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Chapter 1

1.1 Introduction

Fluid flow plays a signiﬁcaflt role in a wide range of operations in the oil, chemical
and petrochemical industry. Successful reactor engineering crucially depends on the
ability to predict and control the fluid dynamics and mixing occurring in industrial
reactors. Therefore a good understanding of flow behavior and flow distribution is often
crucial for proper design and operation of equipments such as packed and unpacked
reactors and mixers. However, the detailed knowledge about the flow in industrial vessels
is rather limited mainly because most vessels are operated at high temperature and

pressure, which makes measurements of velocities a difficult task.

Fluid flows are usually unsteady, three-dimensional and involve fluids that are to
some degree compressible'. In order to model the main flow features, many simplifying
assumptions are usually made, such as assuming that the flow is steady, or restricted to
less than three dimensions or that it is practicaliy incompressible. The form of the
resulting continuum equations as derived from the conservation law of physics, therefore

depends on these assumptions about the flow and fluids involved.

Computational Fluid Dynamics (CFD) offers the possibility of predicting the detailed
flow and turbulence of the reactor under different geometrical and operating conditions.
Over the past two decades, CFD has undergone a rapid transformation and is nowadays an

integral part of research related to fluid flow, heat and mass transfer problems. CFD is



now well established for single-phase flow problems, and is gaining widespread

recognition for solving multiphase flow problems and problems involving chemical

reactions.

CFD contributes to the analysis of fluid flow and related phenomena such as heat
and/or mass transfer, mixing and chemical reaction. Usually, the domain of interest is
divided into a large number c;f control-volumes or computational cells, which have
relatively small size in comparison with macroscopic volume of the domain of interest.
For each control-volume a discrete representation is made after which an iterative solution
procedure 1s invoked to obtain the solution of the non-linear equations. CFD is based on

the conservation laws for mass, momentum and (thermal) energy.

Flow related problems in the industry are numerous. Oleimans® and Coleman® have
described many of these problems in details. The present work is concerned with the
detailed understanding of one-and two-phase flows in packed and unpacked vessels. An
example of single-phase flow in packed beds can be found in catalytic converters. Two-
phase flow in an unpacked vessel is commonly found in the inlets of polymerization
reactors. Such an industrial case constitutes very complex problems, which may include in
addition to highly turbulent flows, complex geometry of very large scale, (5-20m),
chemical reactions, heat and mass transfer.

Obtaining a rigorous model of one or more of these industrial applications with all
aspects included is beyond the scope of this work for many reasons including the
computational power required to execute such a three-dimensional complex model. This
work concentrates on resolving the flow fields for one-and two-phase flows in unpacked

and partially packed vessels mainly in two-dimensions. The effects of flowrates, number

(]



and arrangement of inlets and outlets, geometric inserts and physical properties are
investigated. Such flow models may be very helpful in offering a better understanding of
the problem. The degree of understanding depends on the problem. For example, such a
two-dimensional model properly simulates axisymmetric, unreactive and isothermal flow.

In the following sections single- and two-phase flows and flow through packed beds

are introduced.
1.2 Single-Phase Flow

Single-phase flow is by far the most common phenomena in day to day life, from the
simple flow of water through a tap to many complex industrial operations. For single-
phase isothermal systems involving laminar flows the conservation equations (Continuity
and Navier-Stokes) are firmly established®. These equations are discussed in detail in
section 3.4. For the closure of the continuity and the Navier-Stokes equations, an equation
for the density is required. For non-isothermal systems, the transport equations have to be
supplemented with a thermal energy equation whereas for systems involving chemical
conversion, species conservation equations (reaction rates) have to be added.

The conservation equations discussed above are also valid for turbulent flows, but
within the context of CFD, a very high resolution in space and time would be required to
capture all the details of the turbulent flow field. Such a resolution is still out of reach for
most modern day computers. There are various turbulence models in the literature and
they are discussed in detail in section 3.9.

Once the governing equations are framed, turbulence model selected, the next step is

to formulate the relevant boundary conditions and then select the appropriate numerical



technique to solve these equations. A suitable computer code is required to implement
these numerical techniques. The numerical results then need to be validated. These steps
are discussed in section 3.3.

Single-phase flow modeling by CFD has received considerable attention over the last
two decades. Single-phase CFD modeling has found application in civil engineering for
solving the problems involving flow dynamics of rivers, lakes and estuaries and external
flow around buildings. Furthermore, CFD has been applied to calculate air currents

throughout the buildings in order to arrive at improved designs of ventilation systems.

In chemical engineering CFD modeling of single-phase flows has been applied to gas
and liquid flows through reaction vessels® (packed/unpacked). Wang and Andrews® have
presented CFD simulation results for laminar flow of a Newtonian liquid in a helical duct.
Mier et al.” have carried out simulations of single phase laminar and turbulent flows at the
entrance of a tube, and flow through an orifice plate. Abid er al.® have studied the
blending/mixing of highly viscous (miscible) liquids encountered in a variety of industrial

operauons.

1.3 Two-Phase Flow

A two-phase flow is one in which dynamic interactions and sometimes chemical
reactions between two-phases or components in a flowing system take place, e.g., liquid-
liquid, gas-liquid, liquid-solid particles and gas-solid particles. Sometimes the two phases
consist of the same chemical substance, as in distillation equipment or they can be

different chemical substances, like dust particles in air.



Due to the great complexity of two-phase flow systems compared to single-phase
flow, assumptions are made that direct the research into three broad areas of approach. In
one approach® the two-phase flow is represented by a fictitious single-phase flow, wherein
the fluid properties such as density and viscosity are defined in such a way as to maximize
the effectiveness of representation. This is at best a crude approximation of the actual
flow. Another approach deals \.vith separated flow models, wherein the fluid dynamic
equations are developed separately for each phase. These equations can then be combined
to describe the total flow, or boundary conditions can be assumed between the two phases
to couple the two sets of equations. The third and most phenomenological approach
breaks the analysis of two-phase flow into several flow regimes. Some regimes are almost
continuous whereas for other regimes there is a discrete, pronounced structural change.
The flow regime is broken down in terms of the actual structure existing between the two-
phases. The flow regime is defined in terms of the actual resultant flows, even though
there are too many operative factors to predict with accuracy which of these regimes will
occur in a given flow system. This description of regimes is therefore necessarily of a
qualitative, subjective nature.

Theoretical and experimental studies of two-phase flow are becoming increasingly
important because of their widespread applications in industry. This relevance is being
given a great stimulus by the expanding needs of moderm industrial societies. The
application of two-phase flow research to problems in the petrochemical industries is clear
from systems such as reactors, boilers, evaporators, distillation towers, and turbines.
Transportation and extraction of the products of oil are other obvious applications. As

movement toward such alternative energy sources as coal gasification, nuclear energy,



and solar energy, new applications of two-phase technology become even more
important®. Quite apart from the oil, petrochemical and industries concerned with the
development of energy supplies, two-phase flow occurs in such varied industries as food
processing, paper manufacturing, and steel manufacturing.

Many applications outside industry also exist. Rain, snow, dust storms, and fog and
cloud formation all involve interactions of two phases. Bioengineering, from the study of
blood flow to the inhalation of air-suspended particulate matter, finds a need for
understanding of two-phase flow phenomena.

Coleman® has discussed the use of the CFD approach in understanding unit operations
in the chemical industry. He has presented a detailed study of some cases at BP Amoco
Chemicals, wherein CFD was used not only to aid in understanding and solving existing
process problems but also to assist in the design of new process operations. A detailed
case history of distribution of an evaporating spray in a reactor inlet is presented, which is
of significant relevance to the present investigation.

The widespread availability of fast computing facilities and the rapid advance of
powerful numerical techniques and software offers the best possibility of numerical

simulation of two-phase flow problems.

1.4 Flow Through Packed Beds

Fluid flow through packed beds is commonly encountered in industrial applications
involving mass and heat transfer both with and without chemical reactions. Complete
understanding of the fluid flow distribution in packed beds is of considerable practical

importance due to its significant effect on transport and reaction rates. Packed beds could



be either fixed bed or moving bed type. The fixed bed catalytic reactor is widely used in
the chemical industry'®. In chemical engineering processes, packed beds are frequently
used as catalytic reactors, filters, or separation processes like absorption, adsorption and
distillation. In design of these devices, fluid dynamics plays an important role, since the
transport of chemical species, mixing or contacting catalytic surfaces, is entirely described
by the fluid dynamical conservaﬁon Iaws.

Some common design elements that need to be considered first when dealing with
packed beds include pressure drop, flow maldistribution, interfacial and intra-particle
gradients and the effect of catalyst characteristics on the process or hydrodynamic design.
The present work investigates the flow distribution in partially packed beds.

The analysis of fluid flow, heat transfer processes and coupled chemical conversion in
packed bed reactors has traditionally received considerable attention from chemical
engineers. Coleman’ has discussed the use of CFD in solving some industrial scale cases
involving the used of packed beds and the ability of CFD in identifying the problem areas

and their successful solution.

1.5 Objectives of the Study

Although many single- and two-phase flow problems in unpacked and packed vessels
have been investigated experimentally and numerically, there does not seem to be many
published references that deal with flow distribution in large industrial vessels. Most of
the research in this area has been concentrated on some theoretical model developments,

and generally on a very small scale.



The present study uses some of the techniques mentioned in this chapter to simulate
the flow in unpacked and partially packed vessels. The vessel simulated in the present
study has actual industrial dimensions and operating conditions. The geometry and
operating conditions of the vessel though appears to be very simple but actually from the
flow distribution point of view, causes a lot of flow maldistribution, thereby reducing the
overall efficiency of the vessel. ;I“he study aims to improve this flow situation using some
alternatives. The study aims at simulating single-and two-phase flows in the vessel while
unpacked and partially packed. The effects of vessel geometry, inlet and outlet boundary
conditions, fluid flowrates and physical properties, split of phases (volume and mass
percentages), turbulence model, and interphase friction (two-phase flows) on the patterns
of fluid flow are investigated.

The work is motivated by operating problems faced in the local industry in the above
mentioned and other vessels. .

In the above-mentioned vessel, a part of the catalyst constituting the packed bed is
found to be underutilized during shutdowns. This may be partly due to flow
maldistribution. Other vessels where two-phase flows are used face other problems such
as accumulation of liquid in certain undesirable locations. Such accumulation may result
in surging of compressors and/or in off specification polymerization products.

This study is not meant to offer final solutions to such problems, partly because it is a
2D study and partly because it does not include chemical reactions. Nevertheless, it is
expected to provide a valuable contribution towards a better understanding of the flows

under investigation and factors affecting such flows.



Chapter 2

Literature Review

2.1 Introduction

In recent years Computational Fluid Dynamics (CFD) has emerged as a powerful tool
for engineers and scientists alike, providing valuable information on the temporal and
spatial distribution of key variables in a flow field. CFD can be applied with confidence to
solve a variety of single-and multiphase flow problems. CFD is a discipline that
encompasses the numerical solution of the equations of mass, momentum and energy
conservation in a flow-geometry of interest, together with subsidiary sets of equations
reflecting the problem at hand. Examples of such subsidiary equations include (1)
equations for turbulence quantities in the context of the Reynolds-averaged formulation of
the equations of fluid motion, (2) equations describing chemical species present in the
flow and (3) equations describing the dynamics of solid particles, liquid droplets and gas
bubbles dispersed in the flow. Further complicating factors could be due to the fact that
the flow occurs in a complex geometry, the fluid has non-Newtonian properties, and/or
the chemical kinetics contains many steps. All these factors have to be accounted for in an
appropriate way in a CFD calculation'?.

The continuing development of the CFD technology has meant that the CFD
calculations are now increasingly being seen as an integral part of optimization or

development plans for a much wider range of chemical processes. Although, in many
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cases optimizing the flow may only result in an increase in selectivity of one or two
percent, the low margins in the industry mean that this can represent a staggering increase
in profitability. The realization of this has already motivated the application of detailed
flow models to specific processes involving chemical reactions. These calculations help to
identify the possible problems occurring in existing systems and provide useful insights in
the design of experiments. Furtl"xermore, once they are accepted as a reasonably accurate

description of the processes in a reactor they can be used for scale up'>.

There has been an extensive research in the area of single-phase flow applications in
stirred tanks, packed bed reactors, polymeric flows and chemically reactive flows'>. The
next section highlights a review of the investigations in single-phase flow modeling using

CFD.

2.2 Single-phase flow

Single-phase flow modeling has received considerable attention since the advent of
Computational Fluid Dynamics. Within single-phase systems a further distinction can be
made between systems involving i) laminar flows in complex geometries, ii) turbulent
flows, iii) flows with complex rheology, and iv) fast chemical reactions''. CFD has been
successfully used for single-phase flow simulation in open channels and stirred tanks.
CFD simulations of flow in baffled stirred tank reactors (BSTRs) are desirable because
they provide a useful supplement to the poorly established scale-up criteria that are
traditionally used to design reactors in conjunction with the results of laboratory or pilot-
scale tests. The first two-dimensional CFD simulation of BSTRs was carried out by

Harvey and Greaves'®. The overall flow patterns obtained in these simulations were in
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encouragingly good agreement with experiments and paved the way for further
development of BSTR modeling using CFD.

Harris er al.'? have reported results of single-phase CFD simulations of industrial
scale BSTRs. They have carried out three-dimensional simulations of stirred tanks using a
variety of meshing techniques and have found good agreement with experimental work.
They have concluded that although an enormous amount of progress has been made in the
past decade, simulation predictions for mean velocities and turbulence quantities are still
not entirely satisfactory, even for single-phase non-reacting flows. Improved turbulence
modeling and high performance computing have a particularly important role to play in
the future application of CFD to this type of reactor

Harris et al.'? have also carried out single-phase CFD simulation for non-Newtonian,
non-isothermal flow (polymeric flow) in an extruder. The main feature of their work was
that the viscosity of the fluid, which was a novel type of polymer, exhibited a combined
shear-rate and temperature dependence through a complex geometry. CFD modeling was
successful in optimizing the extrusion process by improving the residence time
distribution of the fluid so as to avoid hot spots, which caused polymer degradation. A
challenge with this modeling is the experimental validation of these complex rheological
models.

Mier et al.” have presented numerical results for single and multiphase flows using
staggered and collocated grids in the finite volume methods for four standard flows:
developing laminar single-phase flow at the entrance of a tube; developing turbulent
single-phase flow at the entrance of a tube; incompressible flow through an orifice plate

and developing turbulent gas-solid flow in a vertical pipe. They analyzed the
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convergence rate, the stability of the pressure-velocity coupling, the dependence of the
solution on the grid size and the capability of reproduction of experimental data and/or
analytical solutions. The numerical results when compared with experimental data were in
a good agreement. The results showed that the staggered arrangement of the grid has an
advantage when dealing with high-pressure gradient and multiphase flows. The number of
iterations were largest using Lh;: staggered grids for single-phase flows. This probably
occurs due to the fact that coarse collocated grids guarantees the conservation law in a
larger control volume for the same grid concentration.

Another critical issue in single-phase flow modeling is the behavior of the jets. Lane'’
has presented a detailed account of the jet behavior in tanks. A jet may be either laminar
or turbulent depending on the jet Reynolds number. Lane has given the ranges of the jet
Reynolds number for characterizing whether a jet is laminar or turbulent. In this
investigation, since the inlet v;locity is very high (57 m/s), the jets are turbulent. The jet
expansion plays a very crucial role in the flow distribution pattern. Turbulent jets have a
lower expansion than laminar jets. The cone angle of the jet gives an indication of the jet.
The cone angle' for turbulent jets that have been reported in literature vary between 8-
20°. In this investigation, the cone angle of the jet is about 10°, which is due to very high
Jet velocity which hampers the jet from spreading sideways. If the angle of spread or
expansion is more, it would be beneficial as it can reduce the size of low velocity zones
between the adjacent jets. In the vessel under consideration, these jets are far apart and the
adjacent jets do not connect and this can lead to considerable low velocity zones, in

between the jets themselves.



2.3 Two-Phase Flow

By a combination of rigorous model development, advanced computational
techniques, and a number of small-and large-scale supporting experiments, considerable
progress has been made in understanding and predicting two-phase phenomena. Current
approaches towards developing multiphase models depend on some form of averaging.

Analytcal methods for the development of the basic equations for two-phase flow
include:

1. Homogeneous model/drift flux model

2. Separate-flow model (two-fluid model)
The first model is more suited to dealing with mixed flow such as bubble flow and slug
flow, while the second is more suited to cases where flow is separated, as in stratified and
annular flow. Numerical methods for two-phase modeling include:

1. One Fluid Approach

[S]

. Two-Fluid Model (Euler-Euler)

w

Mixed Approach (Euler-Lagrange)

Numerical methods are dealt with in detail in Section 3.3.
2.3.1 Homogeneous Model/ Drift Flux Model

The homogeneous model'S treats the mixture as a whole, and consequently the
physical properties are represented by the average value of the mixture. This treatment
assumes that the gas and liquid phases possess the same velocity (or the slip velocity is
neglected). This model was used extensively in the past, because of its simplicity. The six

unknowns to be determined, as in single-phase flow, are the velocity vectors (in three

13



directions), pressure, temperature, and density. The number of equations (Continuity, 3
momentum equations, energy equation and equation of state for density) is thus equivalent
to the number of unknowns.

The homogeneous model seems to be well suited for the description of complex
systems, such as nuclear reactors, which cannot take into account a detailed
separate-phase flow model because of their complexity. The model does not seem to be
very popular due to its inaccuracy for two-phase flow in comparison with the separate

flow model.

2.3.2 Separate Flow Model (Two-Fluid Model)

As both phases occupy the full flow field concurrently, two sets of conservation
equations corresponding to these two phases can be written and must be complemented by
a set of interfacial jump conditions (discontinuities). The separate flow model'’ takes
account of the fact that the. two phases can have differing properties and different
velocities. Separate equations of continuity, momentum and energy, if required, are
written for each phase and these equations are solved simultaneously. The equations are
coupled by the fact that the summation of liquid and gas volume fraction in each cell is
always equal to one. In its simplest form, only one parameter, such as velocity, is allowed
to differ for the two phases while conservation equations are only written for the
combined flow.

The separate flow model considers the phases to be artificially segregated into two
streams; one of liquid and one of gas. Each stream is assumed to travel at a mean velocity.
For the case where the mean velocities of the two phases are equal the equations reduce to

those of the homogeneous model. The basic premises upon which the separated flow
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model is based are the assumptions of (a) constant but not necessarily equal velocities for

the two phases, and (b) the attainment of thermodynamic equilibrium between the phases.

The model may be developed with various degrees of complexities. In this

investigation a similar type of approach will be used, but turbulence equations will also be

solved for the two-phase situation, which is dealt with in details in section 3.6.

2.3.3 Flow Patterns in Two-Phase Flow

From an engineering viewpoint, the final objective of studying two-phase flow is to
determine the heat transfer and pressure drop characteristics of a given flow. The
hydrodynamic behavior of two-phase flow, such as pressure drop, volume fractions, or
velocity distribution, varies in a systematic way with the observed flow pattern or regime,
just as in the case of a single-phase flow, whose behavior depends on whether the flow is
in the laminar or turbulent regime. However, in contrast to single-phase flow, there exists
a lack of generalizing principles for gas-liquid flow that could serve as a framework for
solving practical problems. For instance, for a two-phase flow, we do not have such
comfortable phenomenological principles as Prandtl's mixing-length theory, the methods
of analogies such as Colbum's ¢’ factors, or the simplifications allowed by
boundary-layer theory. The identification of a flow regime automatically provides a
picture of the phase boundaries. The location of the phase boundaries in turn aliows one to
make various order-of-magnitude calculations using integrated forms of the momentum
and continuity equations. Such calculations suggest which variables might be worthwhile
investigating and what kind of hydrodynamic behavior is to be expected. Two-phase

flows are frequently characterized by two important quantities:
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(i) The gas volume fraction, R;, which is defined as the ratio of the volume of gas to the

total volume of gas and liquid in a flow.

volume of gas
total volume

R, =

The fractional volume of the liquid (R>) then becomes (1 - R,).

(i1) The superficial gas velocity, v,, which is the ratio of the gas volumetric flow rate Q,

at a given flow cross section, to the cross-sectional area A.

v, =Q/A

2.3.4 Flow Regimes in Two-Phase Flow

The main interest in this work is concentrated on flow in a large vessel (a horizontal
cylinder, 18.2 m long, and 4.9 m in diameter). However, it is beneficial when talking
about two-phase flows to be aware of the possible flow regimes. Such regimes are better
defined for two-phase flows in pipes. Typical flow patterns in vertical and horizontal
pipes18 are shown in Figures 2.1a and 2.1b respectively. Flow patterns identified in these
figures can be described as follows:

(1) Bubbly flow. In bubbly flow, the gas phase is moving as isolated bubbles in a liquid
continuum. This flow pattern occurs at low gas volume fractions.

(11) Slug flow. In vertical slug flow, bubbles that have nearly the same diameter as the tube
and have a characteristic rounded front and move along separated by liquid slugs, which
may contain a dispersion of smaller bubbles. In horizontal slug flow, large liquid slugs
move behind bubbles large enough to cover the entire diameter. Such flow occurs with

moderate gas volume fractions and relatively low flow velocity, and can be considered a
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Figure 2.1 Typical two-phase flow patterns: (a) flow patterns in vertical flow
(b) flow patterns in horizontal flow (after Tong & Tangls)
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transition between bubbly and annular flow. Such transitions may take place in more than
one step, as shown for the next two flow regimes.

(iii) Plug flow. This is applicable only to horizontal flow, as shown in Figure 2.1 b. It
consists of elongated gas bubbles. Although the name is sometimes used interchangeably
with slug flow, it is differentiable in horizontal flow by the shape of the gas cavity.

(v) Churn flow. As the gas veiocity 1s increased, the slug flow regime begins to break
down and the gas bubbles become unstable, leading to an oscillating, "churning” flow
(especially in air-water systems). Thus an alternative name for this region is unstable slug
flow.

(v) Wispy annular flow. In wispy annular flow, the central region of the flow is gaseous
except for wisps of droplets bunched into discrete groupings. Such a flow usually occurs
at high mass-flow rates.

(vi) Annular flow. In annular flow there is a continuous liquid in an annulus along the wall
and a continuous gas/vapor phase in the core. The gas core may contain entrained
droplets, dispersed mist, while the discontinuous gas phase appears as bubbles in the
annulus. This flow pattern occurs at high void fractions and high flow velocities. A
special case of annular flow is that where there is a gas/vapor film along the wall and a
liquid core in the center. This type is called inverse annular flow and appears only in sub
cooled stable film boiling.

(vii) Mist flow. This type of flow is common in cases of high velocity gas-continua in
which the liquid phase is dispersed and occurs at very high gas volume fractions.

(viil) Stratified and Wavy Flows are characteristics of horizontal flow as gravitational

forces inhibit such a regime in case of vertical flows.
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All the above regimes are for very high L/D (Pipe length: Pipe diameter) ratios. In the
current investigation, this ratio is not high since the diameter is very large. Therefore the
flow regime in the vessel under consideration may not be directly related to the previously
considered regimes. However this is not crucial because the flow is solved in a rigorous
manner and the interphase friction estimated based on a bubble or droplet diameter. The

phases are considered interdispersed in the large vessel.
2.4 Literature Review of Two-Phase Flow Problem

Although CFD can be applied with confidence to solve a variety of single-phase flow
problems, a considerable effort still has to be made before CFD can be applied to the
study of gas-liquid two-phase flows with the same level of confidence. Several problems
have yet to be solved, for instance there seems to be no general agreement on the
definitive form of the governing equations. There is also an ongoing debate about which
modeling approach (Euler-Euier or Euler-Lagrange) is most suited for the study of gas-
liquid two-phase flow. Furthermore, CFD modeling of gas-liquid two-phase flows is
complicated by considerable ambiguity about the correct description of bubble dynamics
and about the interplay between the bubbles and the turbulent eddies.

Nevertheless, CFD modeling of dispersed gas-liquid/two-phase flow has shown
remarkable progress over the past two decades. The flow could be either that of a liquid
continuum-gas phase dispersed or a gas continuum-liquid phase dispersed. Two most
common approaches to modeling gas-liquid two-phase flows are the Euler-Euler or two
fluid approach and the Euler-Lagrange or discrete bubble approach. In the Euler-Euler

approach, both phases are modeled as two interpenetrating continua. In the Euler-
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Lagrange approach, the volume averaged Navier-Stokes equations are used to describe the
motion of the continuous phase and each bubble is tracked on basis of a balance of forces
acting upon the bubble and an equation of motion.

There has been an extensive research in the area of gas-liquid two-phase flow in
bubble columns. Delnoij et al.'® have reported a three dimensional numerical model for
gas-liquid bubble columns (liquid continuum-gas phase dispersed) using an Euler-
Lagrange approach. The model resolves the time-dependent three-dimensional motion of
smali, spherical gas bubbles ina liquid. It incorporates all relevant forces acting on a
bubble rising in a liquid, and accounts for two-way momentum coupling between the
phases. Their results underlines the importance of dynamic modeling and it further
strengthens the case for the development of (pseudo) two-phase instantaneous, whole field

measurement techniques, rather than, measurement techniques that produce time-averaged

data.

Spicka er al.’ carried out numerical studies of the hydrodynamics of gas-liquid flow in
a 2D acrylic reactor with internal dimensions of 200 by 600 by 2 mm, packed/unpacked
rectangular reactor (liquid continuum-gas phase dispersed). They reported experimental
data that was obtained using different techniques of imaging such as laser velocimetry,
and pressure drop dynamics. They investigated the hydrodynamic parameters such as gas-
holdup, interfacial area, bubble velocity, liquid turbulence intensity, and pressure drop.
Their experimental results were in excellent agreement with the CFD predictions.

Al-Dahhan er al.® investigated two-phase flow in trickle-bed reactors. One of the
major challenges in the design of trickle-beds is the prevention of liquid flow

maldistribution, which causes portions of the bed to be incompletely wetted by the
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flowing liquid. Their numerical results were in good agreement with their experimental
results

Kuipers and Van Swaaij'’ suggested the use of a mixed Eulerian-Lagrangian approach
for solving dispersed multiphase flow. They also studied bubble formation at a single
orifice in gas-fluidized beds (liquid continuum-gas phase dispersed) and reported good
agreements of numerical simulations with experimentally observed bubble size using the
two-fluid model.

Ranade and Van den Akkc.:r21 carried out extensive studies of two-phase flow using a
computational snapshot approach and found good agreement of predicted results with
experimental data. Ranade™ has also studied gas-liquid flows for bubble column reactors
using the two fluid model approach (liquid continuum-gas phase dispersed) and concluded
that sparger characteristics and resistance play a crucial role in determining the fluid
dynamics of bubble columns.

There is an extensive amount of literature on gas-liquid flows, but most of the cases
discussed above are those of liquid continuum in which the gas phase is dispersed in
rather smaller scale geometry. In this study we aim to investigate numerically two-phase

flow in a large size vessel.

2.5 Flow Through Packed Beds

A derailed knowledge of the fluid flow profile is essential for a proper design of
packed beds. CFD can be used to model a wide variety of flows through porous media,
including flow through packed beds, perforated plates, flow distributors and tube banks.

In one type of modeling, a zone is defined in which the porous media model is applied
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and the pressure loss in the flow is determined via user-defined inputs. Heat transfer
through the medium can also be represented, subject to the assumption of thermal
equilibrium between the medium and the fluid flow. Typically a porous media model
incorporates an empirically determined flow resistance in a region of the model defined as
porous. A porous media model is nothing more than an added momentum sink in the
goveming momentum equations'.

A number of early studies showed that reaction and radial heat transfer can only be
modéled correctly if the non-uniformities of the bed structure are properly accounted
for** . Therefore over the years, a number of studies investigated the radial variation of
the axial gas velocity in packed beds. These studies included axial velocity
measurements at various radial positions, measurement of radial porosity profiles®*
and modeling of the radial variations of axial velocityzg' 30 1t was noted, however, that
in industrial packed beds, some nonuniformities either due to the presence of internal
structures® " > or due to irregular gas inlet design® could cause the flow not to be one-
dimensional and the gas velocity to vary in both radial and axial direction. Such a two-
dimensional flow is called "non-parallel" flow in the literature*, Hence, for industrial
applications of packed beds, it is certainly important to be able to effectively model the

non-parallel gas flow. In general, three types of mathematical models have been

developed for the treatment of non-parallel gas flow in packed beds?® . They are:
1) Vectorized Ergun equation model
2) Equations of motion model

3) Discrete cell model MDCM)



The Vectorized Ergun equation model is based on the assumption that a packed bed
can be treated as a continuum. The model utilizes the empirical Ergun equation, which
holds well for overall pressure drop in the macroscopic beds with unidirectional flow,
for an infinitesimal length of the bed and applied in the direction of flow. A number of
investigators ' > 3 utilized this method to model two- and three-dimensional flow in
packed beds.

The Equations of motion model, in principal, solves the mass and momentum
conservation equations for the'ﬂowing phase provided the solid boundaries are precisely
specified. Such a direct numerical simulation (DNS) however is beyond the reach at
present for large industrial-scale packed beds*®. By employing the effective viscosity as
an adjusting factor, Ziolkowska and Ziolkowski* and Bey and Eigenberger®® have

developed a mathematical model for the interstitial velocity distribution.

Another possibility of modeling packed bed reactors involves the use of a so-called
Discrete Cell Model (DCM)*° approach which is based on the concept that the packed bed
may be represented by a number of interconnected discrete cells with the bed porosity
allowed to vary in two directions from cell to cell. The fluid flow is assumed to be
governed by the minimum rate of total energy dissipation in the packed bed (i.e. flow
follows the path of least resistance). It is assumed that the Ergun equation is applicable at
the cell scale. Therefore, the solution for velocity at each cell interface can be achieved by
solving the non-linear multivariable minimization problem. Jiang er. al.®® compared the

numerical simulation results with CFD predictions and found reasonable agreement.

Fluid flow between particles in packed beds is characterized by a random packing

geometry, high turbulence and strong velocity fluctuations. Any realistic flow model must
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therefore be based on some averaging assumptions. One generally accepted procedure28 1s
to assume angular symmetry (in case of cylindrical coordinate system) of the flow profile
and to consider a continuous distribution of the void fraction in the packing. Then any
fluid flow will create continuously distributed interstitial velocity. The flow field can be
described by the Navier-Stokes equations if additional terms for fluid-particle interactions
are incorporated. Vortemeyer ;1nd Schuster’’ proposed the application of the extended
Brinkman equation where the fluid-particle interactions is described by a two-dimensional
Ergun pressure correlation and the fluid wall friction is separately taken into account. This
allows the application of a no-slip boundary condition at the wall where the void fraction
approaches unity. The conceptual difficulty that fluid-wall friction is treated differently
from fluid-particle friction is considered acceptable since fluid-wall friction affects the
flow profile only in the immediate vicinity of the wall, whereas inside the packing Ergun
pressure drop, describing fluid-particle interaction is by far dominating.

Vortemeyer and Schuster’’ have used this variational approach to evaluate the steady
two-dimensional velocity profiles for isothermal incompressible flow in rectangular and
cylindrical packed beds. They used the continuity equation, Brinkman's equation and a
semi empirical expression for the radial porosity profile in the packed bed to compute
these profiles. Their results showed that significant preferential wall flow occurs in cases
where the ratio of channel diameter and particle diameter becomes sufﬁcien_tly small.
Although their study was done for an idealized situation, it has laid the foundation for
more detailed studies?® . The momentum equations for interstitial velocity have been used
assuming laminar viscosity. Bey and Eigenbf:rger28 used the increased "turbulent

viscosity” which accounts for the highly turbulent interstitial flow. They took
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measurements outside the fixed bed behind a monolith. Hence, before and behind the
monolith the fluid shifts from the region near the wall to the centre. When the comparison
was carried out between measured velocity profiles outside the bed with simulations, they
concluded that these changes have to be taken into account. These researchers™ >’ have
used a two-dimensional model containing the continuity equation and the momentum
balance equations in the radial a.nd axial direction. The momentum balances are composed

of the Ergun equation and of shear stress and inertia effects.

Ih this investigation the épproach of Bey and Eigenbergerz8 has been used, but the
model equations are for a Cartesian coordinate system instead of the cylindrical system
used by them. The details are discussed in section 3.5. The pressure drop in the packing
has been evaluated by the well-established correlation of Ergun®® wherein factors
determining the (energy loss) pressure drop in packed beds should be considered. These
factors are the: (1) rate of ﬂu?d flow, (2) viscosity and density of the fluid, (3) closeness
and orientation of the packing, and (4) size, shape, and surface of the particles. The first
two variables concern the fluid while the last two the solids. In this investigation, the first
two factors have been considered for modeling the pressure drop through the packed bed

while the values of the other two factors are assumed to remain constant.
The literature survey for the present investigation is summarized in the following
Tables.

Table 2.1: Summary of Published work in Single Phase Flow

Investigators Reference Year Technique Used
Abid et al. 8 1992 Experimental and CFD
Wang & Andrews 6 1995 CFD



Harris et al. 12

Mier er al. 7

1996

1999

CFD

Experimental and CFD

Table 2.2: Summary of Published work in Two-Phase Flow

Investigators Reference  Year
Ranade & Akker 21 1994
Ranade 22 1995
Kuipers & Van Swaaij. 11 1997
Al-Dahhan er al. 23 1999
Delnoij et al. 19 1999
Spicka er al. 5 1999
Coleman 3 1999

Technique Used

Experimental and CFD
Experimental and CFD
Experimental and CFD
CFD and DCM

CFD

Experimental and CFD

CFD

Table 2.3: Summary of Published work in Flow through Packed Beds

Investigators Reference  Year
Ergun 38 1952
Stanek & Szekely 35 1974
Szekely & Poveromo 33 1975
Lerou & Froment 26 1977
Vortemeyer & Schuster 37 1983
McGreavy et al 27 1983

26

Technique Used

Experimental

Theoretical and Simulation
Experimental and Simulation
Experimental

Simulation

Experimental



Delmas & Froment 24 1988 Experimental and Simulation
Bey & Eigenberger 28 1997 Experimental and Simulation
Jiang er al 20 2000 CFD and DCM

From the above extensive literature review, it can be concluded that the importance of
uniform flow distribution had been recognized for a long time, but all the investigations
were attempted for lab scale models and there is a scarcity of data for large industrial
scale vessel as is considered in this investigation. From the literature review for two-phase
flow. the two-fluid model seeﬁs to be the most promising model and the same has been
used in this investigation. Also the k —¢& turbulence model is the most widely used for
turbulence modeling and the same is incorporated in this investigation. Lastly the
modified Ergun equation is the most popular equation for analyzing flow through packed

beds and the same has been used in simulating the flow through packed beds.

2.6 Experimental Validation of Results

Experimental validation of CFD results is considered a prerequisite to pave the way for
widespread acceptance of CFD in the chemical engineering community, especially in
connection with multiphase flow applications'!. The available experimental techniques
can be classified according to the following aspects:

1.Type of quantity measured

2. Local or whole field measuring

3. Instantaneous or time-averaged quantities

4. Intrusive or non-intrusive method.



For the measurement of pressure, temperature, phase concentrations, composition and
velocities in single and multiphase systems, a variety of experimental methods are
available, ranging from the simple probe techniques to sophisticated whole-field
measuring methods. Thermal anemometry, electrical sensing techniques, light scattering
and optical methods, electromagnetic wave techniques and ultrasonic techniques have all

been used to study complex ﬁuid flows. Some commonly used techniques for CFD
validation are:
° Léser Doppler Anemometry (LDA)
e Particle Image Velocimetry (PIV)
e Nuclear Magnetic Resonance Imaging (NMR)
e Laser Induced Fluorescence (LIF)
e Particle Tracking Method (CARPT)
e Tomographic Techniques
Significant progress has been made in recent years with respect to development of
experimental techniques for both single and multiphase flow applications. Clearly, CFD

has partly generated the driving force, which has led to the development of some of the

above stated advanced techniques and will continue to do so in future,

2.7 Computer Codes for CFD simulations

It is necessary to translate the already described solution procedure into computer codes to
generate useful simulations of engineering equipment. A CFD code needs to be designed
to give appropriate importance to general applicability, ease of use and economy of

computations.



Instead of expanding the capacities of the in-house research purpose code to carry out
real life, complex engineering flow simulations, it might be more efficient to use a
commercially available CFD code. A number of CFD codes are available commercially,
each with its own particular set of features. Most of these codes however provide user-
friendly facilities for modeling complex geometries and grid generation. The powerful
post-processing facilities develobed by professional programmers also aid the user in the
interpretation of simulated results. It should be noted here that, although a variety of
ready-to-use commercial codes are available, the experience and insight gained through
the use of in-house codes may turn out to be very valuable.

Dombrowski er al.*® have reviewed the various available CFD codes. PHOENICS,
FLUENT, CFX and FIDAP are the major codes available presently. The first three codes
use a finite volume approach and the fourth one uses finite elements. Almost all-modemn
CFD codes have a k —& model for describing the turbulence. Most of these codes also
provide for more advanced models like algebraic stress models or Reynolds stress models.
Provision for non-Newtonian flow modeling is one of the important features, which is
most relevant to the chemical and process industries. Most of the codes can handle power
law and Bingham models of non-Newtonian fluids. FIDAP provides more complex
models like the Carreau model together with the power law. Multiphase flow modeling is
another important area for the chemical and process industries, and only a few codes
provide this facility. PHOENICS provides three types of multiphase flow modeling,
including two interpenetrating continua, particle tracking and free surface flows.

An important feature of a CFD code from the point of view of a complex application

is the ability to incorporate or extend the code via user-written modules because, no
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matter how general the code is, it will be necessary to develop specific sub models to
simulate specific reactors. Some codes provide the ability to incorporate user defined
physical property models and also enable new numerical features to be included.
PHOENICS was chosen to carry out the present study as it has been tried before to

simulate one-and two-phase flow problems in complex geometries*®*!.
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Chapter 3

Mathematical Formulation

3.1 Introduction

Numerical Simulation of flow in a vessel, involves specifying the governing
conservation equations using an appropriate turbulence model, specifying the proper
boundary and initial conditions and then solving these equations.

Thus resolving the flow in a desired equipment includes formulation of governing
transport equations, formulation of necessary constitutive and closure equations,
formulation of appropriate boundary conditions, selection of numerical techniques to
solve these governing equations, development or selection of a suitable computer code to
implement these numerical techniques, validation of techniques and codes, and flow
simulation strategies for the desired equipment. All of these aspects will be discussed in

the following sections.

3.2 Mathematical Formulation of Single-Phase Flow

The choice of a co-ordinate system and the meshing technique chosen depends on the
shape of the geometry. Most shapes can be represented by either Cartesian, or cylindrical
polar co-ordinates. For more complex geometries what is called as Body-fitted co-

ordinates can be used.
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Single-phase flow is based on the conservation laws for mass, momentum and energy

which can be expressed in Cartesian coordinates as* :
(1) Mass conservation (Continuity Equation):
e

—+Veov=0
ot

(2) Momentum equation (Navier- Stokes equation)

Dv

ep="VP +uVivipg
(3) Energy equation
o} E(lvz) =—(V.Vp) - (V.[V.T ]) + Q(v.g)
Dt\2

(-1

(3-2)

(3-3)

The mass, momentum and energy conservation differential equations can also be written

in the more general form, which is used by PHOENICS*:

9 (Rie P @ i) .
_T+ dw(Rigivizgi —RiI‘(PigradcpiJ =Riscpi (G-4)
Transient Convection Diffusion Source
where
R, volume fraction of phase /
?; any conserved property of phase 7
v, velocity vector of phase 7

Ty exchange coefficient of ¢ in phase i

source rate of p; per unit volume
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Thus, the coatinuity equation for phase i becomes:

ig{ai-tii—) + div(Rig : vi)= R, S‘?i (3-5)
where
o; is the density of phase i
and the conservation of momenn;m for variable g, becomes:

where

Hoff 1S the effective viscosity

For the single-phase model the term i = 1 and the equations are reduced to one phase
only. Gravitational body forces are represented in PHOENICS by way of sources of
momentum in the equations for each of the six velocity components (3 for each phase).
Such sources are specified in a way that ensures the multiplication of the acceleration due
to gravity by the mass of the phase in the velocity cell, which results in the source being

set to the force acting on the velocity cell.
3.3 Modeling of Two-Phase Flow

Two-Phase flow in reactors is mostly turbulent. In some cases the liquid is assumed to be
a continuum while the second phase, usually a gas, exists in the form of dispersed
bubbles. In other cases the gas may be a continuum while the liquid exists in the form of
dispersed droplets. Therefore it is necessary to select an approach for simulating

turbulence and the effects of the dispersed phase on flow characteristics.
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Two-phase flow can be resolved using one of the many available techniques. These
include (i) one fluid approach, where one set of continuity and momentum equations is
solved. In such a case one needs to assume a distribution of void fraction for a liquid
continuum-dispersed bubbles case, (ii) two fluids approach where two sets of momentum
and mass conservation equations are solved, one for each phase. This method gives
generally more accurate results.. However it requires additional information such as the
interphase friction coefficient (Euler-Euler) and (iii) one set of equations is solved for one
phase while the second phase is treated by a Langrangian technique (Euler-Lagrange).
Another key issue in two-phase flow simulation is turbulence. A number of models are
gvajlab]e to simulate turbulence effects. The Ak —¢& model is used in the present study
with one selected case re-run using the Reynolds stress model. The modeling of
turbulence is discussed in section 3.9.

The effects of heat transfer on two-phase flow can be accounted for by solving the
energy equation. The effects of phase change (evaporation or condensation) can also be
taken into account.

In this study the second option that is solving two sets of equation is used. The two sets
of equations are coupled by the fact that the summation of liquid and gas volume fraction
in each cell is always equal to one. The interphase friction also needs to be calculated.
This depends on the size of the dispersed droplets or bubbles. The method of estimating
the droplet/bubble diameter is explained in section 3.4.1.

The effects of heat transfer or chemical reactions in the present study are not included.
The continuity and momentum equation formulation is the same as for one-phase except

that the term i = 2 contrary to that for single-phase flow.
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A general-purpose multiphase three-dimensional CFD package, PHOENICS is
used for solving the equations. In modeling two-phase flow, a set of the full conservation
equations for mass and momentum in primitive variables for steady flow (the Navier-
Stokes and the continuity equations) are solved for each phase to determine the pressure
and flow fields. The two sets are coupled by the fact that for each computational cell, the
summation of the liquid and gag volume fractions is equal to one. A solution algorithm
based on the SIMPLE algorithm given by Patankar®® is used for discretization. For
multiphase flows, additional coupling between two phases through interphase forces
needs to be handled. IPSA™ (Inter Phase Slip Algorithm) is one way of handling two-
phase flow problem in the CFD package. IPSA can be used along with the SIMPLE
algorithm to treat pressure-velocity coupling. In most of the two-phase flow cases,
therefore, the transparency and ease of implementation often dictate the choice of
algorithm for pressure velocity coupling.

The interphase friction between the liquid and gas phases is calculated based on
the assumption that the flow consists of a gas continuum with the liquid phase represented
by droplets. The droplet size has a significant effect on the value of interphase friction.
This is calculated using empirical correlations as in Section 3.4.2.

The real difficulty in the calculation of the velocity field lies in the unknown
pressure field. The pressure gradient forms a part of the source term for a momentum
equation. Yet, there is no obvious equation for obtaining the pressure. The pressure field
is indirectly specified via the continuity equation. When the correct pressure field is
substituted in the momentum equations, the resulting velocity field satisfies the continuity

equation. This indirect specification, however, is not very useful, unless a direct solution



of the whole set of discretization equations resulting from momentum and continuity
equations is attempted. Since iterative methods of solving the discretization equations
even for a single dependent variable are preferred, the direct solution for the entire set of
velocity components seems out of question. The alternative of vorticity based methods is
also ruled out as it cannot be extended to three-dimensional situations, for which a stream

function does not exist. Also the pressure, which is eliminated, happens to be an important

desired result.

Patankar*® has suggested the use of a staggered grid where a different grid is
employed for each dependent variable. He has suggested pressure and velocity corrections
to be:

p=p +p
where p is the corrected pressure, p* is the guessed pressure, p is the pressure correction.
Also the velocity components -v, ,v, v_ can be represented by:
v.=v_ +v ' vy=v‘,°+v\_' v, =v:'+v:'
where v, ',v‘_.' v, "are the imperfect velocity fields based on the guessed pressure p*. The

above expressions form the basis of the SIMPLE algorithm, which is most widely used
for numerical simulation purposes. SIMPLE, stands for Semi-/mplicit Method for
Pressure Linked Equations. Its sequence of operation can be stated in the following
points:

1. Guess the pressure field p*.

2. Solve the momentum equations to obtain v, ,v, v_ .

3. Solvethe p equation.
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4. Calculate p by adding p top*.

5. Calculate v, ,v, v_ from their starred values using the velocity correction formulas.

6. Solve the discretization equations for other ¢'s (such as temperature, concentration,
and turbulence quantities) if they influence the flow field through fluid properties,
source terms, etc.

7. Treat the corrected pressure p as a new guessed pressure p*, return to step 2, and
repeat the whole procedurev until a converged solution is obtained.

PHOENICS uses an in built SIMPLE-based algorithm for solving the discretized

equations. Results include plots of the full velocity fields and the liquid and gas volume

fraction for each model that shows clearly the effects of parameters under investigation
including geometry, boundary conditions, physical properties and flow rates.
The following section present a detailed procedure of the calculation of the interphase

friction and the mean droplet diameter, which are essential for modeling two-phase flow.

3.4 Calculation of Interphase Friction

Interphase friction plays an important role in determining the transport of momentum
between the phases. For the conditions under consideration, the flow is represented by
droplets of a specific (or a range of) diameter(s) entrained in a gas continuum. The
interphase-transport coefficient is estimated based on these conditions. To do that first the
size of the drops entrained in the gas stream is estimated. There are many expressions in
the literature for the maximum diameter, mean diameter, most probable diameter etc. An

area averaged value of the droplet diameter and not the maximum value is required.
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Following the estimation of average droplet diameter a value of the interphase transport

coefficient (CFIPS) is then fed into the CFD package.

3.4.1 Calculations of Droplet Mean Diameter

The use of high gas velocities and perforated plates having relatively large free areas
leads to the spray regime operation The behavior of droplets in the spray regime differs
from the more commonly used froth regime in industrial operations. The spray regime on
a perforated plate (distributing plate) corresponds to the jetting regime appearing at a
single orifice. Hence, the mechanism of droplet formation in the spray and jetting regimes
must be similar, whereas few investigations on droplet size in the jetting regime have been
reported. The mean droplet diameter can be calculated using either a correlation for
falling droplets or another correlation for annular dispersed flow, both given by Kataoka
and Ishii*’. Miyahara and Takahashi*® have studied two-phase flows (air- water system)
over a specific range of densities, surface tensions and viscosities.

In this investigation the correlations of Miyahara and Takahashi*® are used. The mean

diameter of droplets is first calculated for the present system using empirical correlations

given by Miyahara and Takahashi®®.

For steady jetting:
Bo® =0.58We ™% 1.5x10°< We <1.5x 10° 3-7)
Bo® =042 3.0x 10°< We <3.5x10° (3-8)
where

!
Bo"=(p,gd/o J? Bond number (3-9)
We =@ vid/o ) Weber number (3-10)
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where v is the fluid velocity, g is the acceleration due to gravity, d is the diameter of the

droplet and o is the surface tension.

The above correlations give an approximate mean droplet diameter. In this
investigation, the liquid density chosen is 600 kg/m’ which is a typical value for
hydrocarbons, As most organic liquids have surface tension (o) values between 0.02 and
0.03 kg/sec’, some mid-range values can be selected to arrive at a suitable droplet

diameter.

Calculations can be also performed using correlations by Ganic and Rohsenow®’,

Wallis'” and the equation of Nukiyama-Tanasawa given by Wallis'’.
3.4.2 Calculation of the Interphase Friction Coefficient

The interphase transport coefficient (CFIPS) can be calculated by the following
correlations:

The drag force exerted on a droplet is given by Miyahara and Takahashi*¢:

F, =-0.5C,0,v.|v,|]A, 3-11)
where

Cp =10.67/Re0'5 (3-12)
and

Re=p g Vr d/u g (3-13)

and the interphase transport coefficient (CFIPS) can be estimated by:

CFIPS = 3p ,Cp v, /4d (3-14)
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3.5 Initial and Boundary Conditions

In setting up a flow-simulating computation it is crucial to correctly specify the proper
initial and boundary conditions. In particular, it involves the specification of convective
and diffusive fluxes at surfaces bounding the domain. In this study the inlet condition
corresponds to the flow conditions. In PHOENICS defining an inlet condition means
specifying the cells through which the fluid is introduced, the velocities (x-,y- and z-
direction), and the pressure of the phases (mass flux- specification).

An outlet condition refers to the physical conditions at flow exit. Specification
involves the location of cells, which are desirable to be kept open, and the exit pressure. In
this study, we specify these conditions at the distributing plate of the vessel by specifying
those cells that are to remain open or closed.

Wall conditions are also required to be specified for a complete description of the
boundary conditions. For this study a general no-slip condition is imposed on all solid
walls. A similar condition is required for any solid boundary within the computational

domain including any baffles or inserts that may be present.

3.6 Mathematical Formulation for Packed bed flow

The modeling of the fluid flow in packed beds is based on the continuity equation and the
momentum balances in the two direction (i.e. y and z) in the Cartesian coordinate system.

The steady state continuity equation is
0=V.@eoV) (3-15)

where the void fraction 6§ and the velocity Vv are assumed to be continuously varying

functions.
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In Cartesian coordinates, with v, and v, as dependent variables, the continuity

equations can be written as

_dlev,) a@ov,) )
0= % = (3-16)

The stationary momentum balances are formulated according to Bey and

Eigenberger™.
—[V.60,vV]-Vop-[Vo: [-> f-60 g =0 (3-17)
The terms Zf, are local volume averaged forces between the packing and the fluid.
These forces are formed by the pressure force (f,) and the force generated by the fluid
xﬁoving through the pellet interstices ().
Dof =f +f (3-18)
A pressure force results, if a voidage change occurs. For th_e one-dimensional case
E,,=—Aplf,.., —0.) (3-19)

Division of equation (3.19) by the volume and for Az—0
f, =—p— (3-20)

The multi-dimensional analog is
f,=—pVs (3-21)
Equation (3.21) inserted in to equations (3.16) and (3.17) gives

~[Véovvl-6Vp-[v.8:]-f-60g =0 (3-22)
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In Cartesian coordinate system the definition of the del operator is:

V=i—+j—+k 3-23
x (3-23)
vv =(vxf+vy}+vzlz) (v,j-i—v_vj-i-vzl‘&) (3-24)
vv =(v, i+ v, Lj+v, v,ik)
+ (v, v Ji+v, S +v, v.5 k) (3-25)
+(v,v, kRi+vov, kj+v,2kk)
Thus V.(f o,V V) can be written as:
0 2140 v, j+0p v v,k
V.(ﬁQrVV)= @Qrvx 1 vax yJ Qt’ x 'z )
ox
2 24 ~
+6(0 v, v, i+0g,v, j+hecv, v, k) (3-26)
oy
{ : 4 20
+6(0 v, v, i+t0g,v, v, jtlo,V, k)
oy
Cancellation of all the terms with v_ leads to:
0 v,?j+00,v, v,k oo, v, v, j+00,.v, k
V.(OQfV.V)= @Qr y JtUQ¢V,V, ) + (Qr 2 Vy JtipoeV, ) (3-27)
oy oz
Also:
Vp= é’ii+@j+@ﬁ (3-28)
éx oy oz
S SR TR 5
VOt =8| +1,, Jitt,,Ji+t .5k (3-29)
P S S



Cancellation of terms with x component yields:

Vo =a—ay-@‘ryy}+0'ryzlz)+£—(ﬂt zyj'*'a'[ zzﬁ) (3-30)

The various shear stresses in terms of velocity gradients and fluid properties for

Newtonian fluids is given by Bird et al.* as follows:

—2 avy:] (3-31)

T " =—[[ -

Yy | ay
v avz- _

Ty, =—# - 6zy + _ (3-32)
o -

T,y =—H z -*-avz (3-33)
[ 0z Oy

Tuz =—ﬂ[2 ivz] (3-34)

Collecting all the terms for the z component:

8 ov, Ov 3 2 ov
0=—— (ngvyvz)—ﬁ;x z, > -0 @—— beof Vv, —26;1—2 —-F,
oz oy oz oz oz oz
(3-35)
Collecting all the terms for the y component:
d 2) o 8 ov
0=-——{(69f Vy )——(69 fVy vz)}—e @-i-— 26u - +
oy oz oy oy oy
(3-36)
0 Ovy ov
| —L+—2 -Fy
oz oz oy
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3.7 Pressure Drop correlations for Packed Bed

Ergun®® in his classic paper has given an expression for pressure losses in packed beds
which is caused by simultaneous kinetic and viscous energy losses, and derived the

following comprehensive equation applicable to all types of flow.

+1.75—
8° d

P P

ﬁngc =150——(1'2'T Els 126 Gv, (3-37)

p

6
d =— . 3-38
s, (3-38)

where:
AP . .
T is the pressure drop per unit length of the packed bed.

g. is the gravitational constant
6 is the fractional void .volume in the packed bed
# 1s the absolute viscosity of the fluid

v, 1s the superficial velocity measured at average pressure

d, is effective diameter of particle

G is the mass flowrate of the fluid = v

S, is the specific surface (surface of solids per unit volume of solids).

Brinkman*® was the first to formulate the differential equation which describes the
artificial flow profile within a porous medium bounded by a rigid wall restricting himself
to the Darcy flow regime and extending Darcy's law by a viscosity term. Vortemeyer and

Schuster’’” have used the extended Brinkman's equation for their formulation for higher
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flow rates by incorporating the Ergun pressure loss relation given above. They obtained

the pressure loss term as:

62v
—_ (3-39)

2
= —fl V—f2 v +y 5
ox

Qe

for flow within a rectangular duct: The factors fj and f> have the form,

(1-6)
1 e 03dp ( )
' (l_g)
f,=175 3-41
2 e 03d ( )

P

where v is the flow velocity and the other terms have the same meaning as stated earlier

Bey and Eigenberger”® have represented the pressure drop in the packing by modifying

the Ergun equation for a cylindrical coordinated system. In the Cartesian coordinate

system the pressure forces can be calculated by the following equations

1—9)2 1-6)
Fz=150;1f23dp2 +17sg,( 2y Vol Vol (3-42)
where
Vzo (3-43)
VvV, =—
8
2
E, —150M(H’2Z v,, +1.75 f(l;e)v,.'olvol (3-44)
] 6°d,
where
VV,O
v, = 8 (3-45)
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where

F, is the pressure force in the y direction
F, is the pressure force in the z direction
K dynamic viscosity (kg/ms)

6 void fraction

o,  fluid density (kg/m’)
\ interstitial velocity in the z direction (m/s)

Vy interstitial velocity in the y direction (m/s)

Vo average empty tube flow velocity =m )
Vzo average empty tube flow velocity in z direction (m/s)
Vyo  average empty tube flow velocity in y direction (m/s)
The F, and F, obtained .from equations (3.42 - 3.44) can be substituted in the

momentum balance equations (3.35 - 3.36) respectively and solved. In the present
equations the modified form of Ergun equation given by Bey and Eigenberger®® as given

from equations (3.42 - 3.45), have been used for calculating the pressure drop in the z-

and y- directions
3.8 Modeling of Turbulence

Turbulence is a three-dimensional, time-dependent, nonlinear phenomenon. The
instantaneous velocity field in a turbulent flow is described by Navier-Stokes equations.

However, because of the existence of an extremely wide range of space and time scales in
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turbulent flows, the exact numerical simulation of turbulent flows is possible only at
relatively low Reynolds number if the geometry is simple. For most engineering
applications, it is still necessary to use turbulence models along with time-averaged
Navier-Stokes equations. It must be realized that most of the available turbulence models
obscure the actual physical processes like eddies, high vorticity regions, large structures
which stretch and engulf, and so on. However, the cautious application and interpretation
of turbulence models have proved to be valuable tools in engineering research and design,
despite their physical deficiencies.

A turbulence model is a set of equations that express relations between unknown
terms appearing in averaged Navier-Stokes equations with known quantities. The starting
point of most of these models is the formulation of an expression for the Reynolds stress
terms. A large class of models of the Reynolds stresses normally uses an eddy viscosity
hypothesis.

The turbulence models most often applied can be summarized as follows'":
e Constant eddy viscosity model

e Prandtl’s mixing length model

e Prandtl-Kolmogorov model

e k —¢g model

® Renormalization group (RNG)

e Algebraic stress model (ASM)

e Reynolds stress model (RSM)

e Large eddy simulation (LES)
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All models mentioned above require some form of empirical input, which imply that
they are not generally applicable to any type of turbulent flow problem. However, the
most complex models such as ASM and RSM offer the greatest predictive power. Many
of the older turbulence models are based on Boussinesq’s eddy viscosity, which assumes
that in analogy with the viscous stresses in laminar flows, the Reynolds stresses are
proportional to the gradients of the time-averaged velocity. Within the framework of the
models, which use the eddy viscosity concept, the task of the turbulence model is the
description by means of algebraic or differential equations of the turbulent viscosity. The
constant eddy viscosity model and Prandtl’s mixing length model belong to the class of
zero-equation models since no transport equations are involved for the turbulence
éuantities. These two models are not suitable when convective or diffusive transport
processes of turbulence are important. The Prandtl-Kolmogorov model belongs to the
class of single equation models because one conservation equation for the turbulent
kinetic energy k is solved. 'fhe weak point of this model is the specification of the
characteristic length L: especially for complex flows, it is difficult to specify the length
scale (distribution) and therefore two-equation models have become more popular. Here
an additional transport equation is invoked to obtain the length scale (distribution) L. In
the k—¢& model two transport equations are solved for, k, the Kkinetic energy of
turbulence and its dissipation rate, € .

Renormalisation group (RNG) theory based models of turbulence have been
developed by Orszag et al.*’. In RNG based k —& models, the value of model parameters
are evaluated by the theory. Moreover, modifications of a standard k —& model such as

low Reynolds number modification, extra term of rate of strain, etc., are given by the
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RNG theory. These models have not yet been sufficiently tested for the engineering flow
simulations; however, initial results of these models are promising.

Computational experience has revealed that the two-equation models, employing
transport equations for the velocity and length scales of the fluctuating motion, often offer

the best compromise between width of application and computational economy.

There are however certain tybe of flows where the £ —& model fails, such as complex
swirling flows and in such simulations more advanced turbulence models (ASM or RSM)
are required which do not involve the eddy viscosity concept. According to the Algebraic
stress model (ASM) and the Reynolds stress model (RSM), the six components of the
Reynolds stress tensor are respectively obtained from a complete set of algebraic
équations and a complete set of transport equations. These models are conceptually
superior with respect to the older turbulence models such as the k—& models but

computationally they are much more involved and consequently much more expensive.

Due to the advances in computer technology and numerical solution procedures two
powerful simulation types of turbulent flows have recently received particular attention,
namely Direct Numerical Simulation (DNS) and Large Eddy Simulation (LES)'! . As
stated earlier, turbulent flows are also governed by the Navier-Stokes equations and in
principle the solution of these equations with a sufficiently high temporal and spatial
resolution should provide all the details of the turbulent flow without the necessity of
turbulence modeling. Due to the fact that turbulent motion contains element with a linear
dimension which is typically a factor 10° smaller than the linear dimensions of the
macroscopic flow domain, a DNS simulation in three dimension requires 10° grid points

which is still difficult from the storage capacity point of view of present day computers. It
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should be however noted that the ratio of the dimension of the macroscopic system and
the dimension of the smallest eddies present in the turbulent flow depend on the Reynolds

number: the smaller the Reynolds number the smaller is this ratio.

In Large Eddy Simulation (LES) the spatial resolution of the computational mesh is
deliberately chosen in such a manner that only the large-scale turbulent motion {(eddies) is
resolved. The consequence of thls approach is the necessity to use sub-grid models, which
in fact model the turbulent stresses on a scale smaller than the computational grid. Due to
the fact that the small-scale turbulence is isotropic, the specification of sub-grid models is
far less difficult than the aforementioned closure models for the Reynolds stresses. The
advantage of LES in comparison with DNS is the possibility it offers to study (with a
given number of grid points or control volumes) turbulent flows at significantly higher

Reynolds numbers.

In conclusion, the two equation turbulence models are the simplest ones that promise
success for flows in which length scales cannot be prescribed empirically. The k —¢
model is the most widely tested model for a variety of complex flows. Many
modifications such as multiple scale & —¢ models or extra terms to compensate for
shortcomings of the standard k£ —& model have been developed. At present these two
equation models form the basis for most of the engineering simulations of complex flows.
More advanced models, such as (ASM and RSM) which do not use the assumption of
1sotropic turbulent viscosity or the concept of turbulent viscosity itself are available but

will increase the computational requirements significantly.

Based on the above discussion, the governing equations in this investigation are

formulated using a standard k& —& model. The £ —¢ model is described below in detail.
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One case was also run with RSM for comparison purposes.

3.8.1 The k—¢ Turbulence Model

The most ccmmon approach to determining the kinetic energy of turbulence k& and its
dissipation rate &, is to solve transport equations for these quantities in paralle]l with the

solution of the mean momentum equations. In symbolic forms the equations may be

written as”:
Dk
-b';‘tdk +Pk +Gk —-& (3-46)
De £ g’
—=d,+c,+—\P,+G,)—c,,—+S 3-47
Df e ccl k( k k) £2 k e ( )

where &., d, P, and G, denote the rate of gain of & at a point by diffusion and generation
by mean strain and body forces, and c,,, c,, are the coefficients having standard values
(primary source/sink terms). In most cases the secondary source/sink term S, has been

taken as zero. Habitually, diffusive transport is represented by the simple gradient form:

d 9V % (3-48)
!X o, OX;

where ¢ stands for £ or £ and the o, are the constants of order unity. While the &

equation may be regarded as exact, the € transport equation rests on nothing more than

dimensional analogy (with the k equation). Standard values for the coefficients of the
primary source and sink terms are c,, = 1.44 and c_,= 1.92.

The effects of turbulence on mean flow behavior is solved. The k-& model relates the

turbulent stresses v;v; and the average velocity gradient di/dx by a simple relationship:
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Vv, = %+%ﬁ-§k5 ; (3-49)

where & is the Kronecker delta and & is the turbulent kinetic energy.
By assuming isotropic turbulence, two dependent variables can be defined. The first is

turbulent kinetic energy, k :

k=lw% (3-50)
and the second is the viscous rate of turbulent energy, & :
e =v$ﬁ (3-51)

The transport equations of these two variables follow the same form as other dependant

variables as explained above. The turbulent viscosity u, is written as:

k2
&

u,=pC, (3-52)

where

C, is the parameter of the k —& model and

3.8.2 The Reynolds Stress Turbulence Model (RSM)

The k—& turbulence model is based on the isotropic eddy-viscosity concept for
closure of the Reynolds stresses. In some situations, such as when body forces or complex
strain fields are present, this assumption is too simple. The RSMs*° allow not only for
both the transport and different development of the individual Reynolds stresses, they also
have the advantage that terms accounting for anisotropic effects are introduced

automatically in the stress transport equations. These non-isotropic characteristics of the
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turbulence play a very important role in flows with significant buoyancy, streamline
curvature, swirl, or strong recirculation.

A full RSM consists, in general of 6 transport equations for the Reynolds stresses, 3
transport equations for the turbulent fluxes of each scalar property and one transport
equation for the dissipation rate of turbulence energy. The solution of all these equations
together with those of the mean flow is computationally expensive. In addition there is a
considerable numerical disadvantage arising from the use of the RSM in that the

stabilizing effects of an eddy-viscosity field are absent in the mean flow equations.

Thus, although RSM can provide a more realistic and rigorous approach for complex
engineering flows, they may be too expensive in terms of storage and execution time for
three-dimensional flows. In this investigation, RSM will be applied for analyzing the
effect on flow distribution and to check whether the results differ significantly from those

obtained using the k —¢ model
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Chapter 4

Results of Single-Phase Flow in Unpacked Vessel

4.1 Single-Phase Flow

The domain or the geometry of interest in this work is a three-dimensional industrial
sulfur converter wherein the ﬁow distribution is analyzed for a single-phase flow in an
unpacked vessel. In this investigation only a two-dimensional model is built and
simulated. A full three-dimensional model requires very high computational power, which
is not possible for the present investigation, thus only a two-dimensional model is

simulated.

4.1.1 Vessel Geometry and Operating Conditions

The sulfur converter is a horizontal cylinder 4.9 m in diameter and 18.2 m long. A gas
stream is injected into the bottom of the vessel through three inlets each of 0.6-m
diameter. The vessel has a single 1.0 m diameter outlet as shown schematically in Figure
4.1.

A two-dimensional model is constructed of this vessel. A mesh of 182 cells in the y-
direction and 49 cells in the z-direction is chosen. This implies a uniform grid of 10 cm a
side (Figure 4.2). In the y-direction, the inlets are located between cells 21-26, 89-94 and
cells 157-162. The outlet is located at z = 4.9 m and in the y-direction has cells 50-59

open as shown in Figure 4.1.
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Figure 4. 1. Schematic of the Vessel

Figure 4.2. Vessel Grid (182 x 49 cells)
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The feed gas is a mixture consisting mainly of CO,, H,S, SO, and H-O with trace
concentrations of other components such as methane and hydrogen. The density of the
inlet gas is 1.36 kg/m® and its kinematic viscosity is 2.18x10° m%/s or a dynamic viscosity
of 2.96x10° Pas.

The gas is injected into the converter at a velocity of 57 m/s. The effects of
chemical reactions and heat @sfer are not included and only the flow and the pressure

fields are resolved.

4.1.2 Simulation Results of Single Phase Flow

In this study one-phase flow is investigated using CFD simulations. The effects of
various factors on the flow fields are investigated. These factors include the vessel

geometry, inlet and outlet boundary conditions, fluid flowrates and turbulence model.

The simulation was done for a two-dimensional situation using the standard
k —& model. The inlet velocity- was 57 m/s at each of the three inlets. The model was run
until a final converged solution was obtained by comparing the mass balances from the
result file generated during the simulation. The model gives the two-dimensional plots for
the velocity vectors, velocity contours, turbulence characteristics and pressure drop in the
vessel.

Figure 4.3 (a) illustrates the velocity field for flow in the unpacked vessel. The results
indicate that the jets hit the opposite wall of the converter with a high velocity and
subsequently move towards the outlet. Despite a high injection velocity of 57 m/s, there
are many zones inside the converter where the velocities are very small. These zones are

referred to as zones with low velocities and sometimes as ‘dead’ zones. These zones are
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more pronounced in the regions between two adjacent jets and are more prominent in the
lower half of the vessel and near the vessel center. In the upper half, there is a good flow
distribution, which is due to the jets striking the upper walls and heading towards the
outlet. As discussed earlier the jet angle plays a major indication of the degree of flow
distribution. The jet angle of expansion in this case is about 10° which fits well within the
experimental values'”. The flow shows a low velocity zone between two adjacent jets. The
ultimate objective is to reduce the size of such zones and to increase the velocity in these
zones. In the packed bed, such dead zones which are a result of flow distribution problems
could lead to over-utilization of catalyst in one zone of flow domain and consequently

under-utilization of the catalyst in certain zones leading to inefficiencies in the process.

Figures 4.3 (b) and Figure 4.3 (c) illustrates the contours of the velocity in the y- and
z-directions respectively. These velocities are referred to as V1 and W1 in all the
following numerical results. When the flow is mainly unidirectional, these contour plots
of V1 and W1 could be very us-eful.

Figure 4.4 (a) illustrates a plot of the V1 velocity in the vessel at a distance of 2.5 m
from the vessel bottom, or at a slab where z corresponds to the 25" row of cells, and
Figure 4.4 (b) is a similar plot of the z-directed velocity. These values have been
monitored at a z = 25 in the flow direction which corresponds to the central slab which is
seen to be the area of largest low velocity or the dead zones. Figures 4.4 (a. b) are
reflections of the colored plots, i.e, the first jet on the colored plots refers to the first jet on
the right, whereas on Figures 4.4 (a, b), this first jet is depicted as the first jet from the left
of the Figure. The three peaks in Figure 4.4 (b) represent the three incoming jets. The

zones of low velocity can be seen in the plots as a major part of the area between two

57



consecutive jets. One way to quantify the extent of dead zoning or low velocity zones
from these plots is by drawing two horizontal lines on these plots at +5 m/s and -5 m/s.
The extent of low velocity zones can then be found by accurately examining the number
of cells that lie in this region. This is reflected in Figure 4.4b, which when closely
examined shows that the number of cells contained within the + S m/s and - 5 m/s lines
between the second and third jét is significantly higher than that between the first two
Jets.. The variation in case of Figure 4.4 (a) ( V1 velocities) shows that the velocities in

most of the cells lie in the +5 to - 5 m/s range.

A comparison of the vectors as well as contour plots with those of the Figures 4.3a
and 4.3 (b) indicates that there is significant recirculation in between the jets and near the
vertical wall, whereas near the bottom corners there is substantial dead zoning. Also
evident from Figures 4.3 (a) and 4.3 (b) is the fact that in between the first two jets, the
low velocity zones are small compared to those between the second and the third jet. It
can be seen from Figure 4.4 (b5, that in between the first two jets there are 7 cells, whereas

in between the second and third jet, there are 11 cells. The more the number of cells, the

wider the low velocity zones.

4.1.3 Effects of the fluid flowrate

Increasing the flow rate may be useful in increasing the circulation and in reducing the
sizes of the dead zones. It is expected that increasing the velocity should lead to variations
in the flow profiles inside the vessel. This increase may not be always practically possible
due to limits on compressors or other equipment. However, it may useful to investigate
the effects of varying the injection velocity. Figures 4.5 (a, b, c) illustrates a comparison

of the flow fields for cases with injection velocities of 45, 57 and 70 m/s receptively. The
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injection velocity was increased keeping the length of the inlets constant. Results show no
appreciable improvement in the flow distribution as the injection velocity is increased by
55.6%, i.e., from 45 m/s to 57 and 70 m/s. Figure 4.6 (a, b) illustrates this comparison of
V1 and W1 respectively for slab 25 (corresponding to the 25™ row of cells) for the three
cases. A horizontal line drawn between + 5 m/s and —5 m/s range shows that although the
low velocity zones is smaller in case of the hi gher velocity (70 m/s), it cannot be taken as
an appreciable improvement in the flow distribution when compared to the economics of
operation., viz. costs on pumping or compressors. The velocity profile in the chosen slab
shows mostly a translation due to the higher velocity but no significant increase in the
values of the velocity in the zones with low velocity. The biggest increase in the values of
the velocity was observed with the jets themselves.

Such an increase in the injection velocity would have made a much bigger impact if
the flow conditions were different. For example, a significantly better improvement would
have been noticed if there wz.is a stronger re-circulation component of the flow. Such
recirculating flow is likely to occur if, for example the outlet was through a distributing

plate rather than through a single large outlet.

4.1.4 Effects of Different Arrangements of Inlets & Qutlets

An intuitive approach to improve the flow distribution in a vessel is a better design
and arrangement of the inlets and outlets. Figure 4.7 (a) illustrates a comparison of the
flow field for three selected arrangements keeping the same inlets and varying the number
of outlets. When the number of outlets is changed, the total area is kept constant, that is if
two outlets are used instead of one, this means that the area of each outlet in this case is

one half the area of outlet in the single outlet case. The arrangements compared are one
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with a single outlet (Figure 4.7 a), one with two outlets (Figure 4.7 b) and one with
multiple outlets (Figure 4.7 c). For all 3 cases the inlet cells are 21-29, 89-94 and 157-162.
For Figure 4.7 (b), the 10 cells which makeup the 1 meter diameter outlet are 50-54 and
123-127. This arrangement is chosen- such that there is no short-circuiting of any of the
three inlet jets although this may not strictly be the best one. The outlets are almost
centered between the three inlets. The aim is to generate a good flow circulation and
consequently to minimize the size of the low velocity zones. In Figure 4.7 (c), which is
the multiple outlets case, the open cells are 13, 34, 51 etc. Figure 4.7 illustrates that the
size of the zones with low velocity is smaller in the case of two-outlets compared to that
of one outlet. It can also be seen that these low velocity zones are the smallest for the case
with a multiple outlet.

Figure 4.8 illustrates the contour plots for comparing the three cases, i.e. single outlet
(4.8 a), two outlets (4.8 b) and multiple outlets (4.8 c). The same trend can also be seen in
these plots. The areas of low vc%locity (-3 10 6) m/s, (-7 to 1) m/s and (-4 to 3) m/s seem to
decrease progressively in Figure 4.8 (a), (b) and (c).

Figure 4.9 (a), (b) illustrates a comparison plot for the V1 and W1 velocities for the
three cases in the slab at z = 25. Figure 4.9 (a) illustrates that the variation in the V1
velocity for the case with multiple outlets is reduced substantially. The peaks of V1 have
been reduced form - 20 and + 20 m/s to less than 10 m/s. The case with 2 outlets shows a
major difference from the original case of 1 outlet in that no peak was observed around

the middle of the vessel (around 9m).
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Figure 4.9 b illustrates clearly that the length of the zones enclosed by the + 5 m/s and - 5
m/s has been significantly reduced in the case of two and multiple outlets compared with
the single outlet case. This forms a quantification of the observation made based on
Figures 4.8 and 4.9.

Figure 4.10 (a), (b), (c) compares the flow field for cases involving multiple inlets,
single outlet and multiple inlet-. multiple outlet. In Figure 4.10 (a) the incoming gas is
distributed over six inlets keeping the total length of injection constant (1.8 m). The
injection cells are 10-12, 20-22, 85-87, 95-97, 160-162 and 170-172, which sums up to 18

cells.

In Figure 4.10 (b) 8 inlets are used, which are 10-11, 20-21, 45-46, 85-87, 95-97,
137-138, 161-162 and cells 171-172, which again sums up to 18 cells. Figure- 4.10 (c)

uses distributed inflow and outflow.

Figure 4.11 (a, b) are the comparison plots of the V1 and W1 velocities in the slab (z

= 25), which means at 2.5 m from the bottom of the vessel, for the three cases.

. From Figures 4.10 and 4.11, it can be stated that all the three arrangements of inlets
and outlets did not give a much superior flow distribution and did not succeed in
eliminating the zones of low velocities. The total size of these low velocity zones may
change from case to case, however the flow distribution in 6-inlets/ 1 outlet and 8-inlets/ 1
outlets does not form a major step change from the standard case. These arrangements
were chosen to investigate the effects of recirculation flow but no great difference was
observed. The 6- and 8 inlet configuration chosen was not evenly distributed and it is
expected that a more even and optimized distribution of these inlets could lead to a better

distribution of flow in the vessel. The present arrangement is not an optimum one.
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The multiple inlet/outlets case showed as expected some improvement in limiting the
size of the low velocity zones, however the expansion angle of the jets is rather limited
(about 10 °) in the numerical results. This mean that there is still some low velocity zones

between the adjacent jets.

4.1.5 Effects of Internal Geometric Improvements

Effects of geometric improvements can be effectively investigated using CFD
modeling. In Computational Fluid Dynamics various shapes, inserts and other
enhancements can be tested with the aim of choosing a design with a better flow
distribution in the vessel. As a possible way of improving the flow distribution inside the
unpacked vessel, annular discs are inserted above each incoming jet in the original vessel
geometry. Figure 4.12 (a) illustrates the velocity field with three discs inserted. Each disc
has an inner (open) diameter of 0.4 m and an outer diameter of 1.6 m. These discs are
placed 0.6 m above the incoming jets. Figure 4.12 (b, c) illustrates the corresponding V1
and W1 contours respectively. These results show clearly that due to the fact that the open
orifice is less than the inlet diameter, side jets are now active in addition to the main jets
in the z- direction. This resulted in significantly higher velocities at the bottom section of
the vessel. However no significant change was observed in the sizes of the zones with low

velocities around the middle of the vessel.

A possible improvement in the insert design is to lessen the open area so that there is
an increased throttle of the flow. Figure 4.13 (a), (b), (c) illustrates the velocity field and
contours of W1 and V1, respectively for similar discs but now with an open diameter of
0.2 m and an outer diameter of 1.0 m. Results show remarkable improvements in the flow
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patterns as compared to the previous case. The bigger dead zones which were visible in
Figure 4.12 for the larger disc have been greatly minimized. There is appreciable
recirculation near both vertical walls, which causes a good activity in the zone near the
walils. Small low velocity areas are visible right on the insert plate itself. This could cause
severe problems in case of multiphase flows, e.g., polymeric flows, wherein there can be a
polymer film development on the insert. But in this case, since there is a single-phase gas
flow, this problem may not be of serious concern.

Another feasible option, which may be investigated, is to vary the shape and size of
the inserts. Figure 4.14 (a), (b), (c) illustrates the velocity field, W1 and V1 contours
respectively for the case with conical inserts, which can throttle the flow gradually and
uniformly. The insert has 0.2 m diameter at the base which is gradually increased to 1.4 m
at the top. This insert is placed at a distance of 0.4 m from the vessel bottom. Although
the low velocity zones do not seem to have reduced, there is a good potential for a similar
insert to split and guide the ﬂO\'JV in order to minimize the size of the low velocity zones. It
should be noted that all the three jets unite near the outlet with a high velocity. This
arrangement may lead to a substantial elimination of low velocity zones in the vessel,
because the discs provide a bi-directional jet, which maintains high activity to its left as
well as to its right. There is a need to modify this insert, possibly to revert to a wider open
base, say 0.4 m instead to 0.2 m and to narrow the cone angle. For this geometry, it is
clear from Figure 4.14 (a), that across the middle plane at slab, the low velocity zones has
been significantly reduced. However larger low velocity zones are now observed in upper

or lJower parts of the vessel.
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4.1.6 Effects of Turbulence Model

Figure 4.15 (a, b, c) illustrates the results of the base case (3 inlets, 1 outlet, no inserts)
with turbulence modeled using the Reynolds Stress Turbulence Model (RSM) for the
standard case. The RSM is likely to provide a more realistic and rigorous approach for
complex engineering flows. In this investigation, there seems to be some differences in
the flow fields when RSM is used instead of the standard k — & model. The low velocity
zones which were visible with the k —& model near the walls have been reduced to some
extent. This result is expected, as the RSM is a more rigorous turbulence model, which
takes into account the individual Reynolds stresses. Results with RSM show higher
recirculation than the k —¢& model leading to a better flow distribution near the walls.
Although the RSM model has improved the flow situation to some extent, the
computation time was almost 50% more than that with the & —& model. Thus the choice
of the X — & model for this investigation is justified, considering the saving in computation

time and accuracy in predicting the flow distribution in the vessel.

4.1.7 Effects of the Grid Size

The grid size may play an important role in resolving the flow. The grid size has to be
of a certain value before the flow is properly resolved. This means that a numerical
solution could be grid dependent. To ensure that the present results are grid independent, a
case with a finer grid size was considered. The case discussed in the previous sections had
a grid of 182 x 49 cells. A case with a grid of half the previous size is used, i.e. the
number of grid cells is now quadrupled to 364 x 98 cells. The inlets and outlet locations

have been kept as before. Figure 4.16 (a, b) illustrates the velocity flow fields for the cases
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of standard (182 x 49) and fine (364 x 98) grid sizes. The flow fields for both the cases are
almost identical. Both cases showed the same flow distribution especially the size and

shape of the low velocity zones. It can be safely concluded that the solution with the grid

chosen (182 x 49) is grid independent.
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Figure 4.15. (a) Velocity Field at 57 m/s for the Reynolds Stress Turbulence Model (b) Contour of the
velocity in the z-direction (W1) and (c) Contour of the velocity in the y-direction (V1)
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Chapter 5

Results of Two-Phase Flow in Unpacked Vessel

5.1 Introduction

Few things are more central to chemical engineering than multiphase flow chemical
reactors: they are used in indu.stry to produce a variety of chemicals, where economy of
scale remains the driving factor.

Good contacting between the phases in multiphase reactors is essential to promote
interphase transport of species and energy. However, in many instances this is hard to
achieve, as the state of uniform spatial distribution of the various phases is unstable and

gives way to nonuniform structures spanning a wide variety of length and time scales.

The most practical approach to simulating the hydrodynamics of commercial-scale
multiphase reactors is through continuum models that treat the coexisting phases as
interpenetrating continua. The general structure of the continuity and momentum balance
equations is the same for all dispersed two-phase flow problems, although the closure
equations are system dependent.

Two-phase flow simulations were carried out in the same sulfur converter, which was
earlier simulated for the single-phase flow situation. The converter is a horizontal cylinder
having a diameter of 4.9 m and a length of 18.2 m. A gas-liquid (two-phase) stream is
injected into the vessel through three inlets each with a 0.6-m diameter each. The tank has

a single 1.0 m diameter outlet as earlier shown schematically in Figure 4.1. The two-
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dimensional mesh used is the same as in a one-phase flow with 182 cells in the y-direction
and 49 cells in the z-direction. This means a uniform grid of 10 cm a side has been chosen
as was shown in Figure 4.2. The inlets are located at the bottom of the vessel between
cells 21-26, 89-94 and cells 157-162. The outlet is located at at the top of the vessel (z =
4.9 m) and has cells 50-59 (y-direction) open as shown Figure 5.1.

Similar to the single-phase.case the feed mixture consists mainly of CO», H.S, SO,
and H>O with trace concentrations of other components such as methane and hydrogen
and some liquid hydrocarbons. The density of the inlet gas is 1.36 kg/m° and its kinematic
viscosity is 2.18 x 10° m¥s or a dynamic viscosity of 2.96 x 107 Pa.s, whereas the
’density of the liquid is 600 kg/m® and its kinematic viscosity is 1.34 x 10™*. Numerical
simulations of two-phase flow were carried out. The effects of various factors on the flow
fields are investigated. These factors include the vessel geometry, arrangement and
number of inlet and outlets, fluid flowrates and turbulence models.

The gas-liquid mixture is injected into the converter at a velocity of 57 m/s. The
analysis is done for a two-dimensional unpacked vessel. The effects of chemical reactions
and heat transfer are not included and only the flow and the pressure fields are resolved.
The inlet composition on the basis of volume fraction is 99% by volume gas (18.3% by-

weight) and 1% liquid (81.7% by weight).

5.2 Simulation of the standard case

Figure 5.1 illustrates the velocity field for flow in the unpacked vessel. The results are
similar to those in one-phase flow with no change in the size and location in the low

velocity zones. Although the velocity with which the jets rise is slightly lower than in the
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single-phase case. Figure 5.2 (a) illustrates the contours of velocity in the z- direction
(W1) for the gas phase and Figure 5.2 (b) illustrates the z-velocity contours for the liquid
phase (W2). On comparing these flow contours with Figure 4.3 for single-phase flow, it is
evident that the dead zoning problem is more or less unchanged in case of a two-phase
situation. Figure 5.3 (a) shows the contours of the velocity in the y- direction (V1) for the
gas phase and Figure 5.3 (b) shows the contours of the velocity in the y- direction for the
liquid phase (V2). These plots also confirm that there is no improvement in the flow
situation. Figures 5.4 (a, b) illustrates the gas volume fraction (R1) and liquid volume
fraction (R2) in the vessel. Figure 5.4 (b) illustrates that the liquid tends to concentrate
near the edges, the dark orange colors on the contour map show the severity of this
.problem. In case of polymeric material this may precipitate at the corners thereby
reducing the vessel efficiency. This is an unfavorable phenomena and needs careful study

for its subsequent elimination or minimization.

5.2.1 Effects of variation in fluid flowrate

As in the case of single-phase flow, the flowrates were also changed for the two-phase
situation. As discussed earlier, this change may not always be economically/practically
feasible due to limits on the pumps and/or compressors. Figures 5.5 (a, b, c) illustrates a
comparison of the flow fields for cases with an injection velocity of 45, 57 and 70 m/s
respectively. The injection velocity was increased keeping the area of the inlets constant.
Results show no major improvement in the flow distribution as the injection velocity is
increased by 55.6% i.e. (from- 45-70 m/s). The change in the size of the low velocity
zones and in the magnitude of the velocity with injection velocity is similar to that in the

single-phase case and will not be discussed in detail here.
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Figure 5.1. Velocity Field for two-phase flow at 57 m/s.

Figure 5.2 (a). Contour of velocity in the z- direction (W1) for phase 1.

Figure 5.2 (b) Contour of velocity in the z- direction (W2) for phase 2.
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Figure 5.3 (b). Contour of the velocity in the y- direction for phase 2 (V2)
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Figure 5.6 (a, b, c) illustrates the contours of the liquid volume fraction (R2) for the
three injection velocities i.e., 45 m/s, 57 m/s and 70 m/s respectively. The locations of
high liquid concentration seem to be unchanged when these plots are compared for each
velocity. A minor improvement for the case of 70 m/s is observed and is represented by

slightly lower liquid concentration at the bottom of the vessel.

5.2.2 Effects of different arrangements of Inlets & Outlets

Akin to improving the flow distribution in a vessel through a better design and
arrangement of the inlets and outlets in case of one-phase flow, the same alterations are
applied for two-phase situation. The arrangements compared are one with a single outlet
(Figure 5.7 a), one with two outlets (Figure 5.7 b) and one with multiple outlets (Figure
5.7 c). The arrangement of open cells is the same as in for single phase. The outlets are
almost centered between the three inlets in an attempt to obtain better flow circulation and
consequently to minimize the lIow velocity zones. While the number of outlets is changed,
the total open cells are kept constant, that is if two outlets are used instead of one, this
means that the length of each outlet in this case is one half the length of outlet in the
single outlet case. In comparison with the same arrangement for the single-phase flow this
had shown similar improvements, i.e., the multiple outlets produced the best results.
Figure 5.8 illustrates a comparison of the liquid volume fractions for the standard case, a
case with two outlets and three-inlet arrangement and the multiple outlet case. The three
inlets/ multiple outlet case illustrated that the high liquid concentration zones are smaller

in size; however at some restricted points high concentration is observed.

Figure 5.9 (a) gives the velocity field for a case involving six inlets and a single

outlet. In Figure 5.9 the incoming gas is distributed over six inlets keeping the total length
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of injection, constant (1.8 m). The injection cells are 10-12, 20-22, 85-87, 95-97, 160-162
and 170-172, which sums up to 18 cells. From Figure 5.9 (a), it is clear that the size of the
dead zones is comparable to the standard three-inlet case. This result was also true for the
single-phase situation. Also frem the liquid volume fraction (R2) Figure (5.9 b), it is clear

that the liquid tends to get accumulated heavily in the lower half of the vessel.

As a possible way of overcc;ming this problem, 2 more inlets were introduced so as to
minimize the liquid accumulation in the lower half. The second case (Figure 5.10 a) uses
8 inlet cells which are 10-11, 20-21, 45-46, 85-87, 95-97, 137-138, 161-162 and cells 171-
172, which again sums up to 18 cells, thereby keeping the inlet length constant. From the
.velocity field plot, it is clear that the low velocity zones, which were visible in the 6 inlet-
cell case, have been decreased. Also from the liquid volume fraction (R2) contour (Figure

5.10 b) it is clear that the liquid accumulation has been decreased.

The third case (Figure 5.11) uses distributed inflow and outflow. The inlet cells are
10, 20-21, 40-41, 60-61, 80-81, 100-101, 120-121, 140-141, 160-161 and 172™ cell. The
outlet cells are 13, 35, 57, 79-80, 103-104, 126, 147, and 170" cell. From Figure 5.11, it
can be seen that although the jets reach the vessel outlets at about 25-30 m/s, their
distribution is more even, but there seems to be some small low velocity zones especially
at the comers. From the liquid volume fraction (Figure 5.11b) plot, it seems that there is
lesser liquid accumulation in this case when compared with the 6- and 8-inlet cell case.
The liquid accumulation is lesser near the walls. Thus from all the cases which were
simulated with different arrangements of inlets and outlets, the multiple inlet/multiple
outlet case seems to give the most promising results from the liquid accumulation point of

view.
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5.2.3 Effects of Internal Geometric Improvements

As with single-phase simulations, internal geometric changes like inserts or discs,
have the potential of improving the flow distribution in the vessel, the same modifications
have been applied to the two-phase situation. Figure 5.12 (a, b) illustrates the velocity
flow fields and liquid volume fraction contours respectively with three discs inserted.
Each disc has an inner (open) diameter of 0.4 m and an outer diameter of 1.6 m. These
discs are placed 0.6 m above the incoming jets. Results (Figure 5.12 b) indicate that the
simaﬁon becomes more compiex now, with some liquid accumulating right on the disc
itself and in its vicinity. From the velocity field it is clear that near the walls, there seems
to be very high velocities.

As in the case of a single-phase flow, another improvement is applied on the disc, by
lessening the open area available for flow. Figure 5.13 (a, b) show the velocity field and
liquid volume fraction respectively for three discs again, but with an inner diameter of 0.2
m and outer diameter of 1.0 m. This arrangement leads to a more severe throttle of flow.
The velocity field with this arrangement shows some improvement. The low velocity
zones, which were visible in earlier cases, have been reduced in size. Also from the liquid
volume fraction contour, it can be seen that the liquid accumulation at the vessel bottom
as well as at the sides is reduced compared to earlier cases; however there seems to be
high liquid concentration underneath the discs

Since the insert design heavily affects the flow distribution in the vessel, it would be
worthwhile to investigate the effect of a conical insert in the vessel. The insert has 0.2 m
diameter at the base which is gradually increased to 1.4 m at the top. Figure 5.14 shows

the various plots for this configuration. From the velocity field plot, it can be seen that the
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conical inserts act as a gradual flow distributor to each incoming jet. The size of the low
velocity zones has been reduced in the middle of the vessel but increased elsewhere. The
liquid volume fraction plots show that there is negligible liquid accumulation at the
comers as well as at the tank bottom. Another positive aspect of this geometry of the
insert is that the accumulation on the insert itself, which was a major drawback for other
inserts seems to have been reduced. Thus it can be concluded that the conical inserts seem

to be a promising geometry for improving the two-phase flow in the vessel.

5.2.4 Effects of physical properties of the fluid

All the cases considered so far were simulated for a 99:1 gas to liquid split by volume
in the inlet mixture. Also the gas density was very low (1.36 kg/m’). The possible effects
of variations in the gas density on the flow profiles in the tank have been investigated. A

total of four cases were simulated to gauge the effect of variation of the fluid property.

In case 1 the gas density was altered to 20 kg/m’® (corresponds to high-pressure
operation) keeping the gas to liquid split 99:1. Figure 5.15 (a) shows the gas volume
fraction and liquid volume fraction respectively for this case. From the Figure it is clear

that the liquid accumulation gets worse here when compared with that for the standard
case (99:01) in Figure 5.15 (b).

In case 2 the gas to liquid split was changed to 95:05, i.e., the liquid fraction is
increased with a subsequent decrease in the gas fraction. The gas velocity was 57 m/s and
the gas density in this case was 20 kg/m’. Figure 5.16 (a) depicts the liquid volume

fraction for this case. It can be seen that the amount of liquid accumulation seems to have
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Figure 5.14. Conical Insert. (a) Velocity Field and (b) Liquid volume fraction (R2)

102



increased to about 50% (from 0.05 to 0.077) as compared to 30% when the split was

99:01. The results clearly underscore the importance of the effect of the split variation in a

two-phase situation.

In case 3 the gas to liquid split was changed to 90:10 i.e. the liquid fraction is 10% of
the mixture by volume. The gas velocity was 57 m/s and the gas density in this case was
20 kg/m’. Figure 5.16 (b) depic;s the gas volume fraction and liquid volume fraction for
this case. It can be seen that the amount of liquid accumulation seems to have increased in
combarison to case 2 to about 50% (from 0.1 to 0.149).

Figure 5.17 depicts the plot of the gas and liquid volume fractions at two locations in
the vessel, at z = 25 and at z = 49, which corresponds to the topmost cell. It is clear from
the plot that the liquid accumulation is higher (by almost 50%) at the top comers of the
vessel compared to the center of the vessel. This shows that the liquid (heavy phase) tends
to accumulate at the corners. This could lead to serious problems in case of polymeric
flows or some complex two-phase situation.

In case 4 the gas to liquid split was kept at 90:10 but the gas velocity was increased to
70 m/s and the gas density in this case was 20 kg/m’. Figure 5.18 depicts the liquid
volume fractions for this case. It is clear from the figure that increasing the velocity from

57 m/s to 70 m/s (a 55.6% increase) does not yield any difference.
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Chapter 6

Results of Packed Bed Flow

6.1 Introduction

A detailed understanding of fluid movement within packed beds of catalyst particles is
of fundamental importance in many industrial processes and especially in reaction
engineering. Until now, most experimental and theoretical studies of fluid flow through
packed beds has been restricted to descriptions of the bed in terms of macroscopic
properties, averaged over the bed, such as pressure drop, permeability and dispersion.
Nowadays a number of visualization techniques have been applied to study fluid transport
through packed beds including conductance, capacitance, optical and X-ray tomography,
and magnetic resonance imaging (MRI) techniques®’. Mantle et al.>! have reported their
experimental results using MRI by taking in-situ measurements of flow velocity, diffusion
and dispersion in packed beds.

As far as predicting flow distribution in packed beds using CFD is concerned, there

are very few results available and those that are available are for lab-scale vessels®.

In this investigation flow simulation was carried out in a partially packed vessel of
industrial dimensions. The reactor dimensions remain the same as in the cases of single-
and two-phase flow but there is a packed bed of 1.2 m height inserted 1.4 m above the
vessel bottom (Figure 6.1). This means that out of the 49 cells in the z-direction, 12 cells

located between 15-26 signify the packed bed. The analysis of flow through packed bed is
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done via two approaches. In the first approach the flow is resolved using the Darcy law
model. In the second approach the flow through the packed bed is modeled using the
modified Ergun equation.

Flow in porous media is modeled by addition of a momentum source term to the
standard flow equations. The source term is composed of two parts, a viscous loss term
and an inertial loss term.

Laminar flow in porous media can be successfully modeled by Darcy's law, which can

be mathematically stated as

AP = o (6-1)

a
where « is the permeability and v is the superficial velocity. If the flow is such that the
inertial loss term cannot be neglected, then the source terms must be calculated using the
modified Ergun equations as explained in section 3.9.

The flow in the bed of the partially packed vessel considered in this study, may or

not be in the laminar regime. The Reynolds number for a packed bed is defined as:

dp vo
Rep = (6-2)

(1-0 Ju

For a particle diameter of 1/8" of an inch, and an injection velocity of 57 m/s (three inlets,
each having a diameter of 0.6m), a fluid density of 1.36 kg/m®, a viscosity of 2.96x107°
Pa.s, a value of 157 is obtained for Re, where the superficial velocity is calculated based

on the cross-sectional area of the converter.
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The calculations for the three dimensional case differ from the two-dimensional case
mainly due to the fact that the flow in the vessel is three-dimensional. For flow in porous

media, it is generally accepted that the transition Reynolds number is about 10.

In summary, the flow regime in the packed bed of the partially packed converter is not
clearly known, although it is likely to be closer, if not inside the laminar flow regime. To
obtain the best results, simulation of flow in the partially packed vessel should be done
using the source terms defined by the modified Ergun equation. However since the three-
dimensional flow in the packed bed is likely to be significantly different from the two-
dimensional in the present numerical model, the results are restricted to the following
cases; (a) resolving the flow field with the assumption that the Darcy law is applicable and
(b) res’olving the flow filed using constant values of the source terms which are added to

the momentum equations.
6.2 Simulation Results with the Darcy Law Model

Flow through porous media was resolved using the Darcy law. Such a type of flow
may arise in catalytic beds and other highly resistive media. Numerically a patch is
defined in the geometry where the Darcy's law is applicable and a coefficient is specified,
which is the ratio of laminar viscosity/permeability. The permeability is calculated using

the Darcy law, which can be mathematically stated as:

@ = - (6-3)

Ap/L

where « is the permeability, u is the fluid viscosity , v is the superficial fluid velocity

based on the total bed area and A p/L is the pressure drop per unit length. The value of «
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Figure 6.2. (a) Contours of the W1 velocity (z- direction) for the packed bed, and
(b) Velocity Field for the packed bed.
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Figure 6.3 (a). A plot of V1 versus the vessel length at various positions in the packed bed
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in this case is 2.44e”® which yields the coefficient value (ratio of laminar viscosity to the
permeability) to be 1213.14.

Figure 6.2 shows a plot of the contours of the velocity in the z- direction and the
velocity field plots for this case. From the contour plot (Fig. 6.2 a) it can be seen that there
is almost uniform flow in the packed bed, the bed acts as an even flow distributor in this
case. Figure 6.3 (a, b) is a plot 6f the V1 and W1 velocities respectively for the vessel .
Figure 6.3 (a, b) are reflections of the velocity field and contour plots, i.e., the first jetin
the colored plots refers to the first jet from the right, whereas the same jet is depicted as
the first from left in Figures 6.3 (a, b). These velocity values have been monitored at 15,
16, 17, 18, 20", and 22™ cell in the packed bed. Figure 6.3 (a) shows clearly that in the
iowcr part of the bed (slab 15) the velocity in the y-direction (V1) is significant i.e. of the
order of + 3 m/s. This V1 decreases to become of the order of + 1 m/s in slab 16 and to

less then + 0.5 n/s in the remaining part of the bed.

Figure 6.3 (b) illustrates that the velocity in the z-direction (W 1) is in the range of 5-7
m/s in the top part of the bed with the values in the first jet (nearest to the outlet) higher
than the third jet by about 0.6-0.8 m/s. This means that most of the velocity is mainly in
the z-direction. This is inline with theoretical predictions. The velocity varies in the bed
from about 4 m/s to 7 m/s, which gives an indication of the highly resistive nature of the
bed. From this it can be concluded that the near the first two inlets the catalytic bed sees
more action and thus gets deactivated faster whereas near the third inlet which comprises
about 50% of the bed, there is low activity and in practical situation the catalyst here sees

very little action.It should be emphasized that these values of the velocities are applicable
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for the 2-dimensional case. For the 3-dimensional case, these values are significantly
different as the superficial velocity is

expected to be 0.54 m/s instead of 5.6 m/s. this means a change of Reynolds number for
the packed bed will be reduced by a factor of 8.2 to about 19. This makes the packed bed
Reynolds number much closer to the laminar regime whereas mentioned earlier Darcy's

law is applicable.

6.2.1 Simulation results with modified Ergun equation

The modified Ergun equation was discussed in section 3.8. The friction factor terms
for F, and F, for the packed bed are calculated from correlations (Equations 3.42 - 3.45).
The bed is assumed to have a voidage of 0.5, which is typical for catalytic beds. The
particle considered here are spheres of average diameter of 1/8™ of an inch. Figure 6.4 (a)
show the result with F, = 10 and F, = 10 for the packed bed. There seems to be two zones,
one in which the bed is underutilized and the other in which the bed is overutilized. The
portion near the first two inlets has more activity as far as flow distribution is concerned
as compared to that near the third inlet. This phenomena is also evident from Figure 6.4
(b) which is a reflection of the colored plot, wherein there seems to be a big low velocity

zone between the second and third inlet and also between the third inlet and the wall.

Since the values of the friction factor have a pronounced effect on the flow
distribution profiles, it was considered worthwhile to examine the effect of changes in the
friction factor value. For the next case, the value of F, is increased by 10 times the
original value, i.e. F, = 100, and F, = 10. The results shown in Figure 6.5 depicts an
almost similar trend to that with F, = 10. Here the second jet has broken contact with the

first one. Also evident from Figure 6.5 (b), is that there is lesser flow in the top half of the
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vessel when compared with figure 6.4 (b), i.e. when the resistance in the z direction is
higher the bed restricts the flow more than when the resistance is lower. In this case the
areas of low velocity are more prominent.

In the last case, simulation has been carried out for a very high value of friction
factors, viz. F, = 5000, F, = 5000. The results shown in Figure 6.6 show an almost
uniform z velocity distribution .in the vessel. This result 1s very much similar to that
obtained with the Darcy law model with permeability of 2.44e®. The plots show a
uniform distribution in the packed bed inside the vessel. The results indicate that at this
high value of friction factors, the bed acts as a uniform flow distributor. Figure 6.7
(reflection of the colored plot) are plots for z- directed velocity, which have been
ﬁonitored from cells, 15-22. The results show higher velocities in the bed at the 15" cell
(bed entrance), but once the fluid enters the bed, the velocity starts to fall and eventually

at the 22" cell, which is somewhere near the bed center, the velocity throughout the bed is

almost constant at about 5.6 m/s.
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Figure 6.4. (a) Contour of W1 for the packed bed, and (b) Velocity Field for the packed bed.
(F.= 10 and F, = 10)
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Figure 6.5. Contour of W1 for the packed bed, (b) Velocity Field for the packed bed.

(F=100, F,=10)
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Figure 6.6. (a) Contours of W1 for the packed bed, and (b) Velocity Field for the packed bed.

(F, =5000, F, = 5000).
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Chapter 7

Conclusions & Recommendations

The simulation studies carried out for the sulfur converter using CFD has underlined
the importance of an intensive selection procedure for process industries. The model has
been effective in emphasizing _the importance of the vessel geometry as regards the flow
distribution. The model also made clear the effects of variations of parameters like fluid
flowrates, boundary conditions, split of phases in case of two-phase flow and the effect of
the catalyst bed on the flow distribution in the vessel.

The results can be summarized for each type of flow condition as follows:
1. In the present geometry, there is a significant flow maldistribution in the vessel. In the
region between the second and the third jet there is significant low velocity zoning.

These low velocity zones are also larger near the walls.

o

The fluid flowrate has no pronounced effect on the flow situation in the vessel. The
effects of increasing the velocity in the vessel from 45 m/s to 70 m/s did not produce
any appreciable improvement.

3. The arrangements of inlets and outlets have a considerable impact on the flow
situation in the vessel. The results clearly show that the present inlet / outlet design on

the vessel is not a suitable one and some modifications on the outlet is desirable. The

multiple outlet case also shows promising results.
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4.

The effects of having multiple inlets were not as promising as was expected. This may
not be the optimal arrangement, but it highlights the importance of proper inlet
selection in vessel design. The multiple inlets/multiple outlets case yields the best

results as far as inlet/outlet modifications are concemned.

The flow situation can also be enhanced by inserting some form of disc or flow
redistributors in the vessel. -The results with a 0.2 m insert as well as that with a
conical insert seems to be very encouraging. This alternative could be effective for the
present vessel, if it is difficult to change the inlet/outlet arrangement as suggested
above. The addition of insert can act as an economically favorable alternative. The
results show that the conical insert can act as a good flow distributor in the vessel and
if properly selected could lead to substantial improvements in the flow distribution.
However, before recommending such inserts, careful consideration must be given to
possible implications such as pressure drop and deposition of the dispersed phase on
these inserts (two-phase flow).

With the two-phase situation, apart from flow maldistribution, another complexity
arises which is the deposition or concentration of the liquid (heavy phase) at the
corners of the vessel. This can lead to severe problems like precipitation or the
formation of a pool of liquid, leading to surging of compressors in case of polymeric
flows.

The effect of variation of fluid flowrate showed marginal improvement as far as
minimizing the heavy phase (liquid) deposition at the corners.
The effect of different inlet / outlet arrangement for the two-phase case, gives the

same results as that for a single-phase case. The multiple outlets in two-phase case
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also was very promising. The use of 6 and 8-inlet cell shows that the 8-inlet cells
gives slightly better results as far as liquid deposition (heavy phase) at the cormners is
concerned. The use of multiple inlets/outlet does not give encouraging results, as there
seems to be more liquid accumulation at the corners.

9. The results with internal geometric improvements, i.e. addition of inserts in two-phase
flow become more complex.-Although the flow distribution shows improvement, there
seems to be liquid deposition right in the vicinity of the insert. The results with a
smaller insert (0.2 m ID) are encouraging. The conical insert gives the best result as
far as addition of inserts is concemed. There is a good flow distribution in the vessel
and the deposition or accumulation of the heavy phase (liquid) is almost zero.

10. The effects of physical properties were also investigated. The increase in gas density
by about 20 times yields negative results. The flow situation gets worse in this case.
The effect of increasing . the liquid faction in the feed to about 10% from 1%
deteriorates the situation further. When the velocity was increased with an increase in
liquid fraction (10%), the results showed no appreciable change.

11. The packed bed analysis was done using two methods. The first method involved the
Darcy law model. The model shows almost uniform flow in the packed bed. The
packed bed acts as a huge resistance to the flow and acts as a distributor. The velocity
in the bed is in the range of about 5.2 m/s. The bed seems to be underutilized in some
areas (near the third inlet) and over-utilized near the first two inlets and the outlet. If
this is the actual situation, this could lead to a faster deactivation of the catalyst in the
zones near the outlet, which can consequently lead to operational problems in the

vessel.
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12. The results with the modified Ergun approach are also interesting. The friction factor
values that have calculated form these equations were very high. The results with a
high value of the friction factor shows an almost constant flow in the bed. This result
is much similar to the Darcy model results for the higher permeability. When the
friction factors were reduced to a much lower value, the results show the same short-

circuiting of flow pattern as with the Darcy model with a lower permeability.

13. It can be concluded that the bed acts as huge resistance to flow and consequently can
change the flow distribution pattern in the vessel.

14. The simulation results presented in this analysis have shown the importance of
selecting a good design and operating conditions for industrial vessels. The curmrent
design of vessel investigated in this work is actually in use in industries. The analysis
for different types of flows has shown that the present vessel design is very inefficient.
The flow maldistribution ;esulting from such an inefficiency design will have a direct
impact on the product quality and the economics of operation. The present
investigation has been successful in analyzing this flow maldistribution and certain
changes proposed could lead to a better flow distribution.

15. Since the flow in the vessel is in reality three-dimensional, a two-dimensional model
used in this work, may not be a complete solution to the problem. A full three-
dimensional model will be able to predict the flow distribution to a much better extent.

The three-dimensional model is very important in case of the partially packed bed.
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