combined

nto the growth rate constant.
GAMBIT 2.2.30 was used for mesh generation. Three-

imensional meshes were created for the reactor used in the
xperiments. The entire domain was 1070 mm in length and 50 mm
n diameter. The number of cells for the simulation was 412,155.
he mesh design is shown in Fig. 1(c).

. Results and discussion

The conditions for the standard experimental runs are presented
n Table 4, in which the various Ar streams correspond to those
escribed in Fig. A2 in Appendix A. The total Ar flow rate is the sum
f the carrier Ar, additional carrier Ar and dilution Ar flow rates. The
eating of the gas in the feed tube was simulated by separate CFD
odeling which indicated that the gas exited the tube at 800 ◦C.

hus, the carrier Ar temperature at the feed tube was set at this
emperature and the feeding tube was excluded from the overall
eactor simulation to reduce the computational complexity. Unless
therwise specified, the results of the simulation presented below
re for the standard conditions given in Table 4.

The solution was converged after some 2000 iterations. Con-
ergence was defined when the residuals, defined by the absolute
alue of the difference between successive iterations, of all the vari-
bles reached the user-defined value, typically 10−5 to 10−6. It took
ore than 6 h of computation for one run of this 3D model on a

omputer with a dual-core-type 3.0 GHz processor and 4 GB RAM
emory.

.1. Velocity distribution
The velocity distribution inside the reactor affects the properties
f the final product because it transports particles by convection
hroughout the reactor. In Eq. (14) that describes the change in
he particle size distribution, the convection term is a function of
he gas velocity. The flow field calculated for the standard set of
assumed to be 800 C in all cases to reduce the calculation time. Further, the radial
variation of this temperature was negligible because of the small diameter.

c Solid precursors were fed by specially designed powder feeders described in Ref.
[6]. These precursors were rapidly volatilized when they entered the reactor.

conditions is presented in Fig. 2 which shows the cross-sectional
view passing through the B–B′ plane as shown in Fig. 1(c) from the
injection tube to the end of the furnace.

The color scale indicates the magnitude of the velocity field. The
velocity of dilution Ar inlet, AlCl3 and Mg inlet are 1.45, 0.864 and
0.874 m/s, respectively. The velocity in the area after the graphite
funnel, installed to increase gas phase mixing, has the highest value
of 17.8 m/s due to the reduced gas passage area.

3.2. Temperature distribution
Fig. 2. Contours of velocity magnitude along the B–B′ plane in Fig. 1 (mixture, m/s)
for the standard conditions given in Table 4.
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ig. 3. Contours of gas temperature along the B–B′ plane in Fig. 1 (K) for the standard
onditions given in Table 4.

iew passing through the B–B′ plane in Fig. 1(c) from the injection
ube to the end of the furnace. The wall of the reactor is at a constant
emperature of 1273 K in most part, while the dilution Ar gas enters
he reactor at 298 K. The temperature of the gas in the precursor
njection tube increases rapidly because of the heat transfer from
he wall. At the center of the reactor (in front of the graphite tube),
he gas phase is mixed and thermal boundary layers are developed
long the streamlines. After the graphite funnel, the temperature
f the gas mixture increases due to the heat transfer from the tube
all which has a small diameter. The temperature after the funnel

ube gradually decreased after reaching the maximum temperature
f 1167 K. The average temperature of the reactor exit was around
73 K.

.3. Particle kinetic constants

The rate parameters for nucleation and particle growth for
he synthesis of aluminum particles from magnesium reduction
f AlCl3 in the vapor phase are unknown. Further, it would be
xtremely difficult to obtain them experimentally. In this research,
he simulation was based on the determination of the best values
f nucleation rate constant kn and particle growth rate constant
g, respectively, in Eqs. (18) and (22) by comparing the com-
uted results with available experimental data. Each of these rate
onstants contains activation energy and pre-exponential factor,
aking it extremely difficult to estimate all of them from the

xperimental data. Based on the fact that the product MgCl2(g)
tarts appearing well into Section C of the narrow reaction tube
as shown in Fig. 7) by which point the temperature has reached
uniform value of 873 ◦C (1146 K), which lasted until the end of

he reaction zone, as shown in Fig. 3, a constant value of kg was

ssumed. On the other hand, when a best fit constant value for
n was assumed most nucleation occurred at the entrance of the
unnel, at the axial position of 730–750 mm from the left end of
he reactor (Fig. 1), as shown in Fig. 13. In this zone, the temper-
ture along the centerline, where the two gaseous reactants come

able 5
omputed average particle size with various kn and kg .

kn (m3/kmol s) at an average temp. of 555 ◦C (828 K) kg (m4/kmol s) at an

0.01 2.25 × 105

0.01 3.59 × 105

0.01 8.98 × 105
Fig. 4. Comparison of the computed and experimental average particle sizes for
various total Ar flow rates.

into contact is 555 ◦C (828 K) as seen in Fig. 3. Thus, the constant
value of kn corresponds to its value at this temperature. The aver-
age particle size measured by ZetaPALS, as described below, was
58 nm under the experimental conditions of AlCl3 0.1 g/min, Mg
0.03 g/min, and total Ar flow 10.6 L/min (25 ◦C, 86.1 kPa average
barometric pressure at Salt Lake City). The average particle size
decreased as the total Ar flow rate increased. Various combina-
tions of nucleation and growth rate constants were tested, and the
optimum values that gave the best fit with all the experimental
data were determined. Table 5 presents the average particle sizes
at the outlet computed with several sample combinations of the
nucleation rate constant kn and particle growth rate constant kg,
when the total Ar flow rate was 10.6 L/min (25 ◦C, 86.1 kPa). The
combinations of rate constants tested included values of kn other
than 0.01 m3/kmol s shown in this table, but the best results were
obtained with this value of kn. The average size was calculated from
the value of m1/m0 that describes the average particle size based
on the total length of the particles diameter divided by the num-
ber of particles, i.e. the number-average size and the particles were
considered to be spherical. In the analysis of ZetaPALS, the nanopar-
ticles will scatter incoming laser light. Due to the random motion of
these particles, the scattered light intensity fluctuates in time. The
fluctuating signal is processed and the equivalent spherical particle
size is calculated using the Stokes–Einstein equation. The calcu-
lated average particle size and distribution from the ZetaPALS are
number-averaged particle sizes, which was the reason to calculate
a number-average size in the simulation.

Fig. 4 shows the comparison of the simulation results with
experimental particles size as a function of total Ar flow rate, which
was varied by changing the dilution Ar flow rate defined in Table 4
and Appendix A while keeping all other conditions the same. The set
of kn = 1 × 10−2 (m3/kmol s) and kg = 2.25 × 105 (m4/kmol s) showed
the best overall agreement with the experimental results with all

the Ar flow rates tested. With this value of kg, Grxn is much smaller
than Gmass by a ratio of 10−4–10−3, indicating that chemical reac-
tion, not mass transfer, is the controlling step in particle growth in
this system where very small particles are produced. This is because

average temp. of 873 ◦C (1146 K) Average particle size, m1/m0 (nm)

48.9
64.4
99.6
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ig. 5. Contours of mole fraction of AlCl3(g) along the B–B′ plane in Fig. 1 for the
tandard conditions given in Table 4.

ass transfer to these small particles is even faster that the rapid
hemical reaction.

The vertical lines around the experimental points represent the
tandard deviations obtained from five repeated experiments and
he open squares are the average particle sizes. The simulation
esults showed a reasonable agreement with experimental results
ithin 10 nm error range.

.4. Concentration distributions

As described earlier, the mixing characteristics of the precur-
or are another important factor. Figs. 5–7 show the concentration
rofiles of the species in the reactor. AlCl3 and Mg vapor enter
rom the injector tubes and the dilution Ar gas stream prohibits
he mixing of the precursors by separating the streams of AlCl3(g)

nd Mg(g), thus preventing premature nucleation. However, the
raphite funnel reduces the flow area, by which the mixing path in
he radial direction decreases, facilitating the gas-phase reaction.
he MgCl2(g) concentration starts increasing after the graphite fun-

ig. 6. Contours of mole fraction of Mg(g) along the B–B′ plane in Fig. 1 for the
tandard conditions given in Table 4.
Fig. 7. Contours of mole fraction of MgCl2(g) along the B–B′ plane in Fig. 1 for the
standard conditions given in Table 4.

nel indicating the start of the reduction reaction between AlCl3(g)
and Mg(g).

3.5. Average particle size (APS)

The profile of average particle size (APS) is presented in Fig. 8.
The APS is affected by nucleation and growth. Most nucleation takes
place at the entrance of the funnel, and thereafter the particles grow
by surface reaction on the existing particles in the narrow part of
the reactor tube due to the reduced area which promotes gas phase
mixing. The distribution of the APS at the outlet is given in Fig. 9.
Near the wall, the average particle size is large because the velocity
is lower there, which promotes particle growth. However, most of
the particles at the outlet were less than 50 nm.

3.6. Coefficient of variation
The third parameter used to describe the evolution of the par-
ticle size distribution along the reactor is the spread. To describe
the spread of the particle size distribution, the coefficient of varia-
tion (c.v.) was used. When comparing between distributions with

Fig. 8. Contours of average particle size along the B–B′ plane in Fig. 1 (m1/m0, nm)
for the standard conditions given in Table 4.
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ig. 9. Contours of average particle size at the outlet (m1/m0, nm) for the standard
onditions given in Table 4.

onsiderably different means, the coefficient of variation is advan-
ageous over the standard deviation. Since the c.v. value represents
he ratio of the standard deviation to the mean, it is a useful
arameter for comparing the degree of variation for different reac-
or configurations and operating conditions, especially when the

eans are greatly different from each other. The mean and variance
re given by:

¯ =

∞∫
0

L · n(L)dL

∞∫
0

n(L)dL

= m1

m0
(26)
2 = 1
m0

∫ ∞

0

(L − L̄)2f (L)dL (27)

ig. 10. Contours of c.v. value along the B–B′ plane in Fig. 1 for the standard condi-
ions given in Table 4.
Fig. 11. Contours of c.v. value at the outlet for the standard conditions given in
Table 4.

The equation can be rearranged in terms of the moments of the
distribution to give

�2 = m2

m0
− m2

1

m2
0

(28)

Thus c.v. is given in terms of the moments as

c.v. = (m2/m0 − m2
1/m2

0)
1/2

m1/m0
=

(
m0m2

m2
1

− 1

)1/2

(29)

The profile of this parameter calculated from the simulation is
presented in Fig. 10. At the entrance of the funnel, new particles
start to form and the spread is relatively large near the wall side
because the velocity is relatively low. The small tube is the place
where the growth of particles takes place. Therefore, the c.v. value
decreases to less than 1, narrowing the relative spread of the parti-
cle size distribution. However, there is a variation along the small
tube wall side. The wall side has relatively low velocity due to the
boundary layer of the flow, which increases c.v. value. But the c.v.
value decreases along the reactor length and reaches a value less
than 1. The radial distribution of the c.v. at the outlet is presented
in Fig. 11. Again, the radial distribution becomes rather even at the
reactor exit. The c.v. value at the outlet was 0.6–0.9.

The computation of the profile of c.v. values is a valuable tool
in determining the reactor configurations and operating condi-
tions that will eliminate regions of large variations in particle
size.

3.7. Particle number density

Although the axial contours are not shown, the particle num-

ber density increases along the centerline from zero to about
3 × 1013 m−3 at the entrance of the funnel and gradually increases
up to about 1.1 × 1014 m−3 in the small tube. The radial particle
number density distribution of the aluminum particles at the out-
let is presented in Fig. 12. The particle number density near the
wall is higher than that at the center, because the velocity which
promotes the reaction is lower near the wall, providing more time
for the formation of particles from the gas-phase reaction.
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ig. 12. Particle number density in radial direction at the outlet (#/m3) for the
tandard conditions given in Table 4.

.8. Effect of total Ar flow rate on the profiles of number density
nd particle size

An increase in the total Ar flow rate reduces the concentra-
ion of the gas phase in the reactor, leading to a reduced particle
ucleation. Fig. 13 shows the effect of the total Ar flow rate on the
article number density along the reactor centerline. At the pre-
ursor injection tube, the aluminum number density is zero. A near
inear increase in the particle number density after the funnel can
e observed in this figure. The number density of aluminum par-
icles at lower flow rates is greater than for higher flow rates. The
umber density increases right before the funnel (at 0.64–0.74 m),
ecreases in the funnel (at 0.74–0.79 m) by the addition of con-
erging carrier gases for the reactants, and gradually increases
hereafter (at ∼1.07 m). However, in the higher flow rates, the par-
icle number density increases monotonically past the funnel area.
his is because higher Ar flow rates decrease the concentration of
he gas species in the reactor and the nucleation of the particles was
nhibited before the funnel by the lower concentration and higher
elocity.
The effect of the total flow rate on the number-average particle
ize as a function of the axial position along the reactor centerline
s presented in Fig. 14. This figure shows a decrease in the par-
icle size as the total Ar flow rate increases. The average particle

ig. 13. Al number density along the centerline for different total Ar flow rates.
Fig. 14. Al average particle size along the centerline for different total Ar flow rates.

sizes increase before the funnel by particle growth. In the funnel,
the average particle sizes decrease here because the nucleation
rate is greatly increased in front of the funnel. After the funnel,
particle size increases according to the growth mechanism by reac-
tion.

For the total Ar flow rates of 10.6 and 12.6 L/min (25 ◦C,
86.1 kPa), the average aluminum particle sizes are drastically
reduced because of the low concentration and reduced residence
time from the higher flow rates. Due to the high velocity and low
concentration, aluminum particle nucleation and growth was sup-
pressed and the point of particle nucleation was moved in the
direction of the funnel. Particle growth occurs along the small tube
by the reaction with the unreacted precursors.

In summary, the best set of nucleation and growth rate con-
stants obtained by the simulation was, respectively, kn = 1 × 10−2

(m3/kmol s) at 555 ◦C (828 K) and kg = 2.25 × 105 (m4/kmol s) at
873 ◦C (1146 K). The average particle size decreased with increas-
ing total Ar flow rate due to decreased concentration of the raw
materials. It is noted that the concentration effect on the particle
size was much greater than the effect of the residence time because
of the rapid reaction rates.

The funnel installed inside the reactor provided beneficial effect
on the nucleation of the particles by promoting the rapid mixing of
gaseous reactants. By changing the total Ar flow rate, the product
powder with a specific average particle size can be produced.

4. Summary and conclusions

A 3D CFD simulation was performed with the commercial soft-
ware Fluent to model and better understand the CVS process for
preparing aluminum nanopowder. The results for temperature,
velocity profile, and particle size distribution are reasonable. Vari-
ous operating conditions such as different reactant concentrations
and total gas flow rate were tested, which yielded results consistent
with experimental data. The particle size computed by simulation
showed a good agreement with the experimental results obtained
under different operating conditions. Thus, the most important
impact of the presented work is that the CFD model can be used
to predict the size distribution of Al nanopowders produced under
various reaction conditions and to optimize the synthesis process
to obtain a desired product. In addition, the visualized internal flow

and reaction behaviors provided better understanding of the phe-
nomena taking place inside the reactor. This simulation work could
be improved further by using intrinsic nucleation and growth rate
parameters, if and when they become available, that would not
require estimation by fitting with experimental data.
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Fig. A2. Detailed view of the Ar inlet area (a, b: carrier Ar; c, d: additional carrier Ar,
e: dilution Ar).
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ppendix A. Experimental apparatus

Fig. A1 shows the horizontal CVS system. The diameter of the
eactor was 5 cm and a graphite funnel was installed inside the reac-
or. The system was composed of external entrained-flow powder
eeders, reactor and powder collecting system. Carrier Ar streams
hown by a and b in Fig. A2 were supplied into the powder feed-
rs to transfer the precursors into the reactor. The flow rate of the
arrier Ar was 1 L/min (25 ◦C, 86.1 kPa) in each stream. Additional
arrier Ar with a flow rate of 0.3 L/min (25 ◦C, 86.1 kPa) was sup-
lied to prevent precursor from sticking in the feed tubes. These
ow rates were kept the same for different runs because they were
he optimum rates for the feeding of the precursors into the reactor.
ilution Ar gas shown as stream (e) in Fig. A2 was directly sup-
lied into the reactor with various flow rates to control the gaseous
eactant concentration. The total Ar flow rate was defined as the
um of all the flow rates (carrier, additional carrier, and dilution Ar
ow rates) to the reactor as described in the previous section. The
raphite funnel shown in Fig. A3 was placed just at 10 cm behind
rom the alumina feeding tubes for precursors to increase gas phase

ixing. An alumina tube, 0.6 cm inner diameter, was connected to
he graphite funnel to improve the contact of gaseous reactants.

Aluminum chloride and magnesium precursors were filled,
espectively, in 1.3 cm and 1 cm diameter vial tubes in the glove

ox and weighed. During heating of the furnace to the target tem-
erature, Ar gas was supplied into the reactor to remove residual
xygen and maintain an inert atmosphere. When the target tem-
erature was reached, the vials filled with precursors were placed

n the powder feeders and the feeding rates were set at the desired

ig. A1. Modified horizontal experimental apparatus (F1, 2: entrained-flow powder
eeders, Fu: graphite funnel, Z1, 2, 3: hot zones, P/C1, 2: powder collectors).
Fig. A3. Detailed view of graphite funnel.

values. Also, the Ar gas flow for precursor delivery and the dilution
Ar flow were set for the experiment. Before collecting the pow-
der, the product powder was passed through the bypass line for
5 min to stabilize the system. After stabilization, the product pow-
der was collected in the main filter and the off-gas from the filter
was neutralized in a NaOH solution and vented.

Appendix B. Measured wall temperature profile

The measured profiles for the two different furnaces set at
1000 ◦C and 1200 ◦C are shown in Fig. B1.

Appendix C. Derivation of the particle growth rate
expression under mass transfer control

The volumetric growth rate of a particle under mass transfer
control is given by

dvp

dt
= 1

a
· Vmol · �L2 · km · (Ci,b − Ci,eq) (C.1)

where vp is the particle volume (m3), a is the stoichiometric coef-

ficient of species i in reaction (1), and the subscripts b and eq
represent bulk and equilibrium value, respectively.

The growth rate in terms of the particle diameter is obtained
by substituting the expression for the particle volume (vp = �L3/6)
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Fig. B1. Temperature profiles of the reactor wall.

nto Eq. (C.1), which yields

ddp

dt
= 2

a
· Vmol · km · Ci,b (C.2)

Here, it is assumed that the equilibrium concentration of the
imiting gaseous reactant at the particle surface is negligible com-
ared with its value in the bulk gas stream, i.e. reaction (1) has a

arge equilibrium constant (is irreversible).
The mass transfer coefficient, km, is calculated based on the

ssumption that the slip velocity between the gas and the very
mall particles is zero and thus the Sherwood number becomes

h = kmL

Di
= 2.0 (C.3)

By substituting Eq. (C.3) into Eq. (C.2), the particle growth rate
nder mass transfer control is given by

m = 4
a

· VmolDi
m0

m1
Ci,b (C.4)

here m0 and m1 are, respectively, the zeroth (#/m3) and the first
oment (m/m3) of the particle size distribution, as defined in Eq.

25). Thus, L = m1/m0 represents the number average particle diam-
ter.
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