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Abstract: A physical vapor condensation process for synthesizing nanosized sulfur powder as a precursor for

various industries was simulated by the use of computational ?uid dynamic (CFD) modeling. The phase change,
swirl flow and heat transfer taking place inside the cyclone are analyzed along with particle formation via gas
condensation method. The population balance model is a mathematical framework for the modeling of crystal
size distribution (CSD) and the study of gas-phase changes leading to nucleation of the first solid particles. In
this paper the Direct Quadrature Method of Moments is used for solving the transport equations of the
moments of the size distribution. The temperature, velocity and particle size distribution ranges inside the
cyclone were computed. The results show the formation of nanosulfur particles in 1-7 nm range.
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INTRODUCTION

Owing to their unique electronic, catalytic, optical
and magnetic properties, nanoparticles continue to attract
the attention of researchers [1]. Furthermore, Physical
modeling of particulate processes such as crystallization
has been the subject of intense research over the last half
century [2-4]. Hulburt, Katz [5] and Randolph [6]
recognized that many problems of particulate dynamics,
principally crystallization, could not be easily solved by
conventional and therefore
proposed the population balance approach.

Population balance is an appropriate mathematical
framework dealing with crystallization systems which
involve nucleation, growth, breakage or aggregation of
particles. Such  mathematical approach follows the
number of entities, such as the way that their presence
or occurrence may dictate the behavior of the
system under consideration [2-4]. This paper considers
the crystallization of Sulfur vapor in turbulent Flow in
cyclone using numerical simulations. The employed
kinetic model has been coupled with the quadrature

conservation equations

Method of Moments (QMOM) in order to compute the
evolution of the crystal population. Wan, et al. [7]
showed that the moments of the population balance
are accurately predicted for the crystallization process;
when the flow field is turbulent and the mixing is not
ideal in laminar flow and as a result the steady state well
mixed solutions are not accurately simulated. Therefore,
we consider that the related calculations are performed
for steady state conditions. The method of moments,
although providing a simple manipulation of the PBE,
has numerous restrictions. One of the papers in
crystallization which used this method is the one of Ma
and Braatz [8]. The conservation laws of mass and energy
can be found elsewhere in literature [9]. During recent
years, the numerous population balance equations
(PBEs) for crystal growth [10], fragmentation and
aggregation [11] have been solved).

Theory

Basic Fluid-phase Equations in CFD: The commercial
CFD code FLUENT uses conservation equations for
momentum and mass combined with an energy
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conservation equation to describe heat transfer
phenomena [12]. To take into account the highly irregular
nature of turbulence, the components of the velocity
vector are usually decomposed in the summation of a
mean value and fluctuations; so applying Fever-averaging
(valid for flows with variable density), the continuity,
Navier—Stokes and scalar transport equations become
[13].
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Where p and P are the mean density and pressure,
respectively, v is the kinematics viscosity, v, is the
turbulent viscosity, U; is the Fever-averaged value of the
ith component of the fluid mean velocity, u; is the
component of the fluctuation of velocity, ¢, and @, are
the mean and fluctuating concentration of the “th scalar,
I' and T, (I", = V/S;) are molecular and turbulent
diffusivity, respectively, S$(®) is the Fever-averaged
chemical source term. The third term on the left-hand side
of Eq. (2) is called Reynolds stress tensor which is
generated by the decomposition and needs to be closed.
The Standard [14], RNG [15] and Realizable [16] k-¢
Models Theory are relatively simple approaches based on
the eddy-viscosity concept. If the Reynolds Stress Model
(RSM) is employed, the problem is closed by solving
transport equations for the turbulent stresses [17, 18]. A
multiphase model is necessarily used for the multiphase
modeling of particle nucleation and growth [19]. In this
study, the mixture model was used because it is simple
and requires less computational work [12].

Population Balance: The conservation law of number or
the population balance in size coordinates (with L as a
diameter of a particle) can be written in the form of
equation 4 [9, 20].
on/ot+0(G,)/dL+noV Vot +
, “4)
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The number density function is n; V is the number of
particles per unit volume in the crystal size interval dL. G
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is the growth rate of a single crystal, B (L) is the birth rate
and D (L) is the death rate of a crystal. One alternative
approach is the solution of the transport equations of
moments, using a quadrature formula for the closure of
unknown terms. Nodes and weights of the quadrature
approximation can be evaluated from the moment of the
distribution by using a very efficient algorithm [21, 22].
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The method has been recently formulated in a direct
formulation (Direct quadrature Method of Moments or
DQMOM), is based on solution of the following
equations:

+00 N
i (x,1) = j A(L:x kL = w Ik (7)
0 a=1

The zeroth moment represents the number of crystals
per unit mass of solvent. The first moment is total length
of all crystals per unit mass of solvent, the second and
third moments are related to the area and the volume of
crystals per unit mass of solvent respectively. The length-
averaged crystal size is written as [23]:
LL0=ml/m0 (8)
Nucleation and Growth Rate: When 0.1 mole of sulfur
vapor at 718 K with 0.9 mole of nitrogen gas are
conducted to the first inlet and 2 moles of nitrogen gas at
223 k enter the second inlet of the cyclone, they mix and
quickly cool and the sulfur nanocrystals are formed.
Despite all studies, a detailed description of nucleation
and growth process is still missing, especially for
nanocrystals with a specific shape [24]. In this study, we
estimate these parameters by simplifying assumptions; for
example, the nucleation rate of sulfur is found 0.00025
1/cm?s at melting point of sulfur [25].

The driving force for crystal growth, according to
Gibbs rule, is to minimize the total surface free energy of
the system which is approximately linearly related to the
total surface area. This indicates that in the nanosized
particle, the surface free energy in comparison to the total
free energy is close to being negligible and it is one of the
main reasons why crystallization has been so difficult to
understand in the past [26, 27]. Table 1 shows some data
which is necessary for calculating the growth rate of
sulfur in the crystallization process:
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Table 1: Parameters used for calculation of growth rate

Parameter Value Ref.
C(Kmol/m?) 63.9 IS Calculated
C'(Kmol/m*) 0.00001 [25]
C(Kmol/m®) 0.000215 [25]

o 19 [9]

S 20 [25]

kg m/s 0.0223 IS Calculated

Fig. 1: Nanosulfur synthesis equipment

According to table above, the ratio of C*/Cc is about
1.6x1077 and it indicates that the heat transfer isn’t the
effective factor in this case. Also because of 6>0.5, the
surface combination is negligible [28]. In this case the
bulk turbulency is the principal factor controlling the
growth rate of particles in the crystallization process.
According to Surface Renewal Model of Danckwerts the
Mass Transfer Coefficient is directly related to the second
root of diffusion coefficient. Therefore, the growth rate
can be written as relation (9):

Geometery for Simulation : Fig. 1 shows the equipment
for synthesis nanosulfur particles via gas condensation
method in cyclone:

The solid sulfur which is heated to 718 K with hot
nitrogen gas in the 1* vessel enters the cyclone via inletl
and it mixes quickly with cold nitrogen gas entering via
inlet2 (from 3" vessel). During the crystallization process,
the nanosized sulfur particles are created and are carried
to up and down outlet of cyclone. We show that most of
them are conducting to down outlet of cyclone and some
part which remain in the nitrogen flow are trapped in
vessel 4 in turbulence water, because of occurring
crystallization in the cyclone we only got it for control
volume.

The 3D volume grid is represented in Fig. 2. A grid
dependence study was conducted to arrive at the
appropriate size of the grid for optimal accuracy and
efficiency. In the optimal grid, the domain is discretized
into a grid of 86732 tetrahedral cells.
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Fig. 2: Three-dimensional tetrahedral grid

The conservation equations for mass, momentum,
energy, K-e model and dissipation rate are solved by
finite-volume analysis, using a first-order upwind scheme
for discretisation of the convective terms in the transport
equations. The RNG model is used for modeling of
dissipation rate and turbulence kinetic energy.

RESULTS AND DISCUSSION

The results of the simulation are presented below.
The solution was converged after more than 42000
iterations. It took more than 12 hours of computation for
one run of this 3ddp model on a computer with a dual-
core-type 1.67GHz processor and 2GB RAM memory. The
range of sulfur particle size in the cyclone is described in
Fig. 3.

Results indicate that nanoparticles in the range of
1-6.7 nm are formed in the cyclone via gas condensation
method. Also the particle size of the solid phase is related
to the mixture temperature. The measured wall temperature
profile is shown in Fig. 4.
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Fig. 4: Contours of total temperature along the cyclone (K)
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Fig. 5: Velocity magnitudes inside the cyclone (m/s)

As it can be seen in Fig. 4, the temperature in
vapor inlet is about 700 k and there is cold nitrogen gas in
inlet 2 of the cyclone. After mixing, temperature drops to
about 400 k which is the melting point of sulfur and it
remains in this temperature. The velocity distribution
inside the cyclone is shown in Fig. 6. The color scale
indicates the magnitude of the velocity field. The velocity
of vapor inlet and nitrogen inlet are 20 and 40 m/s,
respectively.

Fig. 5 indicates that the maximum velocity in the
cyclone reaches to about 60 m/s around the top
outlet of the cyclone and in the lower area it reaches
to its minimum level. The size distribution of particles
according to the position in the cyclone is shown in
Fig. 6. and it reveals that larger particles are
produced in lower areas of the cyclone As we can see,
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Fig. 7: Number density in terms of particle size
smaller particles under the centrifugal force of
the cyclone have been thrown towards the wall.
Near the wall, the particle size is large because the
velocity is lower there and provides more time
for the formation of particles and leads to particle
growth. Fig. 8 shows the
particle size of sulfur. The particle number
density increases from zero to about 1.2 e +13 because
of changing phase.

The amounts of 0-3rd moments over different
surfaces of the cyclone are shown in Fig. 8.

length number density
V.S.

As shown in Fig. 8, the number of crystals in the
lower output and the higher inputs of the cyclone reaches
zero and accumulation of crystals in the bottom outlet of
the cyclone causes it to reach the maximum level of the
total length.

TOC Graphic

CFD Simulation of Nanosulfur Crystallization
Incorporating Population Balance Modeling: The
crystallization —process happened under gas
condensation method. Results for velocity,
temperature and Particle size distribution are reasonable.
The particle size of sulfur computed by software is in the
range of 1-7 nm.
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CONCLUSIONS

The formation of sulfur nanocrystals were

simulated by using the gas condensation technique.

A3

D CFD simulation was performed with Fluent

to model the crystallization process. After 42000
iterations, results for velocity, temperature profile,

particle size distribution (PSD) and density number are
reasonable. The final temperature and velocity reach 350

k and 15 m/s respectively. The particle size of sulfur

computed by software is in the range of 1-7 nm and it

shows that nanocrystals of sulfur can be produced in a

cyclone.

Abbreviations

n = Number density

v = Number of particles per unit volume
dL Crystal size interval

G = Growth rate of a single crystal

B(L) Birth rate

D(L) = Death rate of crystal

®a = Fluctuating concentration of the th

r = Molecular diffusivity

T, =V,/S¢ = Turbulent diffusivity
L,=w/l, = ath'weighted abscissa'

C.(Kmol/m®) = Molar density of crystal

C'(Kmol/m*) = Solubility

? = Mean density

2 = Mean pressure

v = Kinematics viscosity

v, = Turbulent viscosity

T, = Fever-averaged value of the ith

Component of the fluid mean velocity
ui = Component of the fluctuation of
velocity
¢, = Mean concentration of the th scalar
5(0) = Favre-averaged chemical source term
o = Relative super saturation
k, = Mass transfer coefficient
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