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ABSTRACT

Impinging stream dryer (ISD) is an excellent alternative to flash dryer for removing
surface moisture from a particulate material. One of the most important pieces of information that
is required for effective design of an ISD is the residencedime of particles within the dryer. In
this study, the mean residence time and residence time distribution (RTD) of particles within an
ISD were simulated using a computational fluid dynamies (CED) model as well as a combined
computational fluid dynamics and discrete element method (CFD-DEM) model. The simulated
results were compared with the available experimental data. The results showed that the mean
residence time predicted via the CFD-DEM model was, higher than that predicted via the CFD
model; the predicted residence time via the CFD-DEM model was closer to the experimental data.
CFD-DEM model predicted the RTD curves corresponding to the fact that more particles stayed
longer in the system due to the effect of inter-particle collision.
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INTRODUCTION considered in the simulation, but the effects of

Impinging stream dryer (ISD) is an altern- interactions between particles were neglected.
ative for drying high-moisture particulate The model could predict the experimental data
materials. ISD involves the use of two or more in terms of the mean outlet particle moisture
streams that are introduced into,a drying content, air humidity ratio and particle mean
chamber at higher velocities in‘opposite residence time only within £10%. This
directions; each stream may also carry a obviously led to unrealistic simulated results,
material to be dried [1]. Collision of the especially when particle motion behavior is of
opposite streams causes turbulence and high interest. An alternative method, namely,
shear rate, which in turn lead to enhanced rates discrete element method (DEM), has become
of heat, mass and momentum transfer between popular as a tool to simulate a flow field with
the drying medium and particles, especially dense particles where particle motion is
when drying is in the unhindered period. Since affected by collis-ions. Recently, a number of
particles spend a very short time in the drying researchers [3-8] have applied combined

chamber of an ISD, it is very difficult to computational fluid dynamics (CFD) and
experimentally study the multiphase transport DEM (CFD-DEM) to investigate the gas-solid
phenomena in this type of dryer. A number of flow behavior in a fluidized bed, spouted bed,

investigators have therefore resorted to cyclone separator and pneumatic conveyor.
computa-tional tool to study the multiphase These investiga-tors noted that the calculated
transport phenomena within an ISD and similar results on particle velocity profiles, particle
gas-particle contactors. For example, mixing, minimum fluidizing velocity,
Choicharoen et al. [2] presented a mathematical minimum spouting velocity and bubbles
model to simulate the flow and drying formation agreed well with the experimental
characteristics of an ISD at a steady state data. Despite its advantages, no application of
condition. Particle-wall interaction was CFD-DEM to an ISD has so far been made.
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For this reason the aim of this work was to
investigate the mean residence time as well as
residence time distribution (RTD) of particles
within an ISD using the CFD-DEM model.
The simulated results were also compared to
the CFD model and available experimental
data.

MATHEMATICAL MODEL

Combined CFD and DEM model with soft-
sphere model was used to investigate the resi-
dence time of particles in an ISD. The
governing equations could be written as
follows:

Equation of fluid motion
Continuity equation:
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Turbulence model:
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Realizable k-e model was used tofepre-sent
the gasphase turbulence. The realizable k-e
equations can be expressed as [9]:
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Equation of particle motion

The motion of individual particles was
calculate by Newton’s second law of motion,
which includes the gravitational force ( ), «F
gas-solid drag force () oF and contract force
between the particles () ¢ . In this work, the
contact force was solved by DEM with a soft-
sphere model [5, 10].

Newton’s equation of motion is written as:

du

P
m ——=

* at
The drag force was calculated using the
sum of the reactionary forces between gas and

F, +F, + F¢ )

eeo
236

particles and the pressure gradient descri-bed
in detail by Liu et al. [11]. Basically, the contact
force is composed of normal and tangential
components [5].

MODEL ASSUMPTIONS AND SIMULA-
TION CONDITIONS

The following assumptions were adopted in
the present study: air was an ideal gas;
properties of air, including viscosity, thermal
conductivity and heat capacity, were specified
as a polynomial function of temperature [12];
particles (okara) had uniform spherical shape
and did not undergo any change of shape
during/after collision; rotation of particles
during their movement was neglected.

The ISD chamber geometry of Choi-
charoen etal. [2] was used for the simulation
(see Figs'1). The model equations were solved
usingthe finiteavolume method. For the gas
phase, the SIMPLE algorithm was used to treat
the coupling between the pressure and velocity,
while the spatialddiscretization for the
conservation .equations was taken care of via
the pewer-law scheme. The utilized gasphase
timestep was 4 1 10" - s. For the particle phase,
the particle equa-tion was solved using an
implicit discretization scheme. The time step
of 6 1 10" - s was used for the simulation of the
particle motion. For the collision, the spring-
dashpot force law was used with a spring
constant of 1000 N/m. The conver-gence
criterion was set at 3 10- for all equations.
227142 elements were noted to give grid-
independent results and were used in this study.
The properties of the particles and experimental
data are described in detail by Choicharoen et
al. [2]. The simulation conditions are presented
in Table 1.

Fig.1 Schematic diagram of the simulated ISD [2].

Table 1 Conditions of simulation

Parameter | CFDDEM | CFD | Experimental
used in model | model | data [2]
simulation

Friction 0.3 - -

coefficient
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Parameter | CFDDEM | CFD | Experimental
used in model | model | data [2]
simulation
Restitution
coefficients
Particle- 0.9 - =
particle 0.9 0.9 -
Particle-wall
Inlet air velocity 20,27 20,27 20,27
(m/s)
Particle mass 10 10 10
flow
rate (kgdry solia/h)
Impinging 5,13 5,13 5,13
distance
(cm)
BOUNDARY CONDITIONS

At the inlets inlet velocity and temperature
boundary conditions were specified; flat
velocity profile was assumed. The turbulence
intensity was assumed to be 5% and the
hydraulic diameter was used for any required
calculations. The particle velocity was assumed
to be zero at the inlet. At the wall no-slip
boundary condition was assumed for the gas
phase. The outlet was assumed to be at an
atmospheric pressure.

RESULTS AND DISCUSSION

Fig.2(a) and (b) show a comparison between
the simulated and experimental mean residénce
time of particles as a function of the inlet air
velocity. The mean residence time of the
particles increased with‘an increase in the inlet
velocity, especially when the impinging
distance was longer. This is because higher
inlet velocity implies higher momentum of the
particles to penetrate into the opposite stream
and perform oscillatory motion within the
impingement zone. This in turn led to the
longer time the particles stayed in the system.
The particle mean residence time obtained via
the CFD-DEM model was longer than that
obtained via the CFD model; the results from
the CFD-DEM model agreed better with the
experimental data. The particle mean residence
time as predicted by the CFD-DEM and CFD
models differed from the experimental results
by + 4% and + 8%, respectively. The longer
residence time obtained via the CFD-DEM
model was due to the inclusion of the
interparticle collision effect in the model.
Collision of particles was hypothesized to
produce more penetration of the particles into
the opposing stream and prolong the motion of
the particles in the impingement zone [2],

resulting in increased residence time of the
particles.
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Fig.2 Comparison between simulated and
experimen-tal mean residence time of particles
within ISD (experimental data are those of
Choicharoen et al. [2])

Fig 2(c) and (d) show a comparison between
the simulated and experimental mean residence
time of particles as a function of the impinging
distancex The mean residence time of the
particles decreased with an increase in the
impinging distance when the inlet velocity was
lower. This is because a lower air velocity led
to a decrease in the momentum of the particles.
Consequently, most particles released from the
opening of the inlet pipe did not have adequate
momen-tum to penetrate through the opposite
stream and immediately escaped from the
impinge-ment zone. This led to shorter mean
residence time of the particles. On the other
hand, the mean residence time of the particles
increased with an increase in the longer
impinging distance when the inlet velocity was
higher. This is because the higher inlet velocity
led to higher momentum of the particles to
penetrate into the opposite stream. A longer
distance in this case allowed the particles to
undergo oscillatory motion within the
impingement zone and hence stayed longer in
the system [2]. The mean residence time
obtained via the CFD-DEM model was again
longer than that obtained via the CFD model.
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Fig.3 Simulated residence time distribution of
particles. (a) and (c) inlet air velocity of 20
m/s; (b) and (d) inlet air velocity of 27 m/s.

Fig.3 shows a comparison between the
simulated residence time distribution (RTD) of
particles as obtained via the CFD-DEM and
CFD models. The differences between the two
model predictions can be seen through the
distribution curves. The peak of the RTD
curves shifted towards the right when the CFD-
DEM model was

used to predict the RTD, indicating that
more particles stayed longer in the system and
hence longer mean residence time. The'tailing
areas (right side of the RTD curves) predicted
by the CFD-DEM model were also larger than
those predicted by the CED model: This
implies that the particles modeled by the CFD-
DEM model stayed longer in the system, again
due to the effect of inter-particle collision as
mentioned earlier.

CONCLUSIONS

The mean residence time and RTD of
particles within an ISD were predicted both by
the CFD and CFD-DEM models. The
simulated results showed that the mean
residence time obtained via the CFD-DEM
model was longer than that obtained via the
CFD model. The longer resi-dence time was
hypothesized to be due to the inclusion of the
inter-particle collision effect in the CFD-DEM
model. CFD-DEM model yielded the
predictions that agree better with the
experimental data; the mean residence time
could be predicted within + 4%. The peak of
the RTD curves obtained via the CFD-DEM
model shifted towards the right and the tailing
areas predicting by the CFD-DEM model were
also larger than those predicted by the CED
model, implying that the particles modeled by
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the CFD-DEM model stayed longer in the
system.
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NOMENCLATURE
C,C = Turbulence model constants
cF = Contact force (N)
pF = Drag force (N)
¢ = Gravitational force (N)
g = Gravitational acceleration (m/s2)
kG = Production of turbulence kinetic energy due
to mean velocity gradients
k = Turbulence kinetic energy (m2/s2)
L = Impinging distance (cm)
pm = Mass.of particle (kg)
FM = Soutce term in momentum balance equation

S =Modulus of méan rate of strain tensor
t <= Time (s)
iju ,u - =Gasphase velocity,component (m/s)

pu = Particle velocity (m/s)
p W = Particle mass flow rate (kgdry solia/h)
ijx,x = Coordinates (m)

GREEK LETTERS

o« = Void fraction

= Energy dissipation rate (m2/s3)
= Gas dynamic viscosity (kg/m- s)
= Turbulent viscosity (kg/m- s)

= Kinematic viscosity (m2/s)

= Gas density (kg/ms)

= Turbulent Prandtl number for &
= Turbulent Prandtl number for €
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