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ABSTRACT

In this study, a pellet scale model was developed for trickle bed reactor utilizing CFD techniques.
Drag coefficients were calculated numerically at different velocities and bulk porosities in the case
of single phase flow through the dry bed. The simulation results were then compared with the
prediction of Kozeny-Carman (K-C) equation. The results indicated that drag coefficients calculated
from the square arrangement of cylindrical particles in the pellet scale model were in good
agreement with Kozeny-Carman equation prediction; however, triangular arrangement had over
prediction comparing with Kozeny-Carman equation. Afterward, the pellet scale model with square
arrangement was developed for fully pre-wetted particles which were enveloped with a liquid film.
The VOF model was used to investigate the boundary condition on the surface of the static liquid
layer. The results of CFD simulation in various gas velocities indicated that, at the adjacent of the
particle walls, the no-slip boundary condition was acceptable. This pellet scale model was also in
good agreement with the Kozeny-Carman equation.

Keywords: Trickle Bed Reactor, Cylindrical Particle, Drag Coefficient, Pressure Drop, Particles

Arrangement, CFD Simulation.

INTRODUCTION

Trickle bed reactors (TBR’s) are three phase

reactors in which gas and liquid phases
simultaneously flow downward to a fixed bed of
catalyst particles; they are widely used in
various petroleum industries such as hydro-
cracking, hydro-desulphurization, hydridenitro-
genation, catalytic de-waxing as well as chemical
industries including reactive amination, liquid

phase oxidation, and wastewater treatment.

Due to the importance of pressure drop and
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liquid hold up predictions in the design and
control of TBR’s, a number of studies have been
carried out to understand and quantify the
hydrodynamics of TBR’s [1-5]. One of the most
important terms in the hydrodynamic modeling
of a TBR is the drag force as the inter-phase
momentum exchange term [6], which is usually
calculated with Ergun equation as the sum of
viscous and inertial terms. However, various
models have been proposed to calculate the
drag force such as relative permeability [7, 8],
slit [9, 10] and two-fluid models [11, 12] which
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are commonly used in the simulation of trickle
bed reactors. Furthermore, during the last
decade, the pressure drop and flow drag
coefficient through the TBR’s were estimated by
[13-15].

parameters such as the size and shape of

using CFD techniques Various
particles, operating conditions, fluid properties,
and bed tortuosity affect the drag force applied
on the particles and on the hydrodynamics of
TBR. Unfortunately, although during the last
decade many authors have investigated the
hydrodynamic behavior of trickle bed rectors,
the studies on particle shape and bed tortuosity
are scarce and the previous calculations are
usually based on particles with a spherical
shape. Similarly, for other particle shapes, the
equivalent diameter is considered in the litera-
ture as a shape effect. Lakoda et al. [7] studied
the effect of particle shape (spherical, cylindri-
cal, and rings) on pressure drop values and
found that particle shape affected the relative
permeability constant. Also, Nemec and Levec
[16] investigated the effect of particle shape on
the pressure drop of a single phase flow through
the TBR’s. Based on their experimental results,
the original Ergun constants can accurately
predict the pressure drop for only single phase
flow over spherical particles, but these con-
stants should be modified for other particle
shapes. In another study, Nemec and Levec [8]
concluded that particle shape did not have any
effect on the liquid hold up values. Trivizadakis
et al. [17] studied the effects of spherical and
cylindrical particles on the hydrodynamics of a
two-phase flow through a TBR and it was found
out that particle shape had a significant effect
on pressure drop and liquid holdup. On the
other hand, the pressure drop and liquid hold up
values of a packed bed loaded with cylindrical
particles were greater than those of a bed with
spherical particles of the same size.

The tortuosity of the bed is another parameter
that characterizes the packing structure. It

depends on the factors such as particle
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arrangement, media homogeneity, and channel
shape. Investigations on tortuosity are usually
restricted to beds with spherical particles.
Lanfreg et al. [18] presented a theoretical model
for particles which was indicated with a parking
structure factor the tortuosity of a fixed bed
randomly packed with identical particles. They
found that tortuosity depended on bed voidage

and the sphericity of the particles.

Hellstrom and Lundstrom [19] developed a
with the
arrangement of cylindrical particles to study the

micromechanical model square
real mechanisms of flow in a porous media using
a CFD approach. Also, Lopes et al. [20] used
triangular arrangement of spherical particles to
model TBR’s using a CFD approach. In their
computational domain, the catalyst particles did
not contact each other. To facilitate the grid
generation, they considered 3% of the sphere
diameter as a distance between two particles.
Gunjal et al. [21] investigated the fluid flow
through a bed packed with different arrange-
ments of sphere particles (simple cubical, 1-D
rhombohedra, 3-D
centered cubical

rhombohedra, and face-
geometries) using a CFD

approach.

In this study, a pellet scale model is proposed to
calculate the drag force of dry and wet particles
with cylindrical shape. The effect of particle
arrangement on the drag force is also investi-
gated based on the slit model and CFD tech-
niques. The proposed model can be used for a
regime in which liquid film flows over the
particles.

MATHEMATICAL FORMULATION

Modeling Single Gas Phase Flow Using CFD
Techniques

Continuity and momentum equations for gas
flow through the bed are expressed according to
Equations 1 and 2 as given below:
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dp,

d—t‘g+V.(pgug)=0 (1)
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These two above equations are solved

simultaneously to calculate velocity and
pressure field. According to Newtonian viscosity
law, for incompressible fluid, the stress tensor is
related to velocity gradient tensor as follows

[22]:

r=—u(Vu +Vu’) (3)
(2%

€ 1, (4)
2/0"

On the other hand, the drag coefficient can be
obtained from the two-fluid model.

_El(l—e)z u,U

b 53dj o
) (5)
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F
Co=7— (6)
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Thus, these two results are compared with each
other. The two-fluid model [11, 12] is based on
this assumption that trickle flow can be idealized
as a stratified flow in which the gas and liquid
phases are completely separated by a smooth
interface. Therefore, according to Kozeny-
Carman (K-C) equation, each fluid behaves like
as continuous phase. Accordingly, the particle-
gas drag force per unit volume of space and drag
coefficient can be calculated respectively as
follows [1]:(5) and (6) where, E1 and E2 are
Ergun constants that might be changed due to
trickle bed parameters (such as particle size and

shape, operating conditions, fluids properties,
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particles arrangement, and bed tortuosity). The
Ergun constants E; and E
proposed to be 150 and 1.75 respectively; but,
Macdonald et al. [23] recommended 180 and
1.8 for these constants. Similarly, in this study

original were

the same values are considered to implement in
the proposed model.

In case of a fully wetted bed with the static
liquid hold-up, due to the presence of a thin
layer of liquid on the surface of particles and
consequently the reduction of porosity, the drag
force values are higher than when the bed is
loaded with dry particles. In this case, the K-C
equation is modified as follows [1]:

2

(l—ag)sz l—e )3

F,=a|E, 332gg(_ j+
aedp | 7

(7)

£ (l—ag)nggz( l—¢ j;

a3€3dp l—ae

Using CFD techniques, the governing equations
on flow field (Equations 1 and 2) can be solved
in the proposed geometries. Therefore, the drag
force imposed on particles can be calculated
if their
appropriate

from Equation 4 arrangement is

specified. The representative
geometry for the bed can be determined by a
suitable pellet scale model. Afterward, the
obtained results are compared with those of K-C

equations (5-7).

Pellet Scale Modeling Using CFD

In this study, the slit model [9, 10] was used to
interpret the pellet scale model for a bed loaded
with cylindrical particles. By obtaining the void
volume versus the surface area of the bed
particles, the slit between two particles through
which fluid passes can be calculated (Figure 1).
The parameters, w (slit half void thickness) and S
(slit half wall thickness) can be determined from
Equations 8 and 9. Therefore, the distance
between two cylindrical particles is 2w [9].
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Figure 1: Geometrical configuration of the slit model

Figure 2 shows the proposed pellet scale models
with square and triangular configurations.
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Figure 2: Proposed pellet scale model for two
different cylindrical particle arrangements: A)
Square; B) Triangular

Since cylindrical particles are symmetric along
the axis, the proposed model is considered in a
2D space, in which the effects of cylinder ends
are assumed to be negligible. Although this
assumption, which is in agreement with other
studies of flow over circular cylinders [17, 24], is
more applicable to flow regimes with low
Reynolds numbers, the 2D and 3D simulations
are preformed and the obtained results are then
compared. It is concluded that the errors of
measurement in a 2D model compared to a 3D
one are less than 4% (Figure3).Therefore, due to
the reduction in the number of calculations, the
2D model is selected and cylindrical particle
arrangement is considered in a horizontal state
due to higher mechanical stability.
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Figure 3: Comparison of pellet scale model drag
coefficient for 2D and 3D CFD simulations

The particle arrangement in the pellet scale
model should exhibit the tortuosity of the bed.
Thus, two particle arrangements (square and
triangular) are considered. A simplified symmet-
rical model for both square and triangular
configurations is also presented in Figure 4.

Velocity Inlet

Symumetry

W

Synmunetry

Figure 4: Comparison of pellet scale model drag
coefficient for 2D and 3D CFD simulations

As it is shown in Figure 4, triangular mesh was
used for the flow domain. Primarily, calculations
were carried out to achieve grid-independent
results, which were done with different mesh
sizes. The continuity and momentum equations
(Equations 1 and 2) were discretized by finite
volume formulation [22]. UPWIND method was
used for the discretization of convective terms
and a segregated solver with implicit lineariza-
tion was applied to solve the momentum equa-
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tions. Also, the SIMPLE algorithm was used for
pressure velocity coupling [22].

The results show that the number of catalyst
particles does not affect the drag force values.
Therefore, the pellet scale model containing
three particles with the drag force imposed on
the middle one was considered. The proposed
method can also be used to study the wetting
effect of catalyst particle on the drag coefficient
values. According to the slit model, when
catalyst particles are wetted, it is surrounded by
a layer of liquid with a thickness of §;which is
calculated as follows:

o, _ (10)

n.a,

where, n, is the static wetting efficiency that
equals to 1 for full wetted particles. In this case,
the static liquid holdup hj is calculated as
follows:

B . 2.3
h, =(20+0.9E0)"; EO T C

o, (1-¢)

Figure 5 shows three catalyst particles

surrounded by a layer of static liquid.

Velocity Inlet
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Figure 5: Square arrangements of wetted particles

Evaluation of Slip Condition on Wetted
Particles

Studying the boundary conditions on the surface
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of the wetted catalyst particles is of great
importance. Accordingly, the boundary condi-
tion of the particle which is surrounded by a
layer of liquid has been investigated in the
present work using Volume of Fluid (VOF)
model. This model was used to evaluate the slip
boundary condition at gas-liquid interface on
the wetted particles. The VOF model enables the
computation of multiphase flows in which gas-
liquid interfaces are clearly identified. In the VOF
model, the variables such as pressure and
velocity are shared by both phases and
correspond to volume-averaged values. The
volume-averaged conservation equations for
mass and momentum describing the two
immiscible incompressible fluid hydrodynamics
are respectively given by Equations 12 and 13:

op
L. (pu)=0 (12)
0 0
2o+ (s

(13)
__op o [fou O
O, +8xl. u(@xj " Ox, j+pgi+f”

Where, mixture density and dynamic viscosity
are determined by volume fraction averaging
equation 14.

p=ap, +(1-a)p

(14)
u=opu, +(1-a)y

In VOF model, tracking the interface between
gas and liquid phases is accomplished by the
solution of a continuity equation for the gas
volume fraction (a) as follows (Equation 15):
aa—? +uVa=0 (15)
The liquid volume fraction is equal to 1-o.. When
computational cell is completely filled with the
gas phase, a is equal to one and in reverse it is
zero; consequently, the interface can be found
in the cells with O<o<1.
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RESULTS AND DISCUSSION

Validation of Pellet Scale Model Predictions

At first, in order to study the predictability of the
model developed by CFD techniques, the drag
coefficient for a single cylindrical particle under
different air flow rates conditions were
calculated and the results were compared with
obtained values from Haider and Levenspiel

equation [25].

As shown in Figure 6 the average error of the
model based on CFD techniques is less than 6%.
This good agreement indicates that our CFD
model can

accurately predict the drag

coefficients for cylindrical particles.

Dry Particles Drag Coefficient

According to the pellet scale model, a single-
phase flow of air (constant density) was passed
through a bed
particles (d=1.5 mm and L=3.11 mm).

loaded with the cylindrical

12
10 4 = == (CFDResults
&1 e Haiider and
S 6 o Levenspiel
4 4
2 4
0 r T
0 0.2 0.4 0.6

ug (m/s)

Figure 6: Drag coefficients of cylindrical particle
obtained from CFD model and Haider and
Levenspiel equation [25]

The drag coefficient was calculated using the
related equations and CFD techniques, and the
results were then compared to those of the K-C
equation. Figure 7 shows the influence of gas
phase velocity on drag coefficient values in a
medium with constant porosity (i.e. 0.4) for both
triangular and square configurations alongside
K-C equation results.
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Figure 7: Influence of gas velocity on CFD drag
coefficient of triangular and square configurations
alongside K-C equation (Porosity= 0.4)

As it can be seen in Figure 7, good agreement
between the square configuration and K-C
equation (Equations 5 and 6) results is observed,
while the predicted triangular values are higher.
It must be noted that the two configurations,
namely square and triangular, have the same
porosity but different tortuosity. Figure 8 shows
both
triangular and square configurations alongside

drag coefficients versus porosity for

K-C equation results (gas velocity= 0.1 m.s™).
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Figure 8: Influence of bed porosity on CFD drag
coefficients for triangular and square configurations
alongside K-C equation results (gas velocity=0.1 m.s™)

Porosity variation in a trickle bed reactor is
usually between 0.37 and 0.55. In this region,
the square configuration exhibits very good
agreement with K-C equation; however, the
triangular configuration results are over
estimated. The major drag force in the square
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configuration is imposed on the walls around
cylindrical particles, while in the triangular
configuration it is mainly imposed on the upper
zone of cylindrical particles. Since drag force is
defined as the imposed force on the particle
along the direction of the flow, the triangular
results are higher than the square configuration.
The square and triangular arrangements are
considered as the upper and lower limits of
tortuosity and represent the lowest and highest
drag force applied to respectively. As mentioned
earlier, K-C equation and the square configure-

tion are in very good agreement.

The Effects of No-slip Boundary Condition on
the Simulation of Wetted Particles

In order to study the validity of the no-slip
boundary condition for wetted particles, a thin
liquid film with 0.02 mm in thickness is patched
around a particle with a diameter of 1 mm and a
length of 4 mm. Afterwards, the simulations
were done by use of VOF governing equations
(Equations 12-15) at different gas velocities. The
velocity contours for these conditions are shown
in Figure 9. As it can be seen, the gas velocity at
gas-liquid interface is zero for the different
velocities of inlet gas. Based on these results, it
is confirmed that the no-slip condition for a
wetted particle is an appropriate assumption for
the CFD simulation.

Drag Coefficient for Fully-wetted Particles

A single-phase flow of air (constant density) was
passed through wetted cylindrical particles
(d=1.5 mm and L=3.11 mm) in a porous medium
(Figure 4) and drag force values were calculated.
Figures 10 and 11 show the drag force values for
the square configuration and K-C results at
different velocity and porosity values. It can be
seen similar to dry particles, good agreement is
observed between K-C equation results and the
square configuration for wetted particles.
Figures 12 and 13 show the drag coefficient of

dry and wetted particles with the square
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configuration. As it can be seen, the difference
between dry and wet curves decreases at higher
gas velocity and bed porosity values. It can be
seen that in pre-wetted beds drag coefficient
has a higher value and pressure drop relative to
dry beds.

Figure 9: Velocity changes around a wet catalyst

_ -1
ug=lm.s

particle at different velocities
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Figure 10: Comparison of drag force coefficient of
wetted particles vs. gas velocities in the square
configuration with K-C equation (porosity= 0.4)
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Figure 11: Drag coefficient of wetted particles vs.

porosity in the square configuration and K-C
equation (gas velocity= 0.1 m.s™)

CONCLUSIONS

The drag coefficient of a trickle bed reactor
loaded with cylindrical particles is investigated
by a pellet scale model which is developed with
a CFD approach. The arrangement of Particles is
one of the most effective parameters
influencing drag force in TBR’s this is studied in
the current work and compared with the
empirical equations. The model presented here
is also used to find out the effect of the
triangular and square configurations of particles.
Furthermore, the no-slip boundary condition for
wetted particles is investigated herein. Good
agreement is show between the proposed CFD
model and predictions of empirical equations.
The model presented here is also used to find
out the effect of the triangular and square

equations. It is concluded that the pellet scale
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model with the square configuration makes a
better prediction of drag force in the bed
compared to the triangular one.
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Figure 12: Drag coefficient of dry and wet particles
vs. gas velocities in the square configuration
(porosity= 0.4)
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Figure 13: Drag force coefficient of dry and wet
particles vs. porosity in the square configuration
(gas velocity= 0.1 m.s™)

NOMENCLATURE

A : Particle surface area (m?)

Co : Drag coefficient (-)

dp : Equivalent Diameter (mm)

Ei, E, :Ergun Constants (-)

Fp : Drag force between gas and solid
phases

G : Gravity acceleration (m.s?)

he : External liquid holdup

P : Pressure (Pa)

S : Slit half-wall thickness (mm)

t : Time(s)

u : Velocity (m.s™)

Uy : Velocity of k phase (m.s™)
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w : Slit half-void thickness (mm)

Subscripts

G : Gas

L : Liquid

S : Solid

Greek Symbol

a : Mean fraction of gas phase

O : Wet thickness (m)

Vo : Density (kg.m™)

r : Viscosity (kg.m™s™)

& : Porosity

T : Stress tensor (N.m™)
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