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Abstract

Trickle-bed reactors are commonly used in the industry for hydrodesulfuriza-
tion processes. In these two-phase flow fixed-bed reactors gas and liquid descend
co-currently through a packed bed of solid catalyst particles. The uniformity of the
two-phase flow over the bed is a key parameter for the optimum performance of the
catalyst. A maldistribution of the two-phase mixture decreases the effective volume
of the reactor in which the hydrodesulfurization occurs, and in addition it can lead
to the formation of hot spots which may decrease the catalyst life. Hence, it is of
great importance to have a tool which can correctly predict the behavior of these
two-phase flows through packed beds.

The main objective of this work is to predict the two-phase flow dispersion in
a trickle-bed reactor. Since the flow and the dispersion are dominated by mechani-
cal effects, physical properties are considered to remain constant and chemical re-
actions, heat and mass transfer processes are not taken into account. In order to
develop the flow model, a realistic case study has been chosen, consisting in an in-
dustry scale reactor (2.77 m in diameter and 19.68 m in height) with four beds with
different porosities and filled with particles of different sizes. Before the reaction
zone, there is a distribution tray above the beds, where the two-phase flow is ex-
pected to mix before entering the first of the beds.

Two different tools are used in this study. The first one is the well established
and widely used commercial CFD software Fluent. However, drag and capillarity
models not available by default in the software are implemented through User De-

fined Functions, written in C programming language. The second tool is a domestic
CFD code named Multiphase Flow Solver (MFS), which has been developed during
this PhD thesis, constituting one of the objectives of this work.
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There is no need to model turbulence in porous media for the flow conditions
considered. Simulations performed with and without implementing a turbulence
model yield the same results. This simplifies slightly the already complex mod-
elization of two-phase flow dispersion in porous media. Capillarity is the most
important cause of the dispersion of the two-phase flow in a packed bed, and at the
same time it is also one of the major causes of complexity of the model. Changes in
this term have a big impact both on the flow behavior and on the numerical stability
of the model.

Fluent predicts accurately the macroscopic pressure drop in this type of flows
for the operating conditions of interest in this study, but there are two issues regard-
ing two-phase flow dispersion in porous media which need to be properly solved.
One is the lack of a continuous dispersion as the flow descends through the bed.
The second issue which needs to be solved is the reconcentration of liquid when the
flow moves from a less porous bed to one more porous. Despite those two issues,
the overall magnitude of the predicted two-phase flow dispersion is in reasonable
agreement with the experimental data available in the literature, a fact which allows
the software to be used in most of the cases presented in this PhD thesis.

At the current state of development MFS provides already realistic results, more
consistent with experimental data than those provided by commercial software.
Nevertheless, further numerical work has to be done in order to provide the code
with better numerical stability. MFS is also able to incorporate a capillarity term
without the stability problems of Fluent. In addition, the current version of MFS
can be used for parallel computation on shared memory machines with OpenMP.

No significant differences are found in the two-phase flow dispersion between
different regions of the reactor. Two different regions of the trickle-bed reactor are
studied: one containing the projection of a chimney from the center of the distribu-
tion tray and its surrounding area and another one for a near-wall region, containing
also the projection of one chimney and three additional half-chimneys from the sur-
rounding region. The distribution of the liquid phase does not change significatively
as the flow descends, except at the interface of two beds with different porosity.

No flow attachment to the wall is observed. The regions under the projections
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of the chimneys from the distribution tray placed near the wall spread the liquid
faster in radial direction in the first 3 m of the reactor than those in the center of the
reactor. That tendency changes from a depth of 5 m on, and the regions under the
projections of the chimneys placed at the center of the distribution tray spread the
liquid faster radially than those placed near the wall of the reactor. Liquid descends
with higher velocity in the central region than in the near-wall region, which allows
the liquid from surrounding regions to move towards the center of the reactor. How-
ever, given the plumes displacement and the reactor dimensions, any wall effect on
the flow is discarded.

The simulations predict that a completely uniform distribution in the first 11 m
of the reactor is not achieved. However, a uniform distribution is reached for the
first 0.3 m in radial direction at a bed depth of 11 m.
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Chapter 1

Introduction

Trickle-bed reactors are commonly used in the industry, and particularly in hy-
drodesulfurization processes, which remove sulphur from oil related products. Hy-
drogen is mixed with the fuel and hydrogen sulfide is formed. The chemical reaction
takes place at high temperature and high pressure. In the two-phase flow fixed-
bed reactors used in the industry for hydrodesulfurization processes, gas and liquid
phases descend co-currently through a fixed bed of solid catalyst particles. The two-
phase flow uniformity over the bed is a key parameter for the optimum performance
of the catalyst. A non-uniform distribution of the two-phase mixture decreases the
effective volume of the reactor in which the hydrodesulfurization takes place, and it
could lead to the formation of hot spots which may decrease the catalyst life. Hence
it is of great importance to have a tool which can correctly reproduce the behavior
of this type of flows. First, to gain knowledge on what is happening inside the reac-
tor and, secondly, to carry out the modifications needed to optimize its performance.

Trickle-bed reactors usually operate on various flow regimes [1]:

• Spray flow, where gas is a continuous phase with liquid drops.

• Trickle flow, where there are one directional liquid rivulets and some discon-
tinuous liquid films with a continous gas phase.

• Pulse flow, intermittent passage of gas -and liquid- rich zones through the
reactor.

• Downward bubble flow, where liquid is the continuous phase with dispersed
gas flow.
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1.1 Bibliography review

The interest to obtain a uniform well mixed two-phase flow in catalytic beds
has motivated most of the studies carried out to determine the liquid spreading in
packed beds. Cihla and Schmidt [2] proposed a series of analytical solutions to an
advection-diffusion equation to predict the liquid spreading in a column, for differ-
ent types of inlet distributors. The mathematical model assumes a radial diffusion
term with an adjustable diffusion coefficient and an advection term along the axial
direction. Baker et al. [3] carried out experimental studies in columns of different
sizes and filled with particles of different shapes and sizes to evaluate the radial
liquid spreading. These authors found that initial uniform distribution is essential,
since the flow from a single stream needs a length equivalent to four or five column
diameters to become uniform. Wang et al. [4] studied experimentally the radial
liquid maldistribution in trickle beds. They found that the small-scale maldistribu-
tion was dominated by the gas-liquid interaction, while the solid-liquid interaction
governed the large-scale maldistribution. Boyer and Fanget [5] developed a new
gamma-ray tomographic system to measure liquid distribution in a trickle-bed. Har-
ter et al. [6] used two experimental techniques to study the flow distribution inside
a catalyst bed: a collecting device and a gamma-ray tomographic system.

Jiang et al. [7, 8] simulated the macroscale multiphase flow in packed beds and
compared the results with available experimental data. The CFDLIB package, based
in the Eulerian k-fluid model, was used in their simulations. The Holub model [9]
for particle-fluid interactions and the Attou model [10] for gas-liquid interaction
were implemented in the model. The comparison showed that the k-fluid model
predicted reasonably well the pressure gradient and the global liquid saturation in
the trickle flow regime for liquid upflow in a cylindrical packed bed. Gunjal et
al. [11] studied the liquid distribution in a trickle bed reactor, both experimental and
numerically, for different cases, including an asymmetric liquid inlet. Commercial
CFD software Fluent [12] was used in their simulations. Radial liquid spreading
was underpredicted, due to lack of performance of the capillary model, according
to the authors. Boyer et al. [13] studied liquid spreading from a point source in a
column through gamma-ray tomography and numerical simulation. CFDLIB was
also used in their simulations. The comparison showed that the prediction of the ra-
dial liquid spreading was strongly affected by the capillary pressure term. Different
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models for this term were tested and a modification of this capillary pressure term
was proposed to fit experimental data better.

Jiang et al. [14] used an extended DCM (Discrete Cell Model) to study two-
phase flow distribution. In the DCM the trickle bed is modelled as a number of cells
which are inter-connected. DCM results were compared to both CFD and experi-
mental results, and according to the authors, both numerical results were quantita-
tively comparable between them and qualitatively comparable to the experimental
data.

There have been also several works in the development of computational codes
for multiphase flows. Harlow and Amsden [15] developed a computing technique
for multiphase flows, where the momentum transport between phases was implicit,
allowing for different degrees of coupling between them. It was used in differ-
ent applications, but not in a trickle-bed column. Moukalled and Darwish [16, 17]
developed pressure-based algorithms for multiphase flow calculation with two dif-
ferent approaches: mass conservation [16] and geometric conservation [17]. They
were used in a wide variety of multiphase flow problems, but none of them was a
trickle-bed column, neither.

Despite the amount of research carried out on this type flows, besides the study
of Boyer et al. [13] there is no published work, as far as this author knows, of a com-
putational code able to accurately deal with radial non-uniformities in multiphase
flows through packed beds. Most of the computational fluid dynamics studies pub-
lished to this point either avoid radial non-uniformities or take them into account but
do not provide detailed results on flow distribution, centering their results around
macroscopic variables.

1.2 Objectives

The main objective of this study is to predict the behavior of a two-phase flow,
liquid and gas, which flows downwards through a fixed-bed of solid static particles
in a catalytic reactor. Since the flow and the dispersion are dominated by mechan-
ical effects, physical properties are considered to remain constant and chemical re-
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actions, heat and mass transfer processes are not taken into account. In order to
develop the flow model, a realistic case study has been chosen, consisting in an in-
dustry scale reactor (2.77 m in diameter and 19.68 m in height) with four catalytic
beds with different porosities and filled with particles of different sizes. Before the
reaction zone, there is a distribution tray above the beds, where the two-phase flow
is expected to mix before entering the first packed bed. The knowledge of the flow
distribution is key to determine the actual reactor operation. It is expected to know if
the flow distribution is uniform in radial direction, if there are regions where phases
are poorly mixed and if the two-phase flow behaves in a different way in the near-
wall region than in the central region.

At first, the commercial CFD software Fluent [12] is used to study this type of
two-phase flow through packed beds. One of the goals of this work is to implement
additional drag and capillarity models not included by default in the software to
improve its accuracy in the prediction of the two-phase flow dispersion. In order
to do that, the models have to be entered through User Defined Functions (UDF),
written in C programming language. This may generate some additional numerical
instabilities in the solution process, so it is important to implement those UDF’s
correctly to avoid numerical instabilities.

Given the current lack of computational tools able to accurately predict two-
phase flow dispersion through packed beds, the development of a domestic compu-
tational code which correctly models this type of flows is an objective of this PhD
thesis. Since, with the exception of the article by Boyer et al. [13], there are no
published works, as far as this author knows, of a CFD code which predicts with
accuracy the two-phase flow dispersion in packed beds, the development of such a
tool will be a contribution to the current state of the art in the field of Multiphase
Computational Fluid Dynamics.

Due to the complexity of the system, seven different cases are studied. The
first three of those cases are used to validate the computational tools, the fourth
case compares two different tools (Fluent and the domestic code) under the same
conditions and the last three cases focus on the two-phase flow dispersion inside the
reactor.

4
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Chapter 2

Antecedents

The subject of this PhD Thesis traces its roots back to 2004, when Repsol ap-
proached the ECoMMFiT research group at University Rovira i Virgili with the aim
of working together in a project to study flow patterns in hydrodesulfurization reac-
tors. At that time, the focus was to study the flow behavior in the distribution tray of
a reactor. Jordi López, under the supervision of Dr. Pallarès and Dr. Grau, carried
out the first part of that study until early 2005.

The hydrodesulfurization reactor operates in trickle-flow regime. The liquid and
gas inlet is placed at the top of the reactor, which has a distribution tray to mix both
phases. This tray is settled with chimneys, whose purpose is to help the two-phase
flow to be better distributed. Below the distribution tray there are four catalytic beds
of different porosity each and filled with different types of particles. It is in these
beds where the chemical reactions take place and sulphur is removed from oil. A
sketch of the reactor is shown in Figure 2.1.

In that initial period, the flow behavior inside a chimney was studied, and the
relationship between the liquid flow and the liquid height outside a chimney was
determined. As an example, flow distribution in a chimney and at its outlet can be
seen in Figure 2.2.

In that part of the project the flow distribution at the catalytic bed inlet was also
obtained, as shown in Figure 2.3, where an upper view of liquid volume fraction
contours is shown, being the red color a liquid volume fraction of 0.4 and the blue
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First bed

Second bed

Third bed

Fourth bed

Two−phase flow inlet

Outlet

Distribution tray

Figure 2.1: Sketch of the reactor

color gas. The arrow shows the gas inlet direction into the chimney. The white
circumference corresponds to the projection of a chimney on the bed inlet.

Besides studying the flow behavior in a chimney, its behavior was also studied
in the distribution tray. Numerical simulations with a computational domain com-
prising one quarter of the tray, since that is the existing symmetry in the system,
were carried out to determine the liquid heights distribution in the tray and, con-
sequently, the flow distribution. Figure 2.4 shows the heights distribution obtained
which, as it can be seen, is highly uniform. Figure 2.5 shows a plot with the angular
average heights of liquid on the tray in the radial direction. As it can be observed
in the plot, the maximum deviation in height was of 3 mm (up to 2 % of the mean
height).

As the last part of this initial study, a simulation to check the possible effects of
the tray inclination on the flow distribution was carried out. It must be noted that
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Figure 2.2: Flow distribution in a chimney. Isosurface of the liquid volume fraction 0.3.

Figure 2.3: Flow distribution at the bed inlet. Contours of the liquid volume fraction.
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Figure 2.4: Liquid heights distribution in the distribution tray. Isosurface of the liquid volume
fraction.
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Figure 2.5: Liquid heights on the distribution tray with no inclination
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Figure 2.6: Liquid heights on the distribution tray with an 8-mm inclination. Computational domain
a quarter of the tray.

this study was also carried out on a computational domain corresponding to one
quarter of the tray, which although correct in the case of a non-inclined tray, it is
not strictly true in the case of the inclined tray, since the real existing symmetry in
that case is of 180o and not 90o. The inclination considered was of 8 mm. Results
for this inclination are shown in Figure 2.6, where it can be seen that the liquid
heights distribution varied 10 mm from the minimum to the maximum heights. The
direction of the inclination is in the x-axis positive direction.

In June 2005, I joined that project, continuing the work that Jordi López had
started. New goals for the project were established then and carried out. The incli-
nation of the tray was studied without resorting to any non-strictly true symmetry
element, in other words, performing the simulations in a computational domain
comprising one half of the tray. Figure 2.7 shows the liquid heights distribution on
the tray for an inclination of 8 mm, with a computational domain of half tray. As it
can be observed, the maximum deviation of liquid heights was of 6 mm, 4 mm less
than the predicted with a computational domain of a quarter of the tray and 3 mm
more than in a non-inclined tray. Figure 2.8 plots the three cases together.
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Figure 2.7: Liquid heights on the distribution tray with an 8-mm inclination. Computational domain
half tray.
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Figure 2.8: Liquid heights on the distribution tray.
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Figure 2.9: Liquid flow rates through the chimneys of the distribution tray.

The liquid height on the tray is related to the liquid flow rate through the chim-
neys. Figure 2.9 shows the liquid flow rate values through the chimneys. The dots
are plotted at the radial position where the chimneys are placed. As it can be seen,
there was a significative difference between simulating one quarter or half of the
tray. In the chimney placed at a radial position of -0.8 m, the difference in liquid
flow rate was of 0.05 m3/h (8 %), which means that the assumption of a symmetry
of one quarter of the tray was not accurate enough. Taking the half tray simulation
as reference, the effect of the inclination was not a big one. The maximum differ-
ence was of 0.035 m3/h (5.6 %).

The next step was to validate the dispersion models for two-phase flows avail-
able in Fluent and to study the dispersion in the reactor beds without taking into
account chemical reaction nor heat or mass transfer effects. These topics are pre-
sented and analyzed in the following chapters and they constitute the main body of
this thesis.
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Chapter 3

Physical model

The main objective of this work is to study the two-phase flow dispersion on
beds of solid particles for a hydrodesulfurization reactor. However, in order to prop-
erly simulate the reactor itself, the tools used need to be validated through compar-
ison with available data in the literature. Hence different cases have been studied
(both for validation purposes and for the study of the two-phase flow dispersion),
which are shown in Table 3.1. The physical models of the seven cases considered
are described in the following subsections.

3.1 Case A: Flow regime influence

In this case, the possible effect of turbulence in the flow through porous media
is studied. A single-phase flow of water through a prism is used for this simulation.
There is no need for a two-phase flow since it is the effect of turbulence on a packed
bed the one subject of study for this case. The domain can be seen in Figure 3.1,

Table 3.1: Studied cases

Case Description
A Flow regime influence
B Pressure drop validation
C Two-phase flow dispersion validation
D Two-phase flow dispersion with a porosity change
E Two-phase flow dispersion in the central region of the reactor
F Two-phase flow dispersion in the near-wall region of the reactor
G Effect of the wall in the two-phase flow distribution along the reactor
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Figure 3.1: Sketch of the prism used in the simulations to determine the flow regime influence.

whose dimensions are shown in Table 3.2. Water at room temperature enters the
prism through the central part of the upper face and exits through the lower face.
The inlet surface velocity is 0.1 m/s and the media porosity is 0.5. Non-slipping
boundary condition is imposed at the walls.

Table 3.2: Prism dimensions

Variable Value (m)
Lx 6.0
Ly 10.0
Lz 1.5
d 2.0

3.2 Case B: Pressure drop validation

The pressure drop through a packed bed for a two-phase flow is studied in this
case. The original experimental data for this validation can be found in the article
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D
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Figure 3.2: Sketch of the column used in the experiments presented by Tsochatzidis et al. [18]

Table 3.3: Column characteristics

Variable Value
D 0.14 m
H 1.24 m
ε 0.362

dp 3.175·10−3 m

by Tsochatzidis et al. [18]. A sketch of the system is shown in Figure 3.2 and the
column characteristics are shown in Table 3.3. Air and water at room conditions
are the fluids used in this case. Two versions of this case are studied. The first one
consists of a series of data with uniform inlet distribution, which means that water
and air enter uniformly mixed through the top of the column. In the second set, the
inlet flow distribution is not uniform, where half of the inlet presents a uniform mix
of air and water while only air enters through the other half.

Two simplifications were made in the simulation in regards to the experiments
carried out in that study by Tsochatzidis et al. [18], which are listed below:

1. There is an additional section in the upper part of the column in the experi-
ments. Air enters through the side of that section, at the top of which there
is a distributor with holes for the liquid. Given that the complete geometry
of the distributor is not provided, it was decided to enter the two-phase mix
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through the top of the column shown in Figure 3.2

2. Air is saturated with water in the experiments, in order to avoid mass transfer
between the phases. In these simulations air is not saturated. Previous sim-
ulations with both saturated and non-saturated air showed that air saturation
has no effect, as the difference in the results was less than 1 %.

The different values for both the air and water inlet flow rates are shown in
Chapter 6 along the results and discussions for this case, ranging from 1.25 to 13.56
kg/m2s for water and from 0.136 to 0.366 kg/m2s for air. Non-slipping boundary
conditions are imposed at the cylindrical walls.

3.3 Case C: Two-phase flow dispersion validation

This case is the same as that studied by Boyer et al. [13]. The dispersion of
an air-water two-phase flow in a cylindrical vertical packed column is studied in
this case. The column has an inner diameter of 0.4 m and a bed height of 1.8 m.
The packing consists of spherical glass particles of diameter 1.99 m. Although the
authors report the porosity distribution in the bed, an average value of 0.365 has
been used as constant porosity in the bed. Both fluids, air and water, are at room
temperature. Liquid is injected through a tube of inner diameter 8 mm placed at the
center of the top of the column while air is injected around the liquid inlet over the
top surface of the column. A sketch of the column is shown in Figure 3.3, where the
blue arrow shows the liquid injection and the reds arrows show the region where the
air enters the column. Since this case is axisymmetric, the computational domain is
only a two-dimensional plane with the same height of the column and width the ra-
dius of the column (from the center to the wall). Axisymmetric boundary condition
is imposed at the axis (center of the column) and non-slip boundary condition at the
wall.

3.4 Case D: Two-phase flow dispersion with a poros-
ity change

Two contiguous beds with different porosities are the subject of study in this
case. The two-dimensional domain can be seen in Figure 3.4 while the beds charac-
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Figure 3.3: Sketch of the column used in the studies of Boyer et al. [13]

teristics and physical properties of the fluids are shown in Table 3.4. The left side is
a symmetry axis while the right side is a wall with non-slipping boundary condition.
The liquid is entered through the first 4 mm next to the symmetry axis while the gas
enters through the rest of the upper face.

3.5 Case E: Two-phase flow dispersion in the central
region of the reactor

In this case, the dispersion of a three-dimensional isothermal two-phase flow in
the reactor beds is studied, without including neither chemical reactions nor heat
and mass transfer processes which take place in a real reactor. The reactor has four
beds with particles of different shapes and sizes. A sketch of the reactor was already
shown in Figure 2.1. The characteristics of the reactor beds are shown in Table 3.5.

Two different cases for the two-phase flow dispersion in the reactor were stud-
ied. The first case considers the flow distribution in the beds below a set of chimneys
placed at the central region of the reactor, far from the wall. The inlet conditions
are the results from previous simulations where the volume fractions and velocities
distributions before entering the first bed were studied. Figure 2.3 shows the vol-
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Figure 3.4: Sketch of the contiguous beds configuration.

Table 3.4: Reactor system characteristics in two beds of different porosity.

Top bed porosity 0.33
Bottom bed porosity 0.53

L1 (mm) 150
L2 (mm) 150
Lx (mm) 100

vl (x < 4 mm) 0.22 m/s
vg (4 mm < x < 200 mm) 2.8·10−3 m/s

ρl 611 kg/m3

ρg 20.8 kg/m3

µl 1.7·10−4 Pa s
µg 2.52·10−2 Pa s

Drag in x-direction Yes
Drag in y-direction Yes

Capillarity Yes
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Table 3.5: Beds characteristics

Bed Porosity Depth (mm)
1 0.33 150
2 0.53 150
3 0.45 150
4 0.40 15560

ume fraction distribution at the inlet of the first bed.

The domain for this case consists of a rhombic section prism. The dimensions
of this cross section, centered around one chimney’s projection, are selected ac-
cording to the symmetry elements existing in the chimneys distribution on the tray.
The velocities and volume fractions set at the inlet were obtained from the previous
simulation of the flow at the inlet section of the reactor, the latter previously shown
in Figure 2.3. Figure 3.5 shows the placement of one of the chimneys belonging
to the central region (computational domain represented by the red rhombus) while
Figure 3.6 shows the computational domain for this case. The chimney’s projection
is shown in Figure 3.6 at the top of the bed. The four beds are also shown in this fig-
ure. Periodic boundary conditions are imposed at the lateral walls of the domain to
model the effect of the surrounding chimneys. The height of the fourth bed has been
considered of 450 mm, since previous simulations predict fully developed flow for
beds deeper than 70 mm. An regular hexahedral mesh of 1346700 computational
cells is used in the simulation for this case.

3.6 Case F: Two-phase flow dispersion in the near-
wall region of the reactor

The second case considers the flow distribution near the reactor wall. As in the
previous case for the central region, the inlet conditions are the results from previous
simulations where the volume fractions and velocities distributions before entering
the first bed were studied.

Figure 3.7 shows, within a red rectangle, one of the chimneys belonging to the
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Figure 3.5: Above view of the chimneys distribution on the tray. Projection of a chimney of the
central region.

y
x

z

Figure 3.6: Computational domain for the central region simulation.
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Figure 3.7: Above view of the chimneys distribution on the tray. Projection of a chimney of the
near-wall region.

near-wall region. The computational domain for this region, shown in Figure 3.8,
consists of a prism of rectangular section. The chimneys projections contained in
the rectangle representing the top of the bed are shown in Figure 3.8. As it can be
seen in Figure 3.8, the top of the computational domain contains the projection of
one chimney placed near the wall and three halves of the projection of one chimney
distributed along the perimeter of the top surface. Specific volume fraction and inlet
velocity distributions are imposed at the top of the bed as inlet boundary conditions,
in agreement with numerical simulations of flow at the outlet of a chimney. No-slip
condition is set at the wall and symmetry boundary conditions at the lateral faces of
the domain, which are perpendicular to the y direction. At the boundaries opposite
of the wall, velocities and volume fractions distributions are imposed, which are
obtained from the simulation of the flow in a central region of the bed. A regular
hexahedral mesh of 1228500 computational cells is used for this simulation.

3.7 Case G: Effect of the wall on the two-phase flow
distribution along the reactor

A study of the possible effect of the wall on the two-phase flow distribution is
carried out in this case. That effect, where the liquid tends to attach the wall of
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x z
y

Figure 3.8: Computational domain for the near-wall region simulation.

the column, is known as wall effect, and it is one of the causes of flow maldis-
tribution. An increased wall flow causes the large-scale liquid maldistribution, as
reported by Wang et al. [4]. Several authors have studied this effect, which is one
to be avoided in order to have a good liquid distribution, as noted by Hoftyzer [19].
Other interesting studies on liquid maldistribution on packed columns include those
by Gunn [20], Cairns [21], Cihla and Schmidt [2], Marchot et al. [22] and Baker et
al. [3].

The study for this case is carried out for one fourth of the reactor, since that is
the existing symmetry. Figure 3.9 shows an upper view of the domain and the inlet
boundary condition used in the simulations for this case. As it can be seen in the liq-
uid volume fraction contours shown, the liquid focuses distribution is in agreement
with the chimneys distribution on the distribution tray. This distribution of liquid
volume fraction cannot be as detailed as it was for the two previous cases, due to
the larger region to simulate, which translates into a coarser computational mesh.
Non-slipping boundary condition is imposed at the wall and symmetry conditions
at the two lateral faces.
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Figure 3.9: Inlet boundary condition. Liquid volume fraction contours.
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Chapter 4

Mathematical model

This chapter is devoted to the presentation of the mathematical model that gov-
erns the flow in the physical models described in the previous chapter. The two-
phase flow which flows through the bed of particles must satisfy the continuity and
momentum equations in both phases. The flow is modelled considering continuity
and momentum equations for each of the phases, linking them through interaction
terms (drag and capillarity). The sum of volume fractions equal to one is another re-
quirement which has to be satisfied. In the following sections, the equations which
constitute the mathematical model in cartesian coordinates for a two-dimensional
system with the gravity vector aligned along the positive y direction are shown.

4.1 Continuity

The continuity equation for the liquid is:

∂θl

∂t
+

∂(θlul)
∂x

+
∂(θlvl)

∂y
= 0 (4.1)

And for the gas:

∂θg

∂t
+

∂(θgug)
∂x

+
∂(θgvg)

∂y
= 0 (4.2)
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4.2 Sum of volume fractions

In order to keep the flow volume conservation, the sum of volume fractions from
the different phases has to be equal to one:

θl +θg +θs = 1 (4.3)

4.3 Momentum conservation

The momentum equation for the liquid in the x direction is:

Time evolution︷ ︸︸ ︷
∂θlul

∂t
+

Convection︷ ︸︸ ︷
∂
(
θlu2

l

)

∂x
+

∂(θlulvl)
∂y

=

Di f f usion︷ ︸︸ ︷
µl

ρl

∂
∂x

(
θl

∂ul

∂x

)
+

µl

ρl

∂
∂y

(
θl

∂ul

∂y

)
−

− 1
ρl

θl
∂P
∂x︸ ︷︷ ︸

Pressure gradient

+
1
ρl

θlθsKlsxul

︸ ︷︷ ︸
Liquid−solid drag

+
1
ρl

θlθgKlgx (ul−ug)
︸ ︷︷ ︸

Liquid−gas drag

− 1
ρl

∂
∂x

θl (pl− pg)
︸ ︷︷ ︸

Capillarity

(4.4)

where the different terms have been explicitly mentioned as an example, as they
are referred to in following chapters.

And in the y direction:

∂θlvl

∂t
+

∂(θlulvl)
∂x

+
∂
(
θlv2

l

)

∂y
=

µl

ρl

∂
∂x

(
θl

∂vl

∂x

)
+

µl

ρl

∂
∂y

(
θl

∂vl

∂y

)
−

− 1
ρl

θl
∂P
∂y

+g+
1
ρl

θlθsKlsyvl +
1
ρl

θlθgKlgy (vl− vg)− 1
ρl

∂
∂y

θl (pl− pg)
(4.5)

The momentum equation for the gas in the x direction is:

∂θgug

∂t
+

∂
(
θgu2

g
)

∂x
+

∂(θgugvg)
∂y

=
µg

ρg

∂
∂x

(
θg

∂ug

∂x

)
+

µg

ρg

∂
∂y

(
θg

∂ug

∂y

)
−

− 1
ρg

θg
∂P
∂x

+
1
ρg

θgθsKgsxug +
1
ρg

θgθlKglx (ug−ul)
(4.6)

And in the y direction:
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∂θgvg

∂t
+

∂(θgugvg)
∂x

+
∂
(
θgv2

g
)

∂y
=

µg

ρg

∂
∂x

(
θg

∂vg

∂x

)
+

µg

ρg

∂
∂y

(
θg

∂vg

∂y

)
−

− 1
ρg

θg
∂P
∂y

+g+
1
ρg

θgθsKgsyvg +
1
ρg

θgθlKgly (vg− vl)
(4.7)

4.3.1 Capillarity

There are two capillarity models widely used. The first of these models was
proposed by Attou and Ferschneider [23], and it is shown in Equation 4.8.

pl− pg =−2σs (1− f )
(

θs

1−θg

) 1
3
(

1
d p

+
1

dmin

)
F

(
ρg

ρl

)
(4.8)

The wet efficiency, f , [24] is computed in the following manner:

f = 1.021
(

θl

1−θs

)0.224

(4.9)

And the pressure factor is:

F
(

ρg

ρl

)
= 1+88.1

ρg

ρl
(4.10)

The minimum diameter is obtained using the following expression:

dmin =

(√
3

π
−0.5

)0.5

d p (4.11)

The second model model for capillarity was proposed by Grosser et al. [25] and
is shown in Equation 4.12.

pl− pg =−(1− f )σs

√
180θs

(1−θs)de

[
0.48+0.036ln

(
1−θs−θl

θl

)]
(4.12)

4.3.2 Drag

The drag terms which link the fluid and solid phases follow the Holub [9] model.
The drag coefficients between the gas and solid phases in the x and y directions,
respectively, are computed using the following expressions:
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Kgsx =
(
Agsµgθgug +Bgsρgθ2

gu2
g
) 1

(1− ε) |ug| (4.13)

Kgsy =
(
Agsµgθgvg +Bgsρgθ2

gv2
g
) 1

(1− ε) |vg| (4.14)

where

Ags = 180
(1− ε)2

θ3
gd p2 (4.15)

Bgs = 1.8
(1− ε)
θ3

gd p
(4.16)

In a similar manner, the drag coefficients between the liquid and solid phases
are:

Klsx =
(
Alsµlθlul +Blsρlθ2

l u2
l
) 1

(1− ε) |ul|
(4.17)

Klsy =
(
Alsµlθlvl +Blsρlθ2

l v2
l
) 1

(1− ε) |vl|
(4.18)

where

Als = 180
(1− ε)2

θ3
l d p2

(4.19)

Bls = 1.8
(1− ε)
θ3

l d p
(4.20)

The interaction between the two fluid phases, gas and liquid, is modelled in the
following manner [10]:

Kglx =
θg

ε
(
Aglµgθg|ug−ul|+Blsρgθ2

g|ug−ul|2
) 1

(1− ε) |ug−ul|
(4.21)

Kgly =
θg

ε
(
Aglµgθg|vg− vl|+Blsρgθ2

g|vg− vl|2
) 1

(1− ε) |vg− vl|
(4.22)
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where

Agl = 180
(1−θg)

2

θ3
gd p2

[
1− ε
1−θg

] 2
3

(4.23)

Bgl = 1.8
(1−θg)

θ3
gd p

[
1− ε
1−θg

] 1
3

(4.24)
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Chapter 5

Multiphase Flow Solver

Multiphase Flow Solver (MFS) is a domestic two-dimensional code in carte-
sian coordinates for two-phase flows which flow through a bed of static particles.
It constitutes the main objective of this work, since it gathers all the modelling re-
quired to predict flow dispersion in trickle-beds: the complete mathematical model
together with the appropriate numerical approximations. Treatment of continuity
and momentum equations is independent for each of the phases, which are linked
through interaction terms (drag and capillarity) and the sum of volume fractions
equal to unity. Pressure correction is based on SIMPLE [26], adapted to multiphase
systems. MFS is written in Fortran programming language and it is parallelized for
use with OpenMP libraries in shared-memory machines.

5.1 Linearization of the convective terms

The nonlinearity of the convective terms coupled with the large gradients be-
tween the liquid and gas phases in some regions of the domain makes the solu-
tion process highly unstable under certain conditions. In order to remove those
instabilities, the convective terms are linearized using Picard’s approach [27]. But
before linearization, some numerical manipulation and combination of the momen-
tum equations with the continuity equations yields an easier to solve version of the
momentum equations. In the following mathematical manipulation of equations the
phase index has been dropped because the same procedure is applied to both phases.

Applying the chain rule to the convective term in the x-velocity equation:
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∂θu
∂t

+
∂θuu

∂x
+

∂θuv
∂y

=

= θ
∂u
∂t

+u
∂θ
∂t

+θ
∂uu
∂x

+u
∂θu
∂x

+θ
∂uv
∂y

+u
∂θv
∂y

=

= θ
∂u
∂t

+θ
∂uu
∂x

+θ
∂uv
∂y

+u
∂θ
∂t

+u
∂θu
∂x

+u
∂θv
∂y

(5.1)

The continuity equation states:

∂θ
∂t

+
∂θu
∂x

+
∂θv
∂y

= 0 (5.2)

Combining Eq. 5.1 and 5.2, yields:

θ
∂u
∂t

+θ
∂uu
∂x

+θ
∂uv
∂y

(5.3)

The diffusive terms can also be re-arranged after applying the chain rule:

µ
ρ

∂
∂x

(
θ

∂u
∂x

)
+

µ
ρ

∂
∂y

(
θ

∂u
∂y

)
=

=
µ
ρ

[
∂θ
∂x

∂u
∂x

+θ
∂2u
∂x2

]
+

µ
ρ

[
∂θ
∂y

∂u
∂y

+θ
∂2u
∂y2

] (5.4)

Rearranging the x-momentum equation, one obtains:

∂u
∂t

+
∂uu
∂x

+
∂uv
∂y

=
µ
ρ

1
θ

[
∂θ
∂x

∂u
∂x

+θ
∂2u
∂x2

]
+

µ
ρ

1
θ

[
∂θ
∂y

∂u
∂y

+θ
∂2u
∂y2

]
− 1

ρ
∂P
∂x

+

+
1
ρ

Ksθsu+
1
ρ

K f θ f
(
u−u f

)− 1
ρ

(
∂(pl− pg)

∂x
+(pl− pg)

1
θ

∂θ
∂x

) (5.5)

Linearizing the convective term:

∂u
∂t

+
∂uu
∂x

+
∂uv
∂y

=
∂u
∂t

+2u∗
∂u
∂x

+u∗
∂v
∂y

+ v∗
∂u
∂y

(5.6)

where u∗ and v∗ are the velocities in the previous iteration.

Introducing the linearized term into the x-momentum equation (Eq. 5.5):
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∂u
∂t

+2u∗
∂u
∂x

+u∗
∂v
∂y

+ v∗
∂u
∂y

=
µ
ρ

[
1
θ

∂θ
∂x

∂u
∂x

+
∂2u
∂x2

]
+

µ
ρ

[
1
θ

∂θ
∂y

∂u
∂y

+
∂2u
∂y2

]
− 1

ρ
∂P
∂x

+

+
1
ρ

Ksθsu+
1
ρ

K f θ f
(
u−u f

)− 1
ρ

(
∂(pl− pg)

∂x
+(pl− pg)

1
θ

∂θ
∂x

)

(5.7)

The same procedure is followed for the y-direction velocity equation. The chain

rule is applied to the convective term:

∂θv
∂t

+
∂θuv

∂x
+

∂θvv
∂y

=

= θ
∂v
∂t

+ v
∂θ
∂t

+θ
∂uv
∂x

+ v
∂θu
∂x

+θ
∂vv
∂y

+ v
∂θv
∂y

=

= θ
∂v
∂t

+θ
∂uv
∂x

+θ
∂vv
∂y

+ v
∂θ
∂t

+ v
∂θu
∂x

+ v
∂θv
∂y

(5.8)

Combining Eq. 5.8 and the continuity equation (5.2), yields:

θ
∂v
∂t

+θ
∂uv
∂x

+θ
∂vv
∂y

(5.9)

Re-arranging the diffusive term after applying the chain rule:

µ
ρ

∂
∂x

(
θ

∂v
∂x

)
+

µ
ρ

∂
∂y

(
θ

∂v
∂y

)
=

=
µ
ρ

[
∂θ
∂x

∂v
∂x

+θ
∂2v
∂x2

]
+

µ
ρ

[
∂θ
∂y

∂v
∂y

+θ
∂2v
∂y2

] (5.10)

Rearranging the y-momentum equation, one obtains:

∂v
∂t

+
∂uv
∂x

+
∂vv
∂y

=
µ
ρ

1
θ

[
∂θ
∂x

∂v
∂x

+θ
∂2v
∂x2

]
+

µ
ρ

1
θ

[
∂θ
∂y

∂v
∂y

+θ
∂2v
∂y2

]
− 1

ρ
∂P
∂y

+g+

+
1
ρ

Ksθsv+
1
ρ

K f θ f
(
v− v f

)− 1
ρ

(
∂(pl− pg)

∂y
+(pl− pg)

1
θ

∂θ
∂y

)

(5.11)

Linearizing the convective term:
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∂v
∂t

+
∂uv
∂x

+
∂vv
∂y

=
∂v
∂t

+u∗
∂v
∂x

+ v∗
∂u
∂x

+2v∗
∂v
∂y

(5.12)

where u∗ and v∗ are, again, the velocities in the previous iteration.

Introducing the linearized term into the y-momentum equation (Eq. 5.11):

∂v
∂t

+u∗
∂v
∂x

+ v∗
∂u
∂x

+2v∗
∂v
∂y

=
µ
ρ

[
1
θ

∂θ
∂x

∂v
∂x

+
∂2v
∂x2

]
+

µ
ρ

[
1
θ

∂θ
∂y

∂v
∂y

+
∂2v
∂y2

]
− 1

ρ
∂P
∂y

+

+g+
1
ρ

Ksθsv+
1
ρ

K f θ f
(
v− v f

)− 1
ρ

(
∂(pl− pg)

∂y
+(pl− pg)

1
θ

∂θ
∂y

)

(5.13)

5.2 Computational grid

The set of equations is discretized using the finite volume technique [26]. The
computational domain is divided in cells which form a grid. This computational
grid used is staggered, where scalars (volume fractions, pressure) are placed at the
center of the cells while the vectors (velocities) are placed at the cell faces.

The fact of using a staggered mesh provides the computational code with more
physical consistency. If this type of mesh is not used, both the scalars and the
vectors would be placed at the same position, which could lead to results with no
physical sense, as for example a highly non-uniform pressure field treated as uni-
form in the momentum equations [26].

A representation of the mesh used is shown in Figure 5.1. The computational
cells are those in blue, where the indexes for x and y direction, I and J, respectively,
are written in capital letters to show that they are placed at the center of the cell.
The i and j indexes, written in lower case letters, show the placement of the faces in
the x and y directions, respectively. The green dashed cells contain the x-direction
vectors (hence the first index in lower case letters and the second one in capital let-
ters) while the red dashed cells contain the y-direction vectors (first index in capital
letters and the second one in lower case letters).
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I−1 , J+1 I , J+1 I+1 , J+1

I−1 , J I , J I+1 , J

I−1 , J−1 I , J−1 I+1 , J−1

i , J+1

i , Ji−1 , J i+1 , J

i−1 , J+1 i+1 , J+1

i , J−1i−1 , J−1 i+1 , J−1

I , j I+1 , jI−1 , j

I , j+1 I+1 , j+1

I , j−1I−1 , j−1 I+1 , j−1

I−1 , j+1

Figure 5.1: Computational mesh used in the MFS code

5.3 Discretization schemes

Due to the mesh configuration, it becomes necessary to interpolate some vari-
ables values when discretizing the equations. For example, to obtain the volume
fraction values at the cell faces. Several different discretization schemes exist.
Given the nature of the system which is being studied, where large gradients ex-
ist at the inlet, numerical instabilities appear. In order to avoid those instabilities,
an upwind scheme is used for the convective terms. Since it takes into account flow
direction, transportiveness is assured. In addition, the upwind scheme avoids the
formation of wiggles [26]. The drag terms are also discretized using an upwind

scheme. All other terms are discretized following a centered scheme.

Figure 5.2 shows a one-dimensional grid, over which both the centered and up-

wind schemes are explained. The capital letters refer to the cell centers, where P

is equivalent to the I,J node shown in Figure 5.1 and E, the east neighbor, is the
equivalent of the I+1,J node. The small size letters refer to the face values, which
are unknown: w stands for the west face, e for the east face and ee for the east face
of the east neighboring cell.

The centered scheme interpolates the face values, for any scalar φ, in the follow-
ing manner:
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Figure 5.2: One-dimensional grid

φe =
1
2

(φP +φE) (5.14)

The upwind scheme takes into account the flow direction, so it gives the variable
at the face its value at the center of the cell upstream.

φe = φP (5.15)

5.4 Discretized equations

According to the discretization schemes previously described and the type of
grid used, the set of equations is discretized in order to be solved numerically. To
avoid repetition, phase indexes have been dropped in the discrete version of the
continuity and momentum equations, being one of them for each phase.

5.4.1 Continuity

The discrete version of the continuity equation (Eq. 5.2) reads:

θ∗I,J−θold
I,J

∆t
+

1
2




(
θ∗I,J +θ∗I+1,J

)
ui,J−

(
θ∗I−1,J +θ∗I,J

)
ui−1,J

∆x


+

+
1
2




(
θ∗I,J +θ∗I,J+1

)
vI, j−

(
θ∗I,J−1 +θ∗I,J

)
vI, j−1

∆y


 = 0

(5.16)

In order to be used to solve for the volume fraction, terms are rearranged, where
the volume fraction is solved iteratively in an implicit manner using a tridiagonal
matrix algorithm (TDMA) [28]:
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API,Jθg I,J = AEI,Jθg I+1,J +AWI,Jθg I−1,J

+ANI,Jθg I,J+1 +ASI,Jθg I,J−1 +SI,J
(5.17)

Coefficients for the TDMA to solve for volume fraction:

API,J = 1+
1
2

∆t
∆x

(ui,J−ui−1,J)+
1
2

∆t
∆y

(
vI, j− vI, j−1

)

AEI,J =−1
2

∆t
∆x

ui,J

AWI,J =
1
2

∆t
∆x

ui−1,J

ANI,J =−1
2

∆t
∆y

vi,J

ASI,J =
1
2

∆t
∆y

vi,J−1

SI,J = θold
g I,J

5.4.2 Momentum in x direction

The discrete version of the momentum equation in the x direction (Eq. 5.7)
reads:
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1
∆t

(
ui,J−uold

i,J

)
+

1
∆x

u∗i,J (ui+1,J−ui−1,J)+

+
1
2

1
∆y

u∗i,J
(
vI, j + vI+1, j− vI, j−1− vI+1, j−1

)
+

+
1
8

1
∆y

(
v∗I, j + v∗I+1, j + v∗I, j−1 + v∗I+1, j−1

)
(ui,J+1−ui,J−1) =

=
µ
ρ

1
∆x2

[
θI+1,J−θI,J

θI,J +θI+1,J
(ui+1,J−ui−1,J)+(ui+1,J−2ui,J +ui−1,J)

]
+

+
µ
ρ

1
∆y2

1
4

θI,J+1 +θI+1,J+1−θI,J−θI+1,J

θI,J +θI+1,J
(ui,J+1−ui,J−1)+

+
µ
ρ

1
∆y2 (ui,J+1−2ui,J +ui,J−1)−

− 1
ρ

1
∆x

(PI+1,J−PI,J)+
1
ρ

Ks i,Jθs I,Jui,J +
1
ρ

K f i,Jθ f I,J
(
ui,J−u f i,J

)−

− 1
ρ

1
∆x

[
(ΨI+1,J−ΨI,J)+(ΨI+1,J +ΨI,J)

θI+1,J−θI,J

θI,J +θI+1,J

]

(5.18)

Rearranging the terms and solving for u:

APi,Jui,J = AEi,Jui+1,J +AWi,Jui−1,J+

+ANi,Jui,J+1 +ASi,Jui,J−1 +Si,J
(5.19)

Coefficients for the TDMA to solve for u:

APi,J = 1+2
µ
ρ

(
∆t

∆x2 +
∆t

∆y2

)
− 1

ρ
∆t

(
Ks i,Jθs I,J +K f i,Jθ f I,J

)

AEi,J =−∆t
∆x

u∗i,J +
µ
ρ

∆t
∆x2

(
θI+1,J−θI,J

θI,J +θI+1,J
+1

)

AWi,J =
∆t
∆x

u∗i,J−
µ
ρ

∆t
∆x2

(
θI+1,J−θI,J

θI,J +θI+1,J
−1

)

ANi,J =−1
8

∆t
∆y

(
v∗I, j + v∗I+1, j + v∗I, j−1 + v∗I+1, j−1

)
+

+
µ
ρ

∆t
∆y2

(
1
4

θI,J+1 +θI+1,J+1−θI,J−θI+1,J

θI,J +θI+1,J
+1

)
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ASi,J =
1
8

∆t
∆y

(
v∗I, j + v∗I+1, j + v∗I, j−1 + v∗I+1, j−1

)−

− µ
ρ

∆t
∆y2

(
1
4

θI,J+1 +θI+1,J+1−θI,J−θI+1,J

θI,J +θI+1,J
−1

)

Si,J = uold
i,J −

1
2

∆t
∆y

u∗i,J
(
vI, j + vi+1, j + vI, j−1 + vI+1, j−1

)−

− 1
ρ

∆t
∆x

(PI+1,J−PI,J)− 1
ρ

∆tK f i,Jθ f I,Ju f i,J−

− 1
ρ

∆t
∆x

[
(ΨI+1,J−ΨI,J)+(ΨI+1,J−ΨI,J)+(ΨI+1,J +ΨI,J)

θI+1,J−θI,J

θI,J
+θI+1,J

]

5.4.3 Momentum in y direction

The discrete version of the momentum equation in the y direction (Eq. 5.13)
reads:

1
∆t

(
vI, j− vold

I, j

)
+

1
8

1
∆x

(
u∗i−1,J+1 +u∗i,J+1 +u∗i−1,J +u∗i,J

)(
vI+1, j− vI−1, j

)
+

+
1
2

1
∆x

v∗I, j (ui,J+1 +ui,J−ui−1,J+1−ui−1,J)+
1

∆y
v∗I, j

(
vI, j+1− vI, j−1

)
=

=
µ
ρ

1
∆x2

θI+1,J+1 +θI+1,J−θI−1,J+1−θI−1,J

4(θI,J +θI,J+1)
(
vI+1, j− vI−1, j

)
+

+
µ
ρ

1
∆x2

(
vI+1, j−2vI, j + vI−1, j

)
+

+
µ
ρ

1
∆y2

[
θI,J+1−θI,J

θI,J +θI,J+1

(
vI, j+1− vI, j−1

)
+

(
vI, j+1−2vI, j + vI, j−1

)]−

− 1
ρ

1
∆y

(PI,J+1−PI,J)+g+
1
ρ

Ks I, jθs I,JvI, j +
1
ρ

K f I, jθ f I,J
(
vI, j− v f I, j

)−

− 1
ρ

1
∆y

[
(ΨI,J+1−ΨI,J)+(ΨI,J+1 +ΨI,J)

θI,J+1−θI,J

θI,J +θI,J+1

]

(5.20)

Rearranging the terms and solving for v:
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API, jvI, j = AEI, jvI+1, j +AWI, jvI−1, j+

+ANI, jvI, j+1 +ASI, jvI, j−1 +SI, j
(5.21)

Coefficients for the TDMA to solve for v:

API, j = 1+2
µ
ρ

(
∆t

∆x2 +
∆t

∆y2

)
− 1

ρ
∆t

(
Ks I, jθs I,J +K f I, jθ f I, j

)

AEI, j =−1
8

∆t
∆x

(
u∗i−1,J+1 +u∗i,J+1 +u∗i−1,J +u∗i,J

)
+

+
µ
ρ

∆t
∆x2

(
1
4

θI+1,J+1 +θI+1,J−θI−1,J+1−θI−1,J

θI,J +θI,J+1
+1

)

AWI, j =
1
8

∆t
∆x

(
u∗i−1,J+1 +u∗i,J+1 +u∗i−1,J +u∗i,J

)−

− µ
ρ

∆t
∆x2

(
1
4

θI+1,J+1 +θI+1,J−θI−1,J+1−θI−1,J

θI,J +θI,J+1
−1

)

ANI, j =−∆t
∆y

v∗I, j +
µ
ρ

∆t
∆y2

(
θI,J+1−θI,J

θI,J +θI,J+1
+1

)

ASI, j =
∆t
∆y

v∗I, j−
µ
ρ

∆t
∆y2

(
θI,J+1−θI,J

θI,J +θI,J+1
−1

)

SI, j = vold
I, j −

1
2

∆t
∆x

v∗I, j (ui,J+1 +ui,J−ui−1,J+1−ui−1,J)− 1
ρ

∆t
∆y

(PI,J+1−PI,J)+

+∆tg− 1
ρ

Ks I, jθ f I,Jv f I, j− 1
ρ

∆t
∆y

[
(ΨI,J+1−ΨI,J)+(ΨI,J+1−ΨI,J)

θI,J+1−θI,J

θI,J +θI,J+1

]

5.5 Pressure and velocities correction

The velocity fields of the liquid and of the gas obtained using the discrete version
of the momentum equations, with the initial or guessed pressure field, do not satisfy
the continuity equation. For notation convenience, these fields will be designated
by ũ, ṽ and P̃, and the ones satisfying the continuity equation by u, v and P. Then,

40

UNIVERSITAT ROVIRA I VIRGILI 
NUMERICAL STUDY OF ISOTHERMAL TWO-PHASE FLOW DISPERSION IN THE PACKED BED OF A HYDRODESULFURIZATION REACTOR 
Manuel Martínez del Álamo 
DL:T. 1711-2011 



the corrections can be defined as the value which added to the current field yields
the one which satisfies continuity, as stated by Equations 5.22 through 5.24:

u = ũ+u′ (5.22)

v = ṽ+ v′ (5.23)

P = P̃+P′ (5.24)

In MFS the pressure correction is derived from the continuity equation for the
liquid phase. The liquid continuity equation (Eq. 4.1) can be re-written as:

∂θl

∂t
+

∂
(
θl

(
ũl +u′l

))

∂x
+

∂
(
θl

(
ṽl + v′l

))

∂y
= 0 (5.25)

In order to obtain the expressions for the velocities corrections, Equations 5.19
and 5.21 are used with a slight variation. The source term is decomposed into the
pressure term and the remaining terms (renamed as So

i,J and So
I, j). In that way, the

new expressions for Equations 5.19 and 5.21 which yield the values which satisfy
continuity become Equations 5.26 and 5.27.

APi,Jul i,J = AEi,Jul i+1,J +AWi,Jul i−1,J

+ANi,Jul i,J+1 +ASi,Jul i,J−1 +So
i,J−

1
ρl

∆t
∆x

(PI+1,J−PI,J)
(5.26)

API, jvl I, j = AEI, jvl I+1, j +AWI, jvl I−1, j

+ANI, jvl I, j+1 +ASI, jvl I, j−1 +So
I, j−

1
ρl

∆t
∆y

(PI,J+1−PI,J)
(5.27)

However, the current values of u, v and P do not satisfy continuity. Equa-
tions 5.19 and 5.21 can be re-written for ũ, ṽ and P̃, yielding Equations 5.28 and 5.29.

APi,J ũl i,J = AEi,J ũl i+1,J +AWi,J ũl i−1,J

+ANi,J ũl i,J+1 +ASi,J ũl i,J−1 +So
i,J−

1
ρl

∆t
∆x

(
P̃I+1,J− P̃I,J

) (5.28)
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API, jṽl I, j = AEI, jṽl I+1, j +AWI, jṽl I−1, j

+ANI, jṽl I, j+1 +ASI, jṽl I, j−1 +So
I, j−

1
ρl

∆t
∆y

(
P̃I,J+1− P̃I,J

) (5.29)

Assuming that the values for the coefficients do not change in consecutive sweeps
and discarding correction to the neighbors, subtracting Eq. 5.28 from Eq. 5.26 and
Eq. 5.29 from Eq. 5.27, Equations 5.30 and 5.31 are obtained.

APi,J
(
ul i,J− ũl i,J

)
=− 1

ρl

∆t
∆x

(
PI+1,J−PI,J− P̃I+1,J + P̃I,J

)
(5.30)

API, j
(
vl I, j− ṽl I, j

)
=− 1

ρl

∆t
∆y

(
PI,J+1−PI,J− P̃I,J+1 + P̃I,J

)
(5.31)

The velocities corrections can then be written as

u′l i,J =−αi,J
1

∆x

(
P′I+1,J−P′I,J

)
(5.32)

v′l I, j =−βI, j
1

∆y

(
P′I,J+1−P′I,J

)
(5.33)

where the coefficients αi,J and βI, j are

αi,J =
1

APi,J

1
ρl

∆t (5.34)

βI, j =
1

API, j

1
ρl

∆t (5.35)

Once the expressions for the velocity corrections are derived, combining the
discrete version of Eq. 5.25 with Equations 5.32 and 5.33 one obtains:
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1
∆t

(
θl I,J−θold

l I,J

)
+

1
∆x

1
2

(
θl I,J +θl I+1,J

)(
ũl i,J−αi,J

1
∆x

(
P′I+1,J−P′I,J

))−

− 1
∆x

1
2

(
θl I,J +θl I−1,J

)(
ũl i−1,J−αi−1,J

1
∆x

(
P′I,J−P′I−1,J

))
+

+
1

∆y
1
2

(
θl I,J +θl I,J+1

)(
ṽl I, j−βI, j

1
∆y

(
P′I,J+1−P′I,J

))−

− 1
∆y

1
2

(
θl I,J +θl I,J−1

)(
ṽl I, j−1−βI, j−1

1
∆y

(
P′I,J−P′I,J−1

))
= 0

(5.36)

Rearranging terms and solving for the pressure correction:

API,JP′I,J = AEI,JP′I+1,J +AWI,JP′I−1,J

+ANI,JP′I,J+1 +ASI,JP′I,J−1 +SI,J
(5.37)

where the coefficients to solve with a TDMA are:

API,J =
1
2

1
∆x2

[(
θl I,J +θl I+1,J

)
αi,J +

(
θl I−1,J +θl I,Jαi−1,J

)]
+

+
1
2

1
∆y2

[(
θl I,J +θl I,J+1

)
βI, j +

(
θl I,J−1 +θl I,JβI, j−1

)]
+

AEI,J =
1
2

1
∆x2

(
θl I,J +θl I+1,J

)
αi,J

AWI,J =
1
2

1
∆x2

(
θl I−1,J +θl I,J

)
αi−1,J

ANI,J =
1
2

1
∆y2

(
θl I,J +θl I,J+1

)
βI, j

ASI,J =
1
2

1
∆y2

(
θl I,J−1 +θl I,J

)
βI, j−1
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SI,J =− 1
∆t

(
θl I,J−θold

l I,J

)
−

− 1
2

1
∆x

[(
θl I,J +θl I+1,J

)
ũl i,J−

(
θl I−1,J +θl I,J

)
ũi−1,J

]−

− 1
2

1
∆y

[(
θl I,J +θl I,J+1

)
ṽl I, j−

(
θl I,J−1 +θl I,J

)
ṽI, j−1

]

5.6 Convergence criteria

The residual for the liquid continuity equation at each cell is defined as:

RESθLI,J =
θl I,J−θold

l I,J

∆t
+

+
1
2

[(
θl I,J +θl I+1,J

)
ul i,J−

(
θl I−1,J +θl I,J

)
ul i−1,J

∆x

]
+

+
1
2

[(
θl I,J +θl I,J+1

)
vl I, j−

(
θl I,J−1 +θl I,J

)
vl I, j−1

∆y

]
(5.38)

And the convergence criteria is defined as:

ρl ∑J
I |RESθLI,J|

ṁl
≤ T LC (T hreshold liquid continuity) (5.39)

In a similar manner, the residual for the gas continuity equation at each cell is:

RESθGI,J =
θg I,J−θold

g I,J

∆t
+

+
1
2

[
(θg I,J +θg I+1,J)ug i,J− (θg I−1,J +θg I,J)ug i−1,J

∆x

]
+

+
1
2

[
(θg I,J +θg I,J+1)vg I, j− (θg I,J−1 +θg I,J)vg I, j−1

∆y

]
(5.40)

And the convergence criteria is defined as:

ρg ∑J
I |RESθGI,J|

ṁg
≤ T GC (T hreshold gas continuity) (5.41)

For the liquid u velocity, the residual is defined as:
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RESULi,J =
1
∆t

(
ul i,J−uold

l i,J

)
+

+
1

∆x
ul i,J

(
ul i+1,J−ul i−1,J

)
+

1
2

1
∆y

(
ul i,J+1−ul i,J−1

)
+

+
1
8

1
∆y

(
vl I, j + vl I+1, j + vl I, j−1 + vl I+1, j−1

)(
ul i,J+1−ul i,J−1

)−

− µl

ρl

1
∆x2

[
θl I+1,J−θl I,J

θl I,J +θl I+1,J

(
ul i+1,J−ul i−1,J

)
+

(
ul i+1,J−2ul i,J +ul i−1,J

)]−

− µl

ρl

1
∆y2

(
θl I,J+1 +θl I+1,J+1−θl I,J−θl I+1,J

)(
ul i,J+1−ul i,J−1

)

4
(
θl I,J +θl I+1,J

) −

− µl

ρl

1
∆y2

(
ul i,J+1−2ul i,J +ul i,J−1

)
+

+
1
ρl

1
∆x

(PI+1,J−PI,J)− 1
ρl

Kls i,Jθs I,Jul i,J− 1
ρl

Klg i,Jθg I,J
(
ul i,J−ug i,J

)
+

+
1
ρl

1
∆x

[
(ΨI+1,J−ΨI,J)+

(
ΨI+1, j +ΨI,J

θl I+1,J−θl I,J

θl I,J +θl I+1,J

)]

(5.42)

And the convergence criteria is:

∑J
i |RESULi,J|
maxterm

≤ T LU (T hreshold liquid u− velocity) (5.43)

where maxterm is the largest of the terms at the right hand side of Equation 5.42.

In a similar manner for the gas u velocity:
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RESUGi,J =
1
∆t

(
ug i,J−uold

g i,J

)
+

+
1

∆x
ug i,J (ug i+1,J−ug i−1,J)+

1
2

1
∆y

(ug i,J+1−ug i,J−1)+

+
1
8

1
∆y

(
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1
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ρg

Kgs i,Jθs I,Jug i,J− 1
ρg

Kgl i,Jθl I,J
(
ug i,J−ul i,J

)

(5.44)

And the convergence criteria is:

∑J
i |RESUGi,J|
maxterm

≤ T GU (T hreshold gas u− velocity) (5.45)

where maxterm is the largest of the terms at the right hand side of Equation 5.44.

The residual for the liquid v velocity is defined as:
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1
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1
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(
ΨI,J+1 +ΨI,J
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θl I,J +θl I,J+1

)]

(5.46)

And the convergence criteria is:

∑J
i |RESV LI, j|
maxterm

≤ T LV (T hreshold liquid v− velocity) (5.47)

where maxterm is the largest of the terms at the right hand side of Equation 5.46.

The residual for the gas v velocity is defined as:
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(5.48)

And the convergence criteria is:

∑J
i |RESV GI, j|
maxterm

≤ T GV (T hreshold gas v− velocity) (5.49)

where maxterm is the largest of the terms at the right hand side of Equation 5.48.

5.7 Algorithm

Once all the equations are discretized, it is time to solve the equations system to
obtain the fields of volume fractions, velocities and pressure. The algorithm used is
described below.

1. Variables are initialized at time n.

2. Liquid volume fractions are calculated at time n+1, solving Equation 5.17
(for each phase) with a TDMA solver. The velocities are those at time n.

3. Gas volume fractions are computed using Equation 4.3.
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4. Liquid and gas velocities are calculated at time n+1 using Equations 5.19
and 5.21 (for both phases) with a TDMA solver. The volume fractions are
those obtained in the previous step. This is an iterative step in itself, due to
the linearization of the convective terms.

5. Pressure correction is calculated using Equation 5.37 with a TDMA solver.

6. Corrections for liquid velocities are computed using Equations 5.32 and 5.33
and new liquid velocities are calculated (Eqs. 5.22 and 5.23).

7. New gas velocities are computed using Equations 5.19 and 5.21 (for the gas
phase). The liquid velocities used are those obtained in the previous step.

8. Liquid volume fractions are updated using Equation 5.17 (for the liquid phase).
The velocities used are the last computed ones.

9. Gas volume fractions are updated using Equation 4.3, where the liquid vol-
ume fractions are those obtained in the previous step.

10. Back to pressure correction (step 5) until all convergence criteria are met.

In the present computations, all threshold values for residuals have been set
equal to 10−3.
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Chapter 6

Results and discussion

The results obtained for the different cases described in chapter 3 are presented
and discussed in this chapter. In some cases two different tools have been used to
obtained these results, the commercial CFD software Fluent [12] and the domestic
code MFS.

6.1 Models of flow through porous media available in
Fluent

Before simulating the flow dispersion in the reactor, a validation of the different
dispersion models available in Fluent was carried out. Fluent offers two models to
simulate the flow through porous media: the Porous media model and the Eulerian

granular phase model.

In the Porous media model one or more zones need to be defined as porous
media. In this zone (defined as porous media) a pressure drop term is added to the
momentum equations. This term is comprised of two parts: the viscous part and the
inertial one, as shown in Eq. 6.1:

∆P =
µ
γ

Ui +C2
ρ
2
|Ui|U (6.1)

The viscous and inertial resistance coefficients have to be provided. These co-
efficients are obtained through the correlations shown in the Eqs. 6.2 and 6.3, for
spherical particles.
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γ =
D2

p

150
ε3

1− ε2 (6.2)

C2 =
3.5(1− ε)

Dp ε3 (6.3)

The Eulerian granular phase model is the second of the models available in
Fluent to simulate flow dispersion in particle beds. In this model, the particles have
to be defined as a static granular phase, and the system has to be initialized with the
volume fraction of the particles. A method to estimate the drag coefficients between
the phases has to be chosen as well.

6.2 Case A: Flow regime influence

First of all, the possible effect of turbulence on the flow at the macroscopic level
is checked. In order to do that, a simulation using the porous media model is car-
ried out with the domain being a prism, described in detail previously in chapter 3.
Two simulations are performed for this case, one with a laminar model and another
one with a turbulent (k− ε standard) model [29]. As it can be seen in Figures 6.1
and 6.2, there are no differences between the results of laminar and turbulent simu-
lations, which means that at a macroscopic level, the dissipative effect of the media
exceeds that of turbulence so that turbulence has no perceptible effect on the flow
through porous media.

Figure 6.1 shows the y-velocity profile in the center of the prism (x = 0 m).
It can be observed how the water velocity decreases as it descends through the bed
until it reaches a constant velocity when the whole cross section is occupied by
water. Figure 6.2 shows the velocity profile 1 m below the water inlet. As it can be
seen, water spreads in both directions, resulting in the bell-shape profile which one
should expect.

6.3 Case B: Pressure drop validation

The next step was to test the accuracy of the porous media model available in
Fluent both for a single-phase flow and a two-phase flow through a packed bed. Two
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Figure 6.1: Velocities profile at the center of the bed (x = 0, z = 0).
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Figure 6.2: Velocities profile 1 m below the inlet.

Table 6.1: Pressure loss comparison

Fluid Surface flow rate ∆P Ergun ∆P Fluent Difference
(kg/m2s) (kPa/m) (kPa/m) (%)

Water 1.250 0.1720 0.1710 0.61
Air 0.297 0.1088 0.1084 0.37

single-phase flow simulations are performed in the column described in chapter 3
for this case, one with water and another one with air. The parameter compared is
the pressure drop, and the obtained values are compared to those computed using the
Ergun equation [30]. Table 6.1 shows the results obtained for pressure drop between
the inlet and outlet in these two simulations, and the comparison with the values
obtained using the Ergun equation. As it can be seen, Fluent predicts accurately the
pressure drop for single-phase flow, both gas and liquid.

Once it has been checked that Fluent predicted correctly the single-phase flow
behavior in porous media regarding pressure drop, the next step is to choose a mul-
tiphase model among the ones available in Fluent. A brief description of those
models is presented here:

1. VOF model: This model is recommended for stratified or free surface flows.
It does not allow to define different velocities for each phase.
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Table 6.2: Comparison with experimental data

Case Experimental Mixture model Euler model
L (kg/m2s) 4.060 4.060 4.060
G (kg/m2s) 0.297 0.297 0.297
∆P (kPa/m) 10.00 9.00 6.57
Error (%) - 10.00 34.26

2. Mixture model: This model is recommended for flows where phases mix or
separate, or for flows in which the volume fraction of the disperse phase is
above 10 %. It is recommended specially where the disperse phase is widely
distributed in the domain. It solves one momentum equation with the mixture
properties.

3. Euler model: Like the Mixture model, this model is recommended for flows
where phases mix or separate, or for flows where the disperse phase is above
10 %. The difference is that the Euler model solves one momentum equation
for each phase, so it better fits for flows where the disperse phase is concen-
trated in some parts of the domain.

According to the previous description, the VOF model is discarded to be used
in the simulations, since in this case phases are mixed. In order to choose between
the other two models, it is chosen to reproduce with Fluent one of the experimental
cases presented in the article by Tsochatzidis et al. [18] The system is the same that
the one shown in Figure 3.2, but in this case a two-phase flow, consisting of water
and air, enters the domain. The Porous media model was also used in these simu-
lations. The results obtained in these simulations are shown in Table 6.2, where L

and G are the liquid and gas flow rates, respectively. As it can be seen, the Mixture

model yielded better results for the flow through porous media.

Once the multiphase model which better reproduces reality is chosen, experi-
mental cases are simulated in order to validate Fluent results. This validation is
done in two stages. The first stage consists in validating the pressure drop results
provided by Fluent, while in the second one the aim is to validate the results for the
flow dispersion obtained with Fluent.

The original experimental cases chosen for this validation can be found in the
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Table 6.3: Comparison with experimental data for the uniform distribution

L G Experimental ∆P Fluent ∆P Error
(kg/m2s) (kg/m2s) (kPa/m) (kPa/m) (%)

1.36 0.297 7.00 3.75 -46.38
4.06 0.297 10.00 9.00 -10.00
4.06 0.366 12.00 11.08 -7.69
4.06 0.248 8.00 7.56 -5.50
6.78 0.297 13.00 14.63 +12.58
6.78 0.248 11.00 12.37 +12.46
6.78 0.366 16.00 17.87 +11.71
9.49 0.136 7.50 10.26 +36.76
9.49 0.248 14.00 17.18 +22.71
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Figure 6.3: Comparison between simulations and experimental data for a uniform inlet distribution.

article by Tsochatzidis et al. [18]. As previously explained in chapter 3, two runs
of cases are presented. The first of these runs consist of cases in which the inlet
flow distribution is uniform, while in the second run, the inlet flow distribution is
not uniform. The results obtained for the uniform distribution cases are shown in
Table 6.3 and Figure 6.3. Figure 6.3 shows the surface flow rate of liquid and the
error between Fluent results and the experimental data. The points in the same
vertical correspond to the same gas flow rate. From Figure 6.3 the following can be
concluded:

1. At low liquid flow rates, the pressure drop predicted by Fluent is lower than
the experimental one.
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Table 6.4: Comparison with experimental data for the non-uniform distribution

L G Experimental ∆P Fluent ∆P Error
(kg/m2s) (kg/m2s) (kPa/m) (kPa/m) (%)

1.36 0.136 1.80 1.78 -1.07
4.06 0.136 4.00 4.17 +4.23
6.78 0.136 5.50 6.94 +26.24
9.49 0.136 7.00 9.77 +39.63

13.56 0.136 10.00 14.19 +41.89
1.36 0.248 5.00 3.22 -35.53
4.06 0.248 7.00 7.18 +2.53
6.78 0.248 9.00 11.68 +29.81
9.49 0.248 12.00 16.22 +35.18
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Figure 6.4: Comparison between simulations and experimental data for a non-uniform inlet distri-
bution.

2. At intermediate liquid flow rates, Fluent reproduces accurately the experi-
mental data, with errors around 10 %.

3. At high liquid flow rates, Fluent overestimates the pressure drop.

4. Gas flow rate has no influence on the Fluent prediction with regard to the
experimental data.

Results for the non-uniform inlet distribution are shown in Table 6.4 and Fig-
ure 6.4, with the following conclusions:

1. At low liquid flow rates, the pressure drop predicted by Fluent is equal or
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Figure 6.5: Comparison between simulations and experimental data for a uniform inlet distribution
and operation point of the reactor

lower than the experimental one, increasing the error as the gas flow rate
increases.

2. At intermediate liquid flow rates, Fluent reproduces accurately the experi-
mental data, with errors around 10 %.

3. At high liquid flow rates, Fluent overestimates the pressure drop.

4. Gas flow rate has influence on the Fluent prediction with regard to the exper-
imental data only for low liquid flow rates.

The main interest of this part of the study is to know the degree of accuracy
with which Fluent can predict the flow behavior in the reactor beds. The reactor
operates with a liquid surface flow rate of 3.22 kg/m2s and a gas flow rate of 0.72
kg/m2s. The operating point is shown in Figure 6.5, along with the results for the
non-uniform distribution, which is the important one with regard to the real reactor.
As it can be seen in Figure 6.5, the reactor operates with a liquid surface flow rate
near the zone in which Fluent predicts correctly the pressure drop, but with a higher
gas flow rate of the one which has been simulated, which introduces a degree of
uncertainty.
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6.4 Case C: Two-phase flow dispersion validation

The validation of the results obtained with both Fluent and MFS for the flow
dispersion is the aim of this section. The results are compared to both the experi-
mental and numerical results obtained by Boyer et al. [13], who studied two-phase
flow dispersion in a cylindrical vertical column filled with spherical glass particles,
as described in chapter 3.

6.4.1 Fluent results

As an example, Figure 6.6.a shows the contours of the liquid fraction predicted
by Fluent using the average porosity. Figure 6.6.b shows a comparison between
the experimental and numerical results obtained by Boyer et al. [13] and the results
obtained with the Porous media model. The plotted lines correspond to a value of
liquid volume fraction of 0.12. It must be noted that the liquid is injected at the
center (r < 4 mm) of the top of the bed (z = 1.8 mm). As it can be seen in Fig-
ure 6.6, the liquid spreading in the considered conditions predicted by the Porous

media model is clearly below the expected. In addition to it, liquid spreading is not
sensitive to the porosity value, since simulations with the average and the minimum
porosity values yield results with no significant difference.

As it is shown in Figure 6.6.b, the Porous media model available in Fluent,
by default, is not able to accurately reproduce the experimental results of Boyer
et al. [13]. As it is suggested in the model described by Jiang et al. [7, 8] and
used in the simulations presented by Boyer et al. [13], a capillary pressure term
is added, through a User Defined Function, to the momentum equations as an
additional term to increase flow dispersion. Two cases are simulated with differ-
ent capillarity pressure models, proposed by Attou and Ferschneider (Eq.4.8) and
Grosser et al. (Eq.4.12). The effect of the addition of the capillary term (using that
of Eq. 4.8) on the liquid distribution is shown in Figure 6.7. The results obtained
using Eq. 4.12 are not significatively different to the ones shown in Figure 6.7, so
they are not shown. As it can be seen, the model with the capillarity term added pre-
dicts approximately the same liquid spreading as the default Porous media model

and it does not provide a significant improvement on the radial dispersion. The ir-
regularity which can be observed at z = 1.4 m in the lines representing the liquid
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Figure 6.6: (a) Contours of liquid volume fraction in an r-z plane of the bed predicted by Fluent for
the case of average porosity. (b) Contours of liquid volume fraction 0.12 for different cases.
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Figure 6.7: Contours of liquid volume fraction of value 0.12 in an r-z plane of the bed. Effect of the
addtion of the capillary pressure term proposed by Attou and Ferschneider [23]

distribution with the added capillarity pressure term can be associated with conver-
gence difficulties.

Figure 6.8 shows global views of the liquid volume fraction distribution pre-
diction in the bed using the Porous media model (Figure 6.8.a) and the model with
the added capillarity pressure term using Eq. 4.8 (Figure 6.8.b) and using Eq. 4.12
(Figure 6.8.c). It can be observed that the Porous media model modified with the
addition of the capillarity pressure term is closer to the numerical results presented
by Boyer et al. [13], although the predicted liquid spreading is smaller. It can be
concluded that, for the conditions considered in the simulations, the Porous media

model is not suitable to predict liquid spreading even with the addition of a capillar-
ity pressure term to the momentum equations.
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Figure 6.8: Liquid volume fraction contours. Effect of the addition of the capillary pressure term.
Comparison between (a) the default Porous media model, (b) added capillary pressure term accord-
ing to the model of Attou and Ferschneider [23] and (c) added capillary pressure term according to
the model of Grosser et al. [25]

In the simulations using the Eulerian granular phase model, the fluid-particle
interaction is modified through drag coefficients according to the model proposed
by Holub [9]. The interaction among phases is modelled assuming that the drag
force (FDks), which must be included in the corresponding momentum equations for
each phase, can be expressed as,

FDks = θkθsKks (uk−us) (6.4)

where the drag coefficient, Kks, was already defined in chapter 4.

Figure 6.9 shows the liquid volume fraction contours for the Eulerian granular

phase model results and the comparison with the experimental and numerical re-
sults of Boyer et al. [13]. As it can be seen in Figure 6.9, the Eulerian granular

phase model reproduces reasonably well the experimental data near the bed out-
let, although at the bed inlet, the model overpredicts the liquid dispersion, which
reaches a developed flow condition at z > 1.7m. Considering the limitations of the
Porous media model described before, the Eulerian granular model is the one used
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Figure 6.9: Contours of liquid volume fraction of value 0.12 in an r-z plane of the bed.

for the rest of the cases.

6.4.2 MFS results

A first version of MFS, which does not feature the convective terms lineariza-
tion, is used for this case. Due to stability problems, before applying the afore-
mentioned linearization, the operating conditions are smoothened, as shown in Ta-
ble 6.5. It can be seen in Table 6.5 that the velocities are lowered significatively,
specially for the liquid (from 0.7 to 0.01 m/s) but also for the gas (from 0.1 to 0.01
m/s). The x-direction drag terms have not been included and the capillary pressure
term has been decreased by five orders of magnitude.

Figure 6.10 shows the liquid volume fraction contours. The left boundary is the
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Table 6.5: Water-air system characteristics.

Parameter Smoothened case Original case
Porosity 0.365 0.365

vl (x < 4 mm) 0.01 m/s 0.7 m/s
vg (4 mm < x < 200 mm) 0.01 m/s 0.1 m/s

ρl 103 kg/m3 103 kg/m3

ρg 1 kg/m3 1 kg/m3

Drag in the x direction No Yes
Drag in the y-direction Yes Yes

Capillary pressure Multiplied by 10−5 Yes

center of the column (symmetry axis) while the right boundary is the wall. As it can
be seen, the results are physically consistent, more than those provided by Fluent.
The liquid radial dispersion occurs continuously. However, this dispersion is not
large, due to the low velocities from both phases.

When entering the real velocities for the case to validate (see Table 6.5), the drag
in the x-direction or the non-smoothened capillarity, stability problems arise, due to
the large difference between both phases densities. Applying the convective terms
linearization the code gains stability, but the convergence criteria are not met. After
realizing that a large difference in densities creates stability problems in the code, it
is decided to test it with the hydrodesulfurization reactor conditions (physical prop-
erties and inlet velocities). The difference in densities is significatively smaller than
in the water-air system, as shown Table 6.6, where the operating conditions for this
simulation are summarized. The computational domain is the same that the one
used for the water-air system. The velocities are an average of the ones obtained in
the simulations of the region placed between the distribution tray and the first bed
of the reactor, previously described in chapter 2.

This time, all the drag and capillarity terms are entered in the simulation. As op-
posed to the work of Boyer et al. [13], the capillarity term is not modified. The code,
even without the convective terms linearization, is stable for these conditions, which
confirms that instabilities are generated by the large difference between phases den-
sities, being the densities ratio of 1000 to 1 for the case of the water-air system and
approximately 30 to 1 for the reactor case.
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Figure 6.10: Contours of liquid volume fraction for smooth inlet conditions.

Table 6.6: Reactor system characteristics in a bed of constant porosity.

Porosity 0.365
vl (x < 4 mm) 0.22 m/s

vg (4 mm < x < 200 mm) 2.8·10−3 m/s
ρl 611 kg/m3

ρg 20.8 kg/m3

Drag in x-direction Yes
Drag in y-direction Yes

Capillarity Yes
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Figure 6.11: Contours of liquid volume fraction obtained with MFS.

Figure 6.11 shows liquid volume fraction contours. As it can be seen, despite
the non-fully converged results for the fields shown, the results are physically con-
sistent, showing the tendency of continuous liquid radial spreading.

6.5 Case D: Two-phase flow dispersion with a poros-
ity change

Figure 6.12 shows the comparison of relative liquid volume fraction for neigh-
boring beds with different porosity. The left image displays the results provided by
Fluent, where it can be seen a liquid reconcentration when the flow goes from the
top less porous to the bottom bed with larger porosity, which lacks physical mean-
ing. On the other hand, MFS is able to yield results which are physically consistent,
as shown in the right image. As it can be seen, there is no liquid reconcentration in
the bottom bed, as the liquid distribution through the bed does not change significa-
tively from the one at the exit of the first bed.
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Figure 6.12: Relative liquid volume fraction contours obtained with Fluent (left) and MFS (right).

6.6 Case E: Two-phase flow dispersion in the central
region of the reactor

Figure 6.13 shows the liquid distribution in the central region of the reactor, by
displaying an iso-surface of liquid volume fraction of 0.10. The circular region at
the top of the bed represents one chimney’s projection and the arrow shows the inlet
direction of the gas in the chimney. As it can be seen in Figure 6.13, the liquid
distribution does not change significatively as the flow descends except for the top
of the first bed, the third bed and the interphase of different beds. This change in
the liquid distribution in the interphase between two beds is in agreement with their
different porosity. For example, it can be seen in Figure 6.14 that the liquid is more
dispersed in the first bed, of lower porosity (ε = 0.33, Figure 6.14.a), while it is
more concentrated in the second bed, in which porosity is 0.53 (Figure 6.14.b). The
same reasoning can be applied to Figures 6.14.c and 6.14.d, which show the third
(ε = 0.45) and fourth (ε = 0.40) beds, respectively.
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Figure 6.13: Liquid distribution in the area surrounding a central region chimney.

Figure 6.14: Liquid volume fraction contours at horizontal slices in the different beds for the central
region. The slices are placed 75 mm below each bed inlet.
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Figure 6.15: Liquid distribution in the area surrounding a near-wall region chimney.

6.7 Case F: Two-phase flow dispersion in the near-
wall region of the reactor

Liquid distribution in the near-wall region is shown in Figure 6.15, as an isosur-
face of liquid volume fraction of 0.10. The circular regions shown at the top of the
bed represent the projections of the chimneys placed above, while the arrows show
the gas inlet direction into the chimney. As it has been previously seen in the case of
the flow under a chimney placed at the central region of the reactor, the liquid distri-
bution does not change significatively as the flow descends through the beds, except
for the third bed in this case, where a flow attachment to the wall is suggested.
This can be observed in the inclination towards the wall of the isosurface shown.
However, this effect will be discussed in more detail later in section 6.8. The effect
of the different porosity in the beds can be observed in Figure 6.16 which shows
liquid volume fraction contours at four horizontal slices of the beds. As it can be
seen in Figure 6.16, lower porosity beds show a more dispersed liquid than those of
larger porosity. For example, liquid is more dispersed in the first bed (Figure 6.16.a,
ε = 0.33) than in the second one (Figure 6.16.b, ε = 0.53). Figures 6.16.c and 6.16.d
show a liquid more dispersed due to the lower porosity of these beds, 0.45 and 0.40
respectively, in comparison with the second bed.
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Figure 6.16: Liquid volume fraction contours at horizontal slices in the different beds for the near-
wall region. The slices are placed 75 mm below each bed inlet.

6.8 Case G: Effect of the wall on the two-phase flow
distribution along the reactor

Since the previous near-wall region simulation hinted at a tendency of the flow
to attach the wall of the reactor as it descended through the beds, a study of that
effect was carried out in more detail. Due to the nature of this case, calculations
are carried out in sections, since simulating the whole reactor would result in a very
large number of cells and an extremely high computational cost. The first 11 m
of the reactor have been simulated, since it is considered that this is enough to
appreciate any possible wall effect on the flow behavior.

6.8.1 Numerical procedure and optimization

As shown in Figure 6.17, the reactor has been divided in sections which are
15 cm deep, where the volume fractions and velocities distribution results at the
outlet in each of these sections are taken as the inlet conditions of the following sec-
tion. This contributes to speed up calculations, although, due to the large number
of simulations needed to obtain meaningful results of the flow distribution through
the reactor, time for calculations is also large. To avoid a possible distortion in the
results caused by the outlet boundary condition, which seems to have an influence
at the exit zone in each simulation, it has been decided to simulate sections 20 cm
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Figure 6.17: Sketch of the simulation procedure in sections.

Table 6.7: Simulation time comparison

Simulated section depth (cm) 10 20
Real section depth (cm) 5 15

Number of cells 1244720 2489440
Time per iteration (min/iteration) 2.97 5.72

deep but taking only the first 15 cm as valid.

Simulations varying the section depths were carried out to optimize the calcula-
tion time. Table 6.7 shows the comparison of the studied cases. It can be seen that
simulating a thickness of 15 cm of the reactor instead of 5 cm produces a speed up
factor of 15

5
2.97
5.72 = 1.56. In order to speed up calculations even more, two proces-

sors were working in parallel. Table 6.8 shows the comparison between the serial
and parallel computations. It can be seen that Fluent parallelizes in a very efficient
manner the simulation with two processors, with a speed up factor of 2. The overall
improvement factor in the computation efficiency, using two processors working in
parallel and simulating 15-cm sections (real depth) is 3.12.

Table 6.8: Parallel computation

Number of processors 1 2
Real section depth (cm) 15 15

Number of cells 2489440 2489440
Time per iteration (min/iteration) 5.72 2.86
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6.8.2 Liquid volume fraction

Figure 6.18 shows a liquid volume fraction isosurface of 0.10. It can be observed
that the liquid spreads slowly in the radial direction, reaching a more uniform dis-
tribution in the central zone than in the near-wall zone. It should be noted that the
isosurface shown provides only a partial information of what is really happening in
the reactor. In order to obtain a more detailed view of the distribution of the liquid
fraction, it is required to resort to liquid volume fraction contours and profiles at
different reactor depths.

Figures 6.19 to 6.21 show liquid volume fraction contours at different depths.
The red color represents liquid and the blue color gas, with the color gradation
representing different values of liquid volume fraction according to the color scale
shown at the left side of the contours. It can be seen that, as the flow descends
through the reactor beds the liquid spreads radially improving phase distribution.
While not perfectly uniformly distributed, from a depth of 8 m on the liquid is un-
der a reasonably good distribution. This is seen in a more detailed manner in the
volume fraction profiles shown next.

Two different planes have been chosen to show the liquid volume fraction pro-
files. The first of these planes is marked with a line in Figure 6.22. Figures 6.23
to 6.25 show the liquid volume fraction profiles at different reactor depths in the
aforementioned plane. The reactor radius is shown on the horizontal axis while the
liquid volume fraction is shown in the vertical axis. It can be seen in these figures,
in the region close to the inlet, around the first 3 m, that the liquid volume fraction
decreases faster in the chimneys placed near the wall than in the central ones. In
other words, chimneys which are close to the wall spread the liquid radially faster
than those in the central region of the reactor. This phenomenon balances between
3 m and 5 m of the reactor. From that depth on, the central chimneys start spread-
ing faster than those near the wall. It can be seen, for a depth of 11 m, that in the
first 0.3 m in radial direction the liquid distribution is uniform. Figure 6.26 shows
simultaneously liquid volume fraction profiles at different depths.

The second plane chosen to show these profiles is the one shown in Figure 6.27.
Figures 6.28 to 6.30 show liquid volume fraction profiles at different reactor depths.
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Figure 6.18: Liquid volume fraction isosurface of 0.10.
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Figure 6.19: Liquid volume fraction contours. Slices at 0 m, 1 m, 2 m and 3 m.

Figure 6.20: Liquid volume fraction contours. Slices at 4 m, 5 m, 6 m and 7 m.

Figure 6.21: Liquid volume fraction contours. Slices at 8 m, 9 m, 10 m and 11 m.
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Figure 6.22: Plane on the symmetry axis chosen to show the liquid volume fraction profiles.

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

θ

r (m)

z = 0 m

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

θ

r (m)

z = 1 m

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

θ

r (m)

z = 2 m

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

θ

r (m)

z = 3 m

Figure 6.23: Liquid volume fraction profiles in the plane shown Figure 6.22. Slices at 0 m, 1 m, 2
m and 3 m.
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Figure 6.24: Liquid volume fraction profiles in the plane shown Figure 6.22. Slices at 4 m, 5 m, 6
m and 7 m.
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Figure 6.25: Liquid volume fraction profiles in the plane shown Figure 6.22. Slices at 8 m, 9 m, 10
m and 11 m.
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Figure 6.26: Liquid volume fraction profiles in the plane shown Figure 6.22. Slices at 0 m, 3 m, 7
m and 11 m.

As it can be seen, the results obtained are similar to those seen in the other plane.
Figure 6.31 shows simultaneously liquid volume fraction profiles at different depths.

A characteristic of the liquid distribution worth mentioning is the lack of sym-
metry in the plumes as the flow descends through the reactor beds. As it can be
seen in Figures 6.23 to 6.26 and Figures 6.28 to 6.31, the plume region close to the
wall is narrower than the plume region close to the center of the reactor, or in other
words, there is a suction effect on the flow from the central zone of the reactor,
which is explained in the following subsection.

6.8.3 Liquid velocity

Figures 6.32 and 6.33 show the liquid axial velocity profiles, at different depths,
for the planes shown in Figures 6.22 and 6.27, respectively. As it can be seen in
these figures, liquid descends with higher velocity through the central zone of the
reactor than in the near-wall region. This would explain the effect of liquid displace-
ment towards the central region of the reactor, previously commented, resulting in
a better liquid distribution in this region of the reactor. As the flow descends faster
in the center, the liquid in the surrounding plumes is allowed to preferentially move
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Figure 6.27: Plane chosen to show the liquid volume fraction profiles.
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Figure 6.28: Liquid volume fraction profiles in the plane shown Figure 6.27. Slices at 0 m, 1 m, 2
m and 3 m.
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Figure 6.29: Liquid volume fraction profiles in the plane shown Figure 6.27. Slices at 4 m, 5 m, 6
m and 7 m.
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Figure 6.30: Liquid volume fraction profiles in the plane shown Figure 6.27. Slices at 8 m, 9 m, 10
m and 11 m.
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Figure 6.31: Liquid volume fraction profiles in the plane shown Figure 6.27. Slices at 0 m, 3 m, 7
m and 11 m.

towards the center, thus explaining the non-symmetrical liquid plumes descending
through the bed.

6.8.4 Evolution of the center of the plumes

Figures 6.34.a and 6.34.b show the evolution of the center of the plumes for the
central and near-wall chimneys in the planes shown in Figures 6.22 and 6.27, re-
spectively. The point of maximum liquid volume fraction is considered the center of
the plume. The horizontal axis shows the point of maximum liquid volume fraction
for the plume, in other words, the center, while the depth of the bed is shown in the
vertical axis. As it can be seen, in the first 3 m the plume of the near-wall chimney
is displaced faster than the one of the central region, with a change in tendency hap-
pening at 5 m. The same phenomenon takes place in both planes, so it is assumed
that it happens in the whole reactor. This confirms what the volume fraction profiles
suggested, that in the first 3 m the liquid spreads faster in the near-wall region and
that tendency changes from a depth of 5 m on, where the liquid spreads faster in the
central region.
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Figure 6.32: Liquid axial velocity profiles in the plane shown in Figure 6.22. Slices at 3 m, 7 m and
11 m.
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Figure 6.33: Liquid axial velocity profiles in the plane hown in Figure 6.27. Slices at 3 m, 7 m and
11 m.
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Figure 6.34: Evolution of the center of the plumes for the near-wall and central chimneys. (a) Plane
shown in Figure 6.22. (b) Plane shown in Figure 6.27

6.8.5 Half-width

An efficient manner to measure dispersion in porous media is the half-width.
The half-width concept is shown in Figure 6.35. In a gaussian distribution, the half-
width is defined as the distance that links the two points of value half of the maxi-
mum of the distribution at both sides of this maximum. That distance is represented
by the red arrow in Figure 6.35. Figures 6.36.a and 6.36.b show the evolution of the
half-width along the reactor in the planes shown in Figures 6.22 and 6.27, respec-
tively. As it can be seen, until a depth of 5 m the plume of the near-wall chimney
is wider than the central region one. However, from a depth of 6 m on the central
plume is clearly wider than the one in the near-wall region. From a depth of 8 m
on, it is considered that in the central region the liquid is well enough distributed
so there is no need to represent the half-width. This reinforces the idea of a faster
dispersion near the wall in the first meters of the reactor and a change of tendency
from a depth of 5 m on.
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Figure 6.36: Evolution of the half-width for the near-wall and central chimneys. (a) Plane shown in
Figure 6.22. (b) Plane shown in Figure 6.27
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Figure 6.37: Evolution of the distance between the center of the plume of the nearest-wall chimney
and the wall.

6.8.6 Distance to the wall

Figure 6.37 shows the distance between the center of the plume which is nearest
the wall and the wall in the planes shown in Figures 6.22 and 6.27. As it can be
seen, from a depth between 5 m and 6 m, the plume starts to move away from the
wall. Thus, any suction effect by the wall is discarded. On the contrary, and as
previously discussed, the liquid tends to move towards the center of the reactor.

As it was already reported in section 3.7, the inlet distribution of the phases
for this case is not as detailed as it is for case F, and the computational mesh is
also coarser. These factors have to be taken into account when drawing conclusions
about the wall effect. The results from section 6.7 suggested a tendency of the liquid
flow to attach the wall, while the results from this section show that the liquid moves
away from the wall from a depth of 5 m on. Case F only studied the first 70 cm of
the reactor, while case G studies the first 11 m. Figure 6.38 shows the comparison
between cases F and G for the first 70 cm of the reactor, where the distance between
the center of the nearest-wall plumes and the wall is plotted against the reactor
depth. As it can be seen, at that depth of 70 cm the case G simulation shows no
change in the distance between the center of the nearest-wall plume and the wall.
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Figure 6.38: Comparison between the evolution of the distance between the center of the plume of
the nearest-wall chimney and the wall for cases F and G.

The case F simulation shows an approachment of 6 cm between the center of the
plume and the wall, which occurs up until a depth of 55 cm, remaining constant
from there on. In case G, the maximum distance that the liquid moves away from
the wall is 7 cm at a depth of 11 m. Taking into account those displacements and
that the reactor has a diameter of 2.77 m, any wall effect on the two-phase flow can
be discarded.
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Chapter 7

Conclusions

After all the results obtained, both with the commercial CFD software Fluent
and the domestic code MFS, the following conclusions can be drawn:

• There is no need to model turbulence in porous media, as it has no effect on
this type of flow for the conditions (liquid velocities up to 2 m/s, gas velocities
up to 0.3 m/s, porosities ranging from 0.33 to 0.53) considered as compared to
the effect the media has on the flow dispersion. Simulations with and without
implementing a turbulence model yielded the same results. This simplifies
slightly the already complex modelization of multiphase flows through porous
media.

• The widely used commercial CFD software Fluent predicts accurately the
macroscopic pressure drop in this type of flows for the operating conditions
of interest in this study. However, regarding two-phase flow dispersion in
porous media there are two issues which need to be properly solved. The
lack of a continuous liquid spreading as the flow descends through a packed
bed and the subtle liquid reconcentration when the flow changes from a less
porous bed to a more porous one need to be addressed. However, the overall
magnitude of the dispersion predicted is in reasonable agreement with ex-
perimental data available in the literature, which allowed the software to be
used in most cases presented in this PhD thesis. In order to do that, new
drag models had to be implemented in Fluent via User Defined Functions.
The same was done with the capillarity models, but stability problems arose
which could not be solved.
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• The domestic code developed during the length of this PhD thesis, Multiphase

Flow Solver (MFS), yields results which are physically more consistent than
those provided by Fluent. MFS is able to predict continuous two-phase flow
dispersion through a packed bed and avoids non-physically consistent predic-
tions when dealing with porosity changes. MFS is still on its development
stage and it is not a completely finished product yet. Numerical instabili-
ties have yet to be removed under certain conditions, although some of them
were already eliminated by linearizing the convective terms, but the results
obtained as of now are encouraging. In addition, the current version of MFS
can be used for parallel computation with OpenMP.

• The capillarity term is the most important parameter for the two-phase flow
dispersion in porous media. At the same time, it increases the complexity of
the model. Modifying this term has a big impact both on the flow behavior
and on the numerical stability of the model. MFS is able to incorporate a
capillarity term without the stability problems of Fluent.

• Two different zones of the reactor have been studied: a region containing the
projection of a chimney from the center of the distribution tray and its sur-
rounding area and another for a near-wall region, containing also the projec-
tion of one chimney and three additional half-chimneys from the surrounding
area. No significant differences have been found in the flow behavior between
the two zones. The liquid distribution does not change significatively as the
flow descends, except at the interface of two different beds when porosity
changes from one bed to another one.

• The simulation of the region under the projection of one near-wall chimney
of the distribution tray and its surroundings hinted at the possibility of liquid
tending to attach the wall as the flow descends. A more detailed study of
one fourth of the reactor shows that there is no flow attachment to the wall.
The regions under the projections of the chimneys placed near the wall spread
the liquid faster radially in the first 3 m of the reactor than those in the cen-
ter of the reactor. From a depth of 5 m on, that tendency changes, and the
regions under the projections of the chimneys placed at the center of the dis-
tribution tray spread the liquid faster radially than those near the wall of the
reactor. Liquid descends with higher velocity in the central region than in the
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near-wall region, which allows the liquid from surrounding regions to move
towards the center of the reactor. Comparing the results of cases F and G and
taking into account the reactor dimensions, it can be concluded that no wall
effect exists.

• A completely uniform distribution in the simulated depth of the reactor is not
achieved. However, at a depth of 11 m, a uniform distribution is reached for
the first 0.3 m in radial direction. In order to accurately determine the exit
flow conditions, and whether the flow is uniformly distributed there, it would
be needed to simulate the additional 7 m of the reactor, with the corresponding
high computational cost. However, the uniform distribution is not important
only at the last 7 m but at the first 11 m too, so the results obtained are enough
to conclude that the two-phase flow distribution is not optimum in the reactor.
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Chapter 8

Future work

Future work should be centered around the completion of the Multiphase Flow

Solver code. The early results point in the good direction, but the complexity of
two-phase flows through porous media requires some extensions to the current state
of MFS. The main recommendations are described below:

• Stabilize the code for the case of large gradients for flows in which the den-
sity ratio between liquid and gas is large. In order to do this, the focus should
be the convective and capillarity terms, and to a lesser extent, the drag terms.
The linearization of the convective terms already removed some of the nu-
merical instabilities. The next step could be the implementation of different
discretization schemes for those terms. Although not presented in this docu-
ment, a collocated mesh was also tested and the Rhie-Chow [31] interpolation
used, but the results were no significatively different from those obtained with
the staggered grid, so it is not recommended to change the type of grid.

• MFS is based on an Eulerian approach. It would be interesting and could be
worth trying to implement a Lagrangian approach as well, either by tracking
the liquid-gas interphase or packages of both phases. A combined Eulerian-
Lagrangian approach is also an option. However, this point needs better defi-
nition before being attempted.

• Since the capillarity term is the key one, it is highly recommended to search
for alternative models to the ones presented in this document.

• Implement chemical reactions and heat and mass transfer processes. Species
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concentrations and temperature can be implemented as scalars, with the cor-
responding transport equations for each of them.

• Once the code is stable under all conditions, and chemical reactions and heat
and mass transfer processes have been implemented, expand it to a cartesian
three-dimensional domain.
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Nomenclature

Latin symbols
C2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . inertial resistance coefficient (m−1)
Dp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . partial diameter (m)
dmin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . minimum diameter (m)
f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . wetting efficiency
F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . drag force per unit volume (N m−3)
G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . gas surface flow rate (kg m−2 s−1)
g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . gravity acceleration (m s−2)
K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . drag coefficient (kg m−3 s−1)
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . liquid surface flow rate (kg m−2 s−1)
ṁ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mass flow rate per volum unit (kg s−1) m−3

p . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . capillary pressure (Pa)
P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pressure (Pa)
t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . time (s)
U . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . velocity (m s−1)
u . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x-direction velocity (m s−1)
v . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . y-direction velocity (m s−1)
x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x coordinate (m)
y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . y coordinate (m)

Greek symbols
α . . . . . . . . . . . . . . . . . . . . . . . . . . . . . coefficient for u velocity correction (m3 s kg−1)
β . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . coefficient for v velocity correction (m3 s kg−1)
γ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . permeability (m2)
ε . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . porosity
θ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . volume fraction
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µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . dynamic viscosity (Pa s)
ρ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .density (kg m−3)
σ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . surface tension (N m−1)
φ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . any scalar
Ψ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .capillarity pressure (Pa)

Superscript
new . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . new time step
o . . .used for the momentum source term which does not include the pressure term
old . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . old time step
′ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . correction value
∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .value from the previous iteration

Subscript
e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . east face of a cell
E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . center of the east neighboring cell
f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . fluid
g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . gas phase
i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x-direction cell face index
I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x-direction cell center index
j . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . y-direction cell face index
J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . y-direction cell center index
l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . liquid phase
P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . center of the cell
s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . solid phase
w . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . west face of a cell
W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . center of the west neighboring cell
x . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x direction
y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . y direction
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