WASHINGTON UNIVERSITY
SEVER INSTITUTE
SCHOOL OF ENGINEERING AND APPLIED SCIENCE
DEPARTMENT OF ENERGY, ENVIRONMENTAL, AND CHEMICAL
ENGINEERING

Hydrodynamics, back-mixing, and Mass Transfer in a Slurry Bubble Column

Reactor for Fischer-Tropsch Alternative Fuels
by
Lu Han

Prepared under the direction of Professor M. H. Al-Dahhan

A thesis presented to the Sever Institute of
Washington University in partial fulfillment of the
requirements for the degree of
DOCTOR OF SCIENCE
May 2007

Saint Louis, Missouri



ENGR 854, 853

SEVER INSTITUTE OF TECHNOLOGY

Doctor of Science Degree

DISSERTATION ACCEPTANCE
(To be submitted by the graduation approval deadline)

DATE: April 10, 2007
STUDENT’S NAME: LU HAN
E.R.S. CODE:

This student’s dissertation, entitled:
“Hydrodynamics and Mass Trasnfer in a Slurry Bubble Column Reactor”

has been examined by the undersigned committee of six faculty members and has received full
approval for acceptance in partial fulfillment of the requirements for the degree Doctor of Science.

Signatures: % %// Chairman

S/ " Muthanna Al-Dahh

Da-Ren Chen

[y ) Edees e e oo
M. P Dudukov1c .
/ g2 7

F?“ | Iz

I(alph Good:(mn

Al e o d s

Palghat Ramachandran

Distribution:

6 — Dissertation copies
1 — Candidate

1 — Department

1 — Dean’s Office

1 — Registrar



WASHINGTON UNIVERSITY
SEVER INSTITUTE
SCHOOL OF ENGINEERING AND APPLIED SCIENCE

DEPARTMENT OF ENERGY, ENVIRONMENTAL, AND CHEMICAL
ENGINEERING

ABSTRACT
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As one of the alternative energy sources, Fischer-Tropsch (FT) processes convert
synthesis gas into clean hydrocarbon fuels and chemicals. The slurry bubble column
reactor (SBCR) is a promising reactor type for the low temperature FT process, due to
its many advantages compared to other multiphase reactors. The hydrodynamics,
phase mixing, and transports which may affect the reactor performance in FT SBCRs
remain difficult to predict due to the complex phase interactions and flow turbulence.
Experimentation is essential in obtaining and extending the knowledge of SBCRs’
behavior with respect to different variables.

In an air-CoCy;-FT catalyst system selected to mimic the physical properties in a real
FT SBCR, this work investigated the phase holdup distribution, velocity field, and
turbulence parameter profiles using computed tomography (CT) and computer
automated radioactive particle tracking (CARPT) techniques. A new CT/CARPT



occurrence method was presented for three-phase CT reconstruction using single-
source scans. The impact of using FT catalyst, instead of the glass beads used in the
previous studies, on the hydrodynamics was quantified. Such a detailed
hydrodynamics study not only provides insight into the physical behavior of SBCRs,
but also serves as a benchmark with FT significance for the future computational fluid
dynamics modeling.

Also investigated in the mimicked FT SBCR were the back-mixing of phases and the
gas-liquid mass transfer. Significant impacts of the FT catalyst and high pressure on
the back-mixing of phases were quantified using tracer techniques and various reactor
models. A virtual tracer response method was developed and implemented to estimate
dispersion parameters in reactor models using the CARPT data, among which the
dispersion parameters in a mechanistic model were for the first time estimated. The kja
values of various gas species were obtained in the same mimicked FT SBCR, using
the developed optical oxygen probe and gaseous tracer techniques and selected reactor
models. A square root kia~Dag relation was observed, and a kja correlation was
developed based on the Higbie’s penetration theory. The kja values of H, and CO in
the mimicked FT SBCR were predicted using the developed correlation at various

conditions.
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Chapter 1

Introduction

While the world’s proven petroleum reserves are being depleted, the total crude oil
consumption rate is increasing each year. There is an urgent need to develop clean,
alternative energy routes to ensure the nation’s sustainable development and energy
security. Among various sources of alternative energy, Fischer-Tropsch (FT) synthesis
is a catalytic reaction that converts synthesis gas (syngas, a mixture of hydrogen and
carbon monoxide) generated from natural gas, coal, or biomass into clean
hydrocarbons and chemicals. Historically, industrial interest in FT processes for
production of alternative fuels has experienced several surges since the joint invention
of the basic process by Franz Fischer and Hans Tropsch in the 1920s. Due to the
increasing cost of crude oil and increased energy needs, FT synthesis has again
attracted great industrial attention as a means to produce transportable hydrocarbon
fuels. The reactor choices for FT processes include fixed bed reactors, fluidized bed
reactors, circulating fluidized bed reactors, and slurry bubble column reactors (SBCRs)

(Steynberg, 2004). The SBCR is a promising reactor type for the low temperature
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Fischer-Tropsch (LT-FT) (220~250C°) process to produce clean diesel or aviation fuel,

which is the energy source for large vehicles and aircraft.

Slurry bubble column reactors are three-phase gas-liquid-solids systems in which the
gas is sparged as bubbles via a distributor (sparger) into a liquid with suspended fine
particles (solids). The gas phase typically contains soluble reactant components, while
the liquid phase is usually the product and/or reactant (with inert components in some
cases). The solids phase is typically catalyst particles, generally in sizes ranging
between 5-150 um (Krishna et al., 1997), whose presence distinguishes SBCRs from
two-phase gas-liquid bubble column reactors (BCRs). SBCRs (and BCRs) are operated
in either the semi-batch mode (zero slurry flow) or the continuous mode (co-current or
counter-current with respect to the gas flow). In the continuous mode, the superficial
slurry velocity is significantly (at least one order of magnitude) lower than the
superficial gas velocity. Momentum is transferred from the fast rising gas phase to the
slurry via interfacial forces, providing energy for the liquid and solids mixing.
Depending on the operation and design parameters, SBCRs (and BCRs) can be
operated in the bubbly (homogeneous) flow regime, churn-turbulent (heterogeneous)
flow regime, or slug flow regime (which can occur in small diameter columns and is
usually not desirable) (Figure 1-1). Flow regimes of SBCRs or BCRs are characterized
by different bubble dynamics, which in turn determines different reactor behaviors in

the phase mixing and transports.

Compared to other multiphase reactors (e.g., stirred tanks, packed beds, or trickle beds),
SBCRs have various advantages, including excellent heat and mass transfer, simple
construction, and ease of operation. Hence, SBCRs have been widely employed in the
chemical, petroleum, and biochemical industries, including gas conversion processes
such as Fischer-Tropsch synthesis of liquid hydrocarbons as mentioned earlier and
liquid phase synthesis of methanol (Parkinson, 1997; Dudukovic et al., 1999; Krishna
and Sie, 2000). One of the disadvantages of SBCRs is significant phase back-mixing

due to global recirculation and local turbulent dispersion, which may cause lower
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conversion and therefore lower volumetric productivity (Deckwer, 1991; Krishna et al.,

1997; Dudukovic et al., 1999).

e/ﬁ\

bubbly flow

Figure 1-1. Slurry bubble columns in different flow regimes

In order to reduce the capital cost while pursuing high productivity, large SBCRs with
diameters in 5~10 meters and high solids loading (typically 30~40% by volume) have
been employed for FT processes. These reactors are operated at high pressure
(typically 1~8 MPa) for increased reactant concentration. To achieve high throughput
and to suspend the catalysts, FT SBCRs are usually operated at high superficial gas
velocities (up to 0.50 m/s) in the churn-turbulent flow regime (Steynberg, 2004).

1.1. Motivation

Although the structure of SBCRs is simple, the design and scale-up of these reactors

for FT processes are not. The hydrodynamics and phase mixing in the churn-turbulent

(b)

churn-turbulent flow
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slug flow
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flow regime are much more complicated than those in the bubbly flow regime due to

the intense phase interactions and turbulence (Xue, 2004). Since the reaction time in a
SBCR is usually shorter than or comparable to the flow macro-mixing time, many
processes are strongly affected by phase mixing. Reactor performance prediction of
SBCRs requires thorough understanding of how the hydrodynamics, phase mixing, and
transports in these reactors are affected by the reactor design (i.e., geometry), phase
physical properties, and operating conditions. Experimentation is essential in obtaining
and extending knowledge of SBCRs’ behaviors with respect to different variables.
Based on reproducible experimental evidence of the flow mixing and phase distribution,
theoretical and mechanistic methods can be constructed for easier reactor performance

prediction of SBCRs and for their successful design and scale-up.

The three-phase system in a real FT SBCR consists of syngas, hydrocarbon mixture
liquid (FT wax), and FT catalyst fine particles. As mentioned earlier, a FT SBCR is
operated at high pressure, high gas velocity, and high solids loading. However, the
majority of the previous studies in SBCRs were limited to ambient conditions and
materials that are relatively easier to obtain and to work with (typically air, water, and
glass beads) instead of those that can mimic the actual process properties. Although
some studies used systems of FT interest (Inga and Morsi, 1998; Behkish et al., 2000;
Krishna and van Baten, 2003; etc.), their measurements were limited to overall
parameters. In the last decade, the hydrodynamics in SBCRs has been investigated in
more detail in a limited number of studies using tomography techniques, such as y-ray
computed tomography (CT) (Rados et al., 2005a; Rados, 2003; and Shaikh, 2007), and
flow tracking techniques, such as the computer automated radioactive particle tracking
(CARPT) (Rados et al., 2005b; Rados, 2003; and Shaikh, 2007). The hydrodynamics in
an air-water-glass beads system was studied by Rados (2003), followed by studies in
an air-Therminol-glass beads system used by Shaikh (2007), providing important
measurements such as the solids flow field, turbulence parameters profiles, and phase
holdup distribution. However, both of these two studies used 150 um glass beads as the

solids phase, which have different sizes, density, and shape characteristics than a



typical FT catalyst. Due to the lack of experimental evidence at industrial process
conditions, there is a need for experimental studies in a system that closely mimics the
physical properties in FT SBCRs. In particular, the differences in the hydrodynamics
resulting from using the FT catalyst instead of glass beads need to be quantified. Such
a detailed hydrodynamic study will not only provide insight into the physical behaviors
of mimicked FT SBCRs via experimentation, but will also serve as a benchmark for
future computational fluid dynamics (CFD) modeling. Since the multiphase turbulent
models and interfacial closures heavily rely on empirical correlations, such data are

essential in the evaluation, tuning, and validation of CFD models with FT interest.

Various reactor scale models have been used and reported for performance prediction
in SBCRs. In FT reactor modeling, the gas phase is generally simulated using the plug
flow assumption, with dispersion (back-mixing) being neglected (Stern et al., 1983;
van Vuuren and Heydenrych, 1985; Herbolzheimer and Iglesia, 1994; Hedrick and
Chuang, 2003; Song et al., 2003; etc.). In several other studies which did consider the
back-mixing of gas phase in SBCRs (Stern et al., 1985a and 1985b; Turner and Mills,
1990; Mills et al., 1996; Rados et al., 2003), the gas dispersion coefficient values were
obtained either using liquid dispersion coefficient correlations or from two-phase BCR
gas dispersion studies. By doing this, these studies assumed that the gas phase back-
mixing is the same as the liquid phase and neglected the solids’ effect on the gas phase
dispersion coefficient. Since adding solids may significantly change the
hydrodynamics and phase back-mixing in SBCRs, the poorly understood effect of

solids loading on the gas phase back-mixing needs to be investigated.

For liquid phase mixing, the most frequently used reactor models include the
continuous stirred tank reactor (CSTR) (van der Laan et al., 1999; Song et al., 2003;
Wang et al., 2004; Ahon et al., 2005), plug flow reactor (PFR) (Hedrick and Chuang,
2003), axial dispersion model (ADM) (Mills et al., 1996; de Swart et al., 2002; Rados
et al., 2003), and multi-cell model (tanks in series) (MCM) (Leib et al., 1995).

However, the assumptions underlying these reactor models are not based on the



physics of SBCRs or on the observed macro-scale flow pattern in the columns, and
therefore application of these models warrants caution. Myers (1986) and Myers et al.
(1987) proposed a two-region phenomenological model, the slug and cell model, for
the liquid mixing in churn-turbulent bubble columns. This model can describe
essentially the same liquid mixing behavior as the ADM. Several parameters in this
model were determined based on the physics, and one parameter, the exchange
between the slugs and the cells, was estimated using mixing experiments. A
mechanistic model, namely the recirculation and cross flow with dispersion (RCFD)
model, was developed by Degaleesan et al. (1996) and Degaleesan et al. (1997) for the
liquid phase, which was then improved and extended by Gupta et al. (2001) and Gupta
et al. (2002) for both phases with a dual bubble classes assumption. In this RCFD
model, the liquid (slurry) phase recirculates by flowing upwards in the cylindrical zone
at the center and flowing downwards in the annular zone near the wall, and turning
over in the two end zones, the distributor zone and the disengagement zone. This
mechanistic model is based on the observed flow pattern and hydrodynamic parameters,
and hence is expected to be more reliable in predicting the phase mixing in BCRs or
SBCRs. However, the application of this model has been limited partially due to the
absence of estimations of the axial and radial dispersion parameters. Therefore, there is
a need to develop a methodology to estimate these parameters in the mechanistic model

at operating conditions of industrial FT interest.

The gas-liquid mass transfer, in particular the liquid side gas-liquid mass transfer, is
often the limiting step in the overall mass transfer for many industrial processes in
BCRs or SBCRs. Although the mass transfer may not be controlling in some cases,
volumetric gas-liquid mass transfer is reduced significantly in larger columns (Vandu
and Krishna, 2004) and becomes a concern during reactor design and scale-up. A
number of mass transfer studies have been conducted in SBCRs (Dewes et al., 1995;
Yang et al., 2001; Han et al., 2003; Vandu and Krishna, 2003 and 2004; Ruthiya et al.,
2006; etc.). However, the majority of the available data is at ambient conditions, using

glass beads, and/or for oxygen only, and much less measurements have been conducted



for various species in a system that has similar physical properties to FT SBCRs
(Miller et al., 1990; Behkish et al., 2000; Yang et al., 2001; etc.). More importantly, no
mass transfer studies have been performed in a three-phase system with measured or
known profiles of hydrodynamic parameters. It may be difficult to understand the
underlying mass transfer phenomena in SBCRs without knowing the hydrodynamics,
phase mixing, and holdup distribution. Therefore, to help understand the underlying
phenomena of mass transfer between gas and liquid phases, it is of importance to
perform mass transfer measurements at the same conditions (of FT interest), at which

the profiles of hydrodynamic parameters are measured by other techniques.

1.2. Research Objectives

The overall objective of this work is to advance the understanding of the
hydrodynamics, mixing of phases, and gas-liquid mass transfer in a high-pressure
slurry bubble column that mimics the physical properties in FT SBCRs, using real FT
catalyst particles and appropriate solvents at selected operating conditions. In order to
achieve this overall objective, this work is divided into several related sections,
including the investigations of reactor hydrodynamics, phase back-mixing, and gas-

liquid mass transfer.

1) Investigation of the Hydrodynamics in the Mimicked FT SBCR
This section includes the following:
= Three phase systems need to be selected to mimic the physical properties in

industrial FT SBCRs. The CARPT technique is to be extended to the mimicked
FT systems, with a new challenge to manufacture and handle small tracer
particles to track the small FT catalyst particles. The single-source CT will be
applied to the three-phase mimicked FT SBCR using the CT/Overall gas holdup
reconstruction method proposed by Rados (2003). As an alternative, a new CT
reconstruction method using CARPT occurrence data at the same CT

conditions is to be developed and presented.
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Due to the change of liquids from Therminol in Shaikh (2007) to CoC;; in this

work (physical properties of which both mimic the FT wax at FT conditions),
differences in the hydrodynamics using the two liquids are to be examined. The
impacts of using the FT catalyst instead of glass beads on the hydrodynamics in
the mimicked FT SBCR are to be quantified. The effects of operating
conditions (superficial gas velocity, operating pressure, and solids loading) on
the hydrodynamics in the mimicked FT SBCR will be investigated and
compared with those in the air-water-glass beads and air-Therminol-glass beads

systems.

2) Investigation of the Back-Mixing of Phases in the Mimicked FT SBCR

This section of the work investigates the phase back-mixing using the developed

techniques/methods with selected reactor scale models. The extents of phase back-

mixing will be quantified by estimating the dispersion parameters in the involved

reactor models for the mimicked FT SBCR.

The effects of operating pressure, gas velocity, and solids loading on the back-
mixing of the gas phase will be investigated at the mimicked FT conditions,
using the developed gaseous tracer technique.

A virtual tracer response method is to be developed to generate response curves
from CARPT trajectory data. With designed injections and samplings, this
method is to be used to quantify the axial and radial dispersion coefficients in
different reactor models, including the mechanistic, compartmental RCFD

model.

3) Investigation of the Gas-Liquid Mass Transfer in the Mimicked FT SBCR

This section includes mass transfer measurements of different species in the mimicked

FT SBCR and the development of a kja correlation with a theoretical basis, using the

obtained data. The objectives are:
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The kja values of oxygen will be obtained using an oxygen-enriched air method

at various conditions in the mimicked FT SBCR. For such measurements, an
optical oxygen probe technique will be developed.

Using the developed gaseous tracer technique and various moderately soluble
tracer gases, the mass transfer of different species (CHa, CO,, and Ar) are to be
measured at a selected number of conditions.

Based on the mass transfer coefficient values of various gases (O,, CHy, CO,,
and Ar) obtained in the mimicked FT SBCR, the kja~Dxg relation is to be
evaluated to predict the kja values of other species at the same conditions with
the known kja data. Furthermore, a kja correlation will be developed based on

the Higbie penetration theory and tuned with the obtained data.

This work investigates the hydrodynamics, phase back-mixing, and gas-liquid mass

transfer in the mimicked FT SBCR. These topics are interrelated: they provide

evidence for explanations, necessary data for further processing, or parameter values in

needed reactor models. With the motivations and objectives stated above, the relation

among various sections of this work is shown in Figure 1-2. The [investigation] level

lists the work that was conducted to achieve the above objectives. Various reactor

models and multiphase reactor techniques were utilized, which are shown in the two

levels below. This schematic summary shows the different sections of the work are not

isolated but dependent and related to each other.
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Figure 1-2. Schematic structure of the work

1.3. Structure of the Dissertation

The dissertation consists of six chapters and four appendixes as listed below:
= Chapter 1 outlines the research motivations and objectives.
= Chapter 2 provides a background review on the related topics.
= Chapter 3 investigates the hydrodynamics in the mimicked FT SBCR, and

explains the selection of mimicked FT systems, experimental conditions,

10

reactor setup, CT/CARPT techniques (with focuses on the differences and new

developments), and the results and analysis.

= Chapter 4 is a study of the back-mixing of phases using various

techniques/methods. This chapter quantifies the extent of phase back-mixing

under the effects of various operating conditions. It provides estimated values

of the dispersion parameters in reactor scale models that are needed in the mass

transfer study in Chapter 5.
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In Chapter 5, the gas-liquid mass transfer of various species in the mimicked

FT SBCR is measured, and the obtained kja data are used to develop a kja
correlation based on the penetration theory with estimated bubble dynamic
parameters.

Chapter 6 summarizes the dissertation and makes recommendations for the
future work.

Appendix A lists the additional CT/CARPT data newly obtained in the
mimicked FT SBCR that were mentioned but not shown in the main chapters.
Appendix B includes the technical procedures and information of the two
techniques developed for the gas mixing and mass transfer measurements, the
optical probe technique, and the gaseous tracer technique.

Appendix C shows a steady state method for estimating the solids axial
dispersion coefficient, compared to the transient method in Chapter 4.
Appendix D discusses the development of two empirical kja correlations using
the artificial neural network method and the power law method, based on a

collected database.
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Chapter 2

Background

Slurry bubble column reactors have been widely employed in various industrial
processes. However, these reactors’ physical behavior in terms of hydrodynamics,
phase mixing, and transports is still poorly understood despite a large amount of
research. Experimental studies on the hydrodynamics in terms of the velocity field,
turbulence parameters, and phase holdup distribution help explain the transfer of
momentum, mass, and heat in a column and also provide benchmark data for the
evaluation of CFD models. The back-mixing of phases and gas-liquid mass transfer are
important factors in reactor performance which are closely affected by the phase
interactions. This chapter summarizes the literature as a background to the present
work. The current status and new findings on bubble column and slurry bubble column
reactors are documented, with a particular focus on their application to Fischer-
Tropsch processes. The background includes related topics of phase holdup profiles
(tomography), velocity and turbulence parameters mapping, back-mixing of three

phases, and gas-liquid mass transfer.
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2.1. Phase Holdup Profiles Investigations
To understand the hydrodynamics in SBCRs, the effects of operating conditions and
physical properties on the distribution of phase holdups must be experimentally
investigated. The gas holdup dictates the local buoyancy, which drives the liquid/slurry
into recirculation and turbulence. Measuring the gas holdup distribution has become
the focus of many hydrodynamic studies in BCRs or SBCRs. Starting with BCRs, a
number of tomography studies have been conducted in gas-liquid two phase systems,
and recent references include Hervieu et al. (2002), Ong (2003), Veera et al. (2004),
Hubers et al. (2005); Shaikh and Al-Dahhan (2005), etc. These studies measured the
cross-sectional distribution of phase holdup, from which parabolic radial gas holdup
profiles were obtained. Effects of superficial gas velocity, operating pressure, and

reactor designs (e.g., gas distributors) have been investigated by these studies.

Nassos and Bankoff (1967) found a nearly constant ratio of the gas velocity to the
mixture velocity, and proposed a correlation for gas holdup radial profiles based on

their study in an air-water system, expressed as
_(n+2 n
8g(r)=8g( . j[l—(r/R) ] (2-1)

where €, is the cross-sectional average gas holdup, and n is a parameter representing

the steepness of a parabolic radial profile. When n is larger, the steepness is lower, and
vice versa. Ueyama and Miyauchi (1979) modified this correlation with an additional
parameter, ¢, to make it possible to have a finite gas holdup value close to the wall,

written as
sg(r):Eg[nzzj[l—c(r/R)“]. (2-2)

When c is equal to 1, the gas holdup has zero value at the wall; when c is equal to 0,

the gas holdup is constant along the radial direction. Luo and Svendsen (1991) reported

a similar expression with slight differences as
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e,(r)=¢, (n—”j[l—c(r/R)"]. (2-3)

n+2-2c¢

Based on the tomography data obtained in an air-water system (later published in Ong,
2003), Wu et al. (2001) developed a set of two correlations to predict the values of n

and c, respectively, given as

_ 0.146 -0.004
3 dcug(pl_pg) o ug2 g'“14
n=2.188-10° .| &L g/ . (2-4)
Ky g-d, (pl—pg)G

dcug (Pl b, )jo.wz
My .

c=4.32-10"2 ( (2-5)

These correlations predict gas holdup profiles with acceptable error for the data that
were used for the correlation development. However, Wu et al. (2001) utilized only
part of the data obtained in Ong (2003), and this correlation was proved by Ong (2003)

to have apparently higher error at her other conditions.

For gas-liquid-solids three-phase systems, there are many fewer tomography studies
which have measured the phase holdups distribution (Table 2-1). Hu et al. (1986)

found parabolic radial gas holdup profiles in an air-water-glass beads system using a
conductivity probe technique and an optical probe technique. They correlated the
average gas holdup to the phase velocities and column diameter, and correlated the
solids holdup radial profiles to the solids holdup values at the reactor center and at the
wall. Using an ultrasonic computed tomography (UCT) technique, Warsito et al. (1997)
measured the phase holdup in an air-water-glass beads system at low solids loadings
(1~2% by volume) and low superficial gas velocities (< 0.03 m/s). They observed high
solids concentration in the region between the central bubble stream and the vertical-
spiral liquid flow and the region near, but not adjacent to, the wall. Warsito et al. (1999)
and Utomo et al. (2001) used the UCT at conditions similar to their previous study and
further described the macroscopic flow scheme and solids concentrating mechanism.
Mitra-Majumdar and Farouk (1998) measured the gas holdup profiles using an electro-

resistance probe technique. They observed parabolic gas holdup radial profiles and that
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both the gas and solids holdups decreased with the reactor height. George et al. (2001)

combined the electrical-impedance tomography (EIT) technique and the gamma-
densitometry tomography (GDT) technique in their measurements of phase holdup
distributions in an air-water-glass beads system and an air-water-polystyrene particles
(PVC) system at high solids loadings. They found that the gas holdup distribution was
insensitive to the solids loading, especially when using neutrally buoyant polystyrene
particles. The electrolyte contaminants added into their systems had more apparent
effects than the solids. Warsito and Fan (2003) measured the phase distribution in an
air-paraffin-glass beads system using the electrical capacitance tomography (ECT)
technique. Behling and Mewes (2004) reported their efforts in measuring the phase
distributions in an air-water-PVC particles system using a dual-energy X-ray method.
Recently, Warsito and Fan (2005) extended their ECT measurements with an improved

reconstruction algorithm which enables real time 3-D imaging.

While all the previous tomography studies were performed at ambient pressure, Rados
(2003) and Rados et al. (2005) measured the cross-sectional phase holdup distributions
in an air-water-glass beads system at both low and high pressures, using a single-
source y-ray CT. The experimental conditions cover high superficial gas velocity (up to
0.45 m/s) and high pressure (1.0 MPa). However, all of his experiments were
performed at a relatively low solids loading of 9.1% vol., except one at 17.8% vol.
Rados (2003) found that the gas holdup profile correlation developed by Wu et al.
(2001) was not capable to match his three-phase data, and suggested that using
constant values of n=2.5 and c=0.8 yielded much closer predictions. Rados (2003)
found linear axial profiles of the solids concentration (solids volume fraction in the
gas-free slurry) rather than exponential profiles given by the conventional
sedimentation dispersion model (SDM). The empirical linear relation was developed as
C, 1 z

c =1.86———. (2-6)

S ‘ C

This correlation considers that the axial profiles of the normalized solids concentration

(C,/ (_js ) are dependent only on the relative axial position. Shaikh (2007) used the



16

same CT technique as Rados (2003) and measured the phase holdup distributions in an

air-Therminol-glass beads system, with the Therminol liquid at room temperature

mimicking typical FT wax at FT conditions. Shaikh (2007) also found the similar

linear axial solids concentration profiles as Rados (2003). Using the same glass beads

as Rados (2003), Shaikh (2007) quantified the differences between the two liquids

(Therminol vs. water). Moreover, Shaikh (2007) used a higher solids loading (25% vol.)

than Rados (2003) and found significant effects of solids loading on the phase

distributions in the SBCR.

Table 2-1. Tomography studies in SBCRs

Study d., m Three-phase Ug, Pressure Solids Technique
system m/s loading
Hu et al. (1986) | 0.066- Air-water-glass <0.06 | Ambient Conductivity &
0.284 beads 5 optical probes

Lee et al. 0.2 Air-water-glass <0.02 | Ambient Optical sensor

(1987) beads & pressure
transducer

Warsito et al. 0.14 Air-water-glass < Ambient <2% UCT

(1997) beads 0.03

Mitra- 0.15 Air-water-glass 0.05- | Ambient Electro-

Majumdar and beads 0.10 resistance probe

Farouk (1998) & pressure
transducer

Warsito et al. 0.14 Air-water-glass <0.02 | Ambient <2% UCT

(1999) beads

Utomo et al. 0.14 Air-water-Ti02 < Ambient <2% UCT

(2001) particles 0.04

George et al. 0.19 Air-water-glass/ 0.03- | Ambient | <30% GDT and EIT

(2001) polystyrene beads | 03

Warsito and 0.1 Air-paraffin-glass | 0.025 | Ambient 40% ECT

Fan (2003) beads -0.15

Behling and 0.244 Air-water-PVC - Ambient - dual source X-

Mewes (2004) particles (>2mm) ray CT

Warsito and 0.1 Air-paraffin-glass | 0.02- | Ambient 40% ECT

Fan (2005) beads 0.20

Rados et al. 0.162 Air-water-glass 0.08- 0.1 and <16% y-ray CT

(2005) beads 0.45 1.0 Mpa

Shaikh (2007) 0.162 Air-Therminol- 0.08- 0.1 and <25% y-ray CT

glass beads 0.30 1.0 Mpa
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The reviewed tomography studies greatly advanced the understanding of SBCRs’

phase distribution pattern and the macroscopic flow structure. However, the majority of
these studies focused more on the development/validation of techniques, and selected
three-phase systems that could be easily acquired and handled. Almost all of these
studies used glass beads as the solids phase, and many of them used water as the liquid
phase. Although some SBCR tomography studies used organic liquids (Warsito and
Fan, 2005; Shaikh, 2007), no tomography studies have been reported using FT catalyst,
which has different sizes and density than the glass beads and has porous surface

characteristics.

The techniques to measure gas holdup distribution have been based on different
mechanisms, such as optical probes using normal light or laser; acoustic measurements
using ultrasound; electrical techniques based on electrical resistance or capacitance;
and nuclear-based techniques using y-rays, X-rays, positrons, or neutrons. These
sensing techniques have been recently developed and implemented into multiphase
systems, and have led to great progress in understanding the dynamics in BCRs and
SBCRs. Compared with other techniques, y-ray (or X-ray) computed tomography has
the advantage of non-invasiveness and the ability to be used in opaque systems
(Chaouki et al., 1997; Dudukovic et al., 1999; Dudukovic, 2000). Details of y-ray CT
techniques and their application to multiphase reactors can be found in various studies,
such as Ong (2003) and Hubers et al. (2005) (gas-liquid), Roy et al. (2005) (liquid-
solid), Bhusarapu (2005) and Kai et al. (2005) (gas-solid), and Rados et al. (2005) (gas-
liquid-solid).

As a single mode tomography, the single-source y-ray CT technique does not allow
straightforward reconstruction of holdup distributions in a dynamically moving three-
phase system. Although the dual-source CT technique (Behling and Mewes, 2004;
Gehrke and Wirth, 2005) is a direct solution of this issue, such a technique is more
difficult to develop and not readily available. To overcome this problem, Rados (2003)
and Rados et al. (2005) developed and used a CT/overall gas holdup methodology
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based on two assumptions. The first assumption is axially invariant gas holdup,

supported by Matsumoto et al. (1992), Bukur et al. (1996), and George et al. (2000).
The second assumption is uniform cross-sectional solids concentration in the gas-free
slurry, supported by Badgujar et al. (1986), Hu et al. (1986), and Limtarkul (1996).
Making these two assumptions is equal to having an additional equation at each
reconstruction pixel, which makes the reconstruction of three phases possible. Shaikh
(2007) implemented the same CT/overall gas holdup method in a similar three phase
tomography study.

2.2. Velocity Field and Turbulence Parameters Investigations

In recent years, the development and implementation of nuclear-based flow tracking
techniques has greatly contributed to the better understanding of the flow
characteristics in multiphase reactors (Chaouki et al., 1997; Dudukovic, 2000). A
nuclear-based flow tracking technique usually uses a single radioactive particle
containing a proper isotope (e.g., Sc*® or Co®) made in the same density and size as a
dispersed phase (e.g., solids tracking) or made buoyant in a continuous phase (e.g.,
liquid tracking). In such a technique, Lagrangian trajectories of the radioactive tracer
particle in the reactor are reconstructed from the counts data received by an array of
detectors around the reactor. From the long time Lagrangian trajectories, Lagrangian
velocities of the tracer particle are calculated by space differentiation, from which
ensemble averaged velocities and turbulence parameters can be obtained. The nuclear-
based flow tracking techniques can be implemented in BCRs or SBCRs at almost any
operating conditions, while other velocity mapping techniques, such as the optical
probes, particle image velocimetry (PIV), or laser Doppler anemometry (LDA), have
limitations in discrete phase holdups and high superficial gas velocities. More review
of velocity mapping techniques and their comparisons is available in Chaouki et al.

(1997) and Dudukovic (2000).
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In the chemical reaction engineering laboratory (CREL) at Washington University,

there has been a series of BCR and SBCR studies performed in a systematic manner
using the CARPT technique. Devanathan et al. (1990) presented the first application of
CARPT for liquid flow tracking in an air-water bubble column. In their study, a single
recirculation cell of the liquid flow was observed rising along the column center and
descending near the wall, although at gas velocities less than 0.05 m/s two recirculation
cells were observed. The radial position for the axial liquid velocity transition
(inversion point) was at r/R=0.72. The Reynolds stress radial profile peaks at a position
close to that of a single phase flow through in a pipe. Moslemian et al. (1990 and 1992)
presented the CARPT technique in more detail and provided evaluation of the
technique. The operating principle and hardware development were discussed, and the
reconstruction mechanism was introduced. Error analysis was performed by
considering various factors such as the statistical nature of gamma photons, solids
angle effects, and voidage fluctuation in multiphase systems. Yang et al. (1992) and
Yang et al. (1993) investigated the liquid velocity field and turbulence parameters in a
bubble column at more conditions, using the CARPT technique. Yang’s studies applied
the R/S analysis (presented by Hurst, 1956, and modified by Mandelbrot and Wallis,
1969) to the three components of the Lagrangian velocity to determine the mixing
mechanisms in the three directions in the reactor. Such analysis of the velocity found

that flow isotropy does not exist in the tested reactors.

Chen et al. (1999) investigated the velocity field and turbulence parameter profiles in
an 18 inch (0.44 m) bubble column with and without internals using an air-drake oil
system. Internals were used to simulate the heat exchangers in methanol synthesis
SBCRs with 95% open area, and small effects of internals were found on the global
liquid recirculation. Degaleesan (1997) and Degaleesan et al. (2001) used the CARPT
technique in a similar 18 inch (0.44 m) bubble column with an air-water system. Based
on the observed velocity field and turbulence parameter profiles, a mechanistic model,
the recirculation and cross flow with dispersion (RCFD) model, was developed and

presented for the liquid phase. In this mechanistic reactor model, liquid recirculates by
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flowing upward in the center, flowing downward close to the wall, and turning over in

the distributor zone and disengagement zone. There is axial dispersion in the up-
flowing zone and the down-flowing zone, and radial dispersion between these two
zones. The distributor zone and the disengagement zone are assumed perfectly mixed.
Gupta et al. (2001) and Gupta (2002) extended this mechanistic RCFD model to the
gas phase with gas-liquid mass transfer terms. The RCFD model for the gas phase was
presented by Gupta in both a single bubble class model (SBCM) and a two bubble class
model (TBCM) in which mass is exchanged between large bubbles and small bubbles.
However, evaluation with gaseous tracer data indicated that the TBCM does not have
additional advantages over the SBCM. Instead of lumping the phase mixing into one
parameter as in the ADM, this mechanistic model separately accounts for the global
recirculation and local dispersion within each compartment. Historically, because of
the lack of a method to estimate the axial and radial dispersion coefficients in this
reactor model, the axial and radial eddy diffusivities obtained by CARPT were used as
substitutes in this model. The dispersion parameters in the RCFD model are yet to be
estimated and need to be examined to determine whether they are close to the eddy

diffusivities.

Ong (2003) performed CARPT measurements in a 6 inch stainless steel bubble column
using an air-water system. The experimental conditions covered high superficial gas
velocity (up to 0.45 m/s), high pressure (up to 1.0 MPa), and four different gas
distributor designs. In addition to the previous hydrodynamics knowledge in gas-liquid
systems, her study investigated the effects of high superficial gas velocity, operating
pressure, and distributor designs on the velocity field and turbulence parameter profiles.
It was found that deep into the churn-turbulent flow regime, the effect of distributor
designs was insignificant, especially at low pressure. At high pressure, the axial liquid
velocity increased while the liquid phase turbulence decreased. At high superficial gas
velocities, the effect of operating pressure on the global circulation became smaller.
Based on Zehner (1983), Ong (2003) developed a modified empirical relation to

predict the centerline liquid velocity
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0.128
u,(0)=0.737g3d,u 2 [p—g] . 2-7)

pg,atm

An analysis on eddy diffusivities by Ong (2003), using the model of Ohnuki and
Akimoto (2001), revealed that the bubble-induced turbulence is relatively small
compared to the shear-induced turbulence at the tested conditions. More analysis of the

turbulence parameter profiles can be found in Ong (2003).

Rados (2003) and Rados et al. (2005) greatly improved the CARPT hardware and
implemented the technique in a 6 inch high pressure slurry bubble column using an air-
water-glass beads (150 pm) system. Experiments were performed at high superficial
gas velocities, high operating pressure, and moderately high solids loading, using three
different distributor designs. Rados (2003) was the first solids tracking study
performed in an SBCR at high pressure, which is of industrial interest. The effects of
operating parameters and distributor designs on the hydrodynamics were investigated.
The superficial gas velocity and operating pressure had strong effects on the global
recirculation and turbulence, which is similar to observations in a gas-liquid two-phase
system. The effects of increasing the solids loading from 9.1% vol. (20% wt.) to 17.8%
vol. (35% wt.) were observed to be weak at atmosphere condition. The effects of the
distributor design on the solids velocity and solids turbulence were also very small at
high superficial gas velocity (0.30 m/s), which is an observation similar to that in the
air-water system (Ong, 2003). Rados (2003) developed power-law correlations for
solids axial velocity and shear stress radial profiles using the obtained data. The
correlation for the radial profile of the axial solids velocity was based on Ueyama and
Miyauchi (1979), and expressed as

STl (/R (2-8)

U,o U,y
The axial solids velocity at the center, u,, and at the wall, u,, can be estimated with
the absolute values of the superficial gas velocity and pressure in the correlations

shown below (Rados, 2003):
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U0 =1.50u,P+0.50u, +8.0P +20.0 (2-9)

~u,,, =0.525u,P+0.15u, +17P+15.7. (2-10)

In a continuation of SBCR hydrodynamic studies, Shaikh (2007) performed CARPT
experiments in the 6 inch high pressure slurry bubble column using an air-Therminol-
glass beads (150 um) system. By comparing results to the previous air-water-glass
beads measurements (Rados, 2003), his study quantified the differences in the
hydrodynamic parameters of Therminol and water. Shaikh (2007) also extended the
solids loading from 9.1% vol. in Rados (2003) to 25% vol., and found that the solids
loading increase yielded more apparent solids loading effects on the measured
hydrodynamic parameters than the increase from 0 to 9.1% vol. Moreover, Shaikh
(2007) presented new criteria for hydrodynamics similarity using the CT and CARPT
data obtained in BCRs by his work and Ong (2003).

Besides the systematic BCR/SBCR studies in the CREL at Washington University,
several other studies have implemented a similar technique, the radioactive particle
tracking (RPT) technique, to various systems and conditions. Larachi et al. (1994 and
1995) presented the RPT technique and its application to a 0.10 m column using air-
water-glass beads (0.9~5.5 mm) (or PVC solids in some cases). The RPT is similar in
principle to the CARPT technique using a modified reconstruction method with a least-
square 3-D inverse algorithm. Cassanello et al. (1996) performed RPT experiments in a
0.10 m SBCR using air-water-glass beads (1~5 mm) and air-water-PVC (5.5 mm)
systems. A bubble-wake model was presented for the solids mixing, based on the
classic two-phase model developed for fluidized beds (Kunii and Levenspiel, 1968).
Godfroy et al. (1997) replaced the least-square search location algorithm used by
Larachi et al. (1994 and 1995) with a three-layer neural network model. They proposed
the potential of neural network models for quick reconstruction in real time flow
visualization. In their study, various isotopes were tested, including Sc*® (1005 keV),

Mo” (140 keV), and Au'® (412 keV). The Au'”® particle was found to have the best
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spacial resolution, although it only has 2.7 days of half life. Kiared et al. (1997a, 1997b,

and 1999) conducted a RPT study in a similar 0.10 m reactor, also using air-water-
glass beads (1~5 mm) and air-water-PVC (5.5 mm) systems. Based on the obtained
phase mixing information, they proposed a cross flow multistage stirred reactor
(CFMSR) model. At University of Birmingham, a positron-emitting particle tracking
(PEPT) technique using positron cameras was presented and extended to multiple
particle tracking (Fan et al., 2006; Yang et al., 2006). They have implemented the
PEPT technique in fluidized bed reactors.

These CARPT (RPT) studies in SBCRs provided remarkable understanding of the
solids motion pattern which would have been difficult to achieve with other techniques.
However, these previous SBCR studies mostly used water as the liquid (except Shaikh,
2007), and all of them used glass beads (or PVC solids in some cases) as the solids
phase. The glass beads or PVC solids used in these previous studies were 150 pm or
larger, while most industrial FT slurry reactors use catalysts with different physical
properties and smaller sizes. Therefore, it is of industrial interest to perform detailed
hydrodynamic studies using a real FT catalyst to investigate the effects of physical
properties and operating conditions, although this may encounter difficulties of

acquiring and handling smaller radioactive tracer particles.

2.3. Liquid and Solids Phase Back-Mixing Investigations

As mentioned earlier, the back-mixing of the liquid or solids phases may significantly
affect the reactor performance in SBCRs. There have been a number of studies using
tracer techniques to characterize the back-mixing of the liquid or solids at various
conditions. The findings and techniques used in these studies are briefly reviewed

below.

The liquid phase in SBCRs has been simulated using various models as discussed

earlier. Despite the limitations of the ADM, which Levenspiel and Fitzgerald (1983)
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warned about, this model has been widely used because of its simplicity and good fit to

the residence time distribution. In liquid tracer studies that quantified the liquid phase

back-mixing, the ADM was mostly used and the axial dispersion coefficient was

estimated. Table 2-2 lists the correlations developed in the literature for the liquid axial

dispersion coefficient. A simple calculation can reveal that there are great differences

among their predictions. This is probably due to the effects-lumping nature of the

ADM, which makes each correlation specific for the tested system and conditions. In

addition, experimental errors in the tracer experiments may also contribute the

deviations between these correlations.

Table 2-2. Correlations for the liquid axial dispersion coefficient in BCRs

Research

Correlations

Ohki et al., 1970

D, = 0,30dczugl‘2 +1708 (8, hole diameter) bubble flow

14d.  coalesced bubble-slug flow

e,

Towel et al., 1972

D, =1.225d,u,"”

Deckwer et al., 1974

D, =0.678d," “u,*’

Hikita et al., 1974

D, =(0.065+0.3u,”")d, #p, "

c

Baird et al., 1975

1/3

D, =0.35d,*’g'" -u,

Field et al., 1980

D, = ()_44(101-33[23(11g —g,u,)]"? (us: slip velocity)
D, =0.90d,°[L(u, —0.235¢,)]""

Joshi, 1980

Dl — 0.5g1/4ug”2d05/4

Miyauchi et al., 1981

D, =0.307d, " (g-u,)"”

Kawase et al., 1986

D, =1.42d,'*[u, —e,u, [(1-¢,)]"" /(1-¢,)

Kelkar et al, 1983

D, =0.31-u,(0)D, (w(0): center-line liquid velocity)

Krishna et al., 1999 and
2000

D, =7.64x107° L'y %

Nedeltchev et al., 2005

D, = 0.30dczug1‘2 +1708 (8, hole diameter) bubble flow

14d.  coalesced bubble-slug flow

e,y
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Various forms of tracer techniques were implemented to quantify the extent of liquid

phase back-mixing, as listed in Table 2-3. These studies tracked the liquid flow by

using electrolyte, dye, heat, or isotope tracers, which can be detected with conductivity

sensors, spectrophotometers, thermocouples, or scintillation detectors, respectively.

Tracer measurements were performed in the form of pulse injection, step change, or

constant source. These methods are sometimes intrusive, and most importantly it is

difficult to ideally distribute the tracer substance in time and space, as it is assumed to

be in the reactor models. Significant experimental errors may result from the non-ideal

injections and non-ideal sampling systems.

Table 2-3. Experimental studies of the liquid axial dispersion in BCRs

Research

Tracer

Injection

Measurement

Argo et al., 1965
Reith et al., 1968
Ohki et al., 1970
Chen, 1972
Cova, 1974
Deckwer et al., 1974
Hikita et al., 1974
Alexander, 1976
Field et al., 1980
Khang et al., 1980
Mangartz et al, 1981
Chen et al., 1982

Kelkar et al, 1983
and 1985

Devine et al., 1985
Tinge et al., 1986
Rice et al., 1987

Baird et al., 1988
Chen et al., 1989

Rustemeyer et al.,
1989

Kago et al., 1989
Asai et al., 1992

Campos et al., 1992

KC1 and NaCl solution

NaCl solution
KCI solution
Electrolyte solution
Heat
Electrolyte, dye, heat
KCI solution

Sulfuric acid tracer

Radioactive tracer Br*?

4% KCIl solution
Heat
KCl solution
Heat

Heat
KCl solution
NaOH solution

NaCl solution
Heat
NaCl solution

KCl solution

Oil red and methylene
blue, KCl1 solution

Red color tracer, KCI

steady, at bottom
pulse at top surface
instant pouring at top
step change, at liquid inlet
steady, at top
stationary and instationary
pulse at top surface
pulse at top surface
pulse at liquid inlet, 5s
pulse at bottom, 0.5s
steady, near top surface
step change, at liquid inlet
steady, at top

steady, at top
pulse, 3cm above sparger
step change, at inlet

pulse, <ls
steady, at liquid inlet

pulse at liquid inlet

pulse into column

instant pouring at top

Ag-AgCl electrodes
conductivity sensor
conductivity sensor
conductivity sensor
thermocouples
unspecified
platinum electrode
conductivity sensor
scintillation detectors
conductivity sensor
thermocouples
conductivity sensor
11 thermocouples

12 thermocouples
conductivity sensor

observation of
phenolphthalein

conductivity sensor
thermocouples
conductivity sensor

conductivity sensor

spectrophotometer,
conductivity sensor

spectrophotometer,
conductivity sensor
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Yang et al., 1992

Wilkinson et al.,
1993

Syaiful et al., 1993
Shah et al., 1995
Herbard et al., 1996
Salvacion et al., 1996

Degaleesan et al.,
1998

Hidaka et al., 1998
Baird et al., 1998

Tung et al., 1998

Krishna et al., 1999
and 2000

Camacho Rubio et
al., 1999

Bin et al., 2001
Therning et al., 2001
Moustiri et al., 2001

Forret et al., 2003
Ahmad et al., 2003
Yang et al., 2003

Camacho Rubio et
al., 2004

Nedeltchev et al.,
2005

Radioactive particle
NacCl solution

Oxygen gas
NacCl solution
NaCl solution
NacCl solution

Radioactive particle

KCl solution
NaCl solution,
NaOH solution

Hot water

NacCl solution

Oxygen gas

KCl solution
H,SO, solution
NacCl solution
KNOj; solution
KMnO,
Heat

HCI solution

CO, gas

free moving reactor
pulse at bottom, <0.3s

pulse at gas inlet
pulse at liquid inlet
pulse at bottom
pulse spray at surface, <ls

free moving in reactor

pulse at top
pulse into column

pulse at top
pulse, at different locations

step at gas inlet

pulse at bottom
instant pouring at top
pulse at liquid inlet
pulse at top surface
pulse at top surface

steady, close to liquid
outlet

pulse at top surface

step change, at gas inlet

CARPT technique

conductivity sensor

2 oxygen electrodes
conductivity sensor
conductivity sensor
conductivity sensor
CARPT technique

conductivity sensor
conductivity sensor,
observation of color
two thermocouples

conductivity sensor

oxygen electrode

3 conductivity sensor

conductivity sensor

conductivity sensor

conductivity sensor
time recording
thermocouples

pH electrodes

conductivity sensor

The FT catalysts suspended in the liquid are metal based and have apparent higher

density than the liquid. Hence, there usually is a solids concentration axial gradient

(higher near the bottom) as the result of equilibrium between two opposing effects,

settling (sedimentation) and dispersion. Solids dispersion and distribution in the reactor

play an important role in reactor performance, and they remain difficult to predict in

reactor design and scale-up, due to the complicated interaction of phases. Estimation of

the solids dispersion and distribution in SBCRs has been the focus of many studies

over decades. Historically the sedimentation-dispersion model has been widely used to

describe the axial solids distribution, and therefore the solids axial dispersion
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coefficient became the target parameter. The reported methods of estimating the solids

axial dispersion coefficient are mostly by measuring the steady solids concentration
axial gradients. As a brief review, the previous studies of solids dispersion and

distribution in SBCRs are listed in Table 2-4.

Table 2-4. Experimental studies of the solids axial dispersion

Research Model  Measurement d.xL P C, Uy, M/s
Cova, 1966 SDM Withdraw 1.8inx4ft low <0.08
Imafuku et al., 1968 SDM Withdraw 5, 10,20 cm low <3% vol. <0.15
Farkas et al., 1969 SDM Withdraw 1.51in low <0.015
Kato et al., 1972 SDM Withdraw 6.6;12.2;21.4 low  <8% vol. <0.20
Smith et al., 1984 SDM Withdraw low <0.20
Smith et al., 1985 SDM Withdraw 10.8 cmx 1.94 low <0.20
m
Smith et al., 1986 SDM Withdraw 7.62x1.54 low 10% wt. <0.28
10.8x1.94 <0.20
O’Dowd et al., 1987 SDM Withdraw 10.8 cmx.94 m low <12% <0.24
vol.
Matsumoto et al., SDM  Shutter plates 7 cmx4.25m low <30% 0.01-0.3
1989 vol.
Reilly et al., 1990 SDM Withdraw 30 cmx5.28 m low <0.30
Bukur et al., 1990 SDM Withdraw S5cmx3m low 10, 20, 0.02 ~
30% wt. 0.12
Matsumoto et al., SDM  Shutter plates 15cmx2.7m low <0.30
1992
Sessiecq et al., 1999 SDM turbidity 0.15m low
probe
Nakao et al., 2000 SDM Withdraw 7cmx 1.0m low 5%-20% 0.005-
vol. 0.04
Zhang et al., 2002 SDM Withdraw 42cmx14m  low <5%vol. 0.023 ~
0.045
Zhang et al., 2002 SDM Withdraw 42cmx14m  low <5%vol. 0.023 ~
0.045
Cardoso et al., 2003  Mecha Withdraw 32cmx7.5m low 10~30%
nistic (stop gas) vol.
Knesebeck et al., Wake Withdraw 6cmx2.98m low ~10% <0.0024
2004 model

The majority of these studies measured the solids axial concentrations by withdrawing

samples from ports (Bukur et al., 1990; Reilly et al., 1990; Nakao et al., 2000; Zhang et
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al., 2002; etc.). Some measured by settling the solids onto several shutter plates

(Matsumo et al., 1989 and 1992) or turbidity probes (Sessiecq et al., 1999). All of these

procedures are greatly invasive.

Having reviewed the liquid and solids back-mixing studies, one can consider the
feasibility of utilizing CARPT data to quantify the back-mixing extent. The CARPT
technique provides long-time trajectory data by tracking the liquid phase using a
buoyant tracer particle or tracking the solids phase using a tracer particle made in the
same size and density of the solids. These trajectory data contain ample information
about the phase mixing. However, besides the time-averaged velocity field, very
limited work has been presented to extract more quantitative information about the
extent of phase back-mixing. Villermaux (1996) proposed a method to generate the
trajectory length distribution (TLD) from Lagrangian trajectories, which were later
used by Kiared et al. (1997) and Bhusarapu (2005) for various systems. This method
yields a length distribution of many trajectory sections between two zones in the
reactor. Although the TLD obtained from trajectory data provide the variation of the
trace of a fluid element or tracer particle and serves a similar purpose as a RTD, it is
not suitable for estimating phase dispersion parameters in a transient reactor model. For
loop systems such as a circulating fluidized bed (Bhusarapu, 2005), residence time
distribution (RTD) between two open-open boundaries can be obtained from the
trajectories obtained. However, CARPT (RPT) experiments in BCRs or SBCRs are
usually performed in semi-batch mode due to technical limitations, and hence
obtaining the RTD for the liquid or solids is out of the question. Cassanello et al. (1996)
proposed a method based on the ergodic hypothesis to characterize the solids mixing in
a slurry bubble column reactor. Pulses of particles were generated at different heights
of the column, and the dynamic change of the centroids of these particles was used to
characterize the mixing time scale in three different directions. Based on the idea of
Cassanello et al. (1996), it is possible to generate virtual tracer response curves from
CARPT data which can be fit to a transient reactor model. Compared to a conventional

tracer technique, the virtual tracer response method, if successful, would
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* Inherit the advantages of the CARPT technique, such as non-invasiveness in its

application to multiphase reactors,
» Provide almost ideal tracer injection/sampling in terms of time and space, and
= Perform virtual tracer experiments in particularly designed patterns, which are
needed for compartmental models but practically impossible with a traditional
tracer technique.
By designing the virtual tracer injection and sampling in specific ways for multi-
parameter regression, estimation of the dispersion coefficients in the mechanistic
RCFD model will be possible. In the solids dispersion measurement, by using dynamic
response curves instead of a steady solids concentration gradient, this method is
expected to be less sensitive to the values of the solids settling velocity (as a parameter
in the SDM), which are difficult to accurately measure or estimate. As a comparison,
the traditional techniques shown above require a steady state method in which the axial
dispersion coefficient measurements are dominantly affected by the estimated values of

the solids settling velocity.

2.4. Gas Phase Back-Mixing Investigations

In SBCR simulations, the gas phase is generally modeled as a plug flow, with
dispersion being neglected (Stern et al., 1983; van Vuuren and Heydenrych, 1985;
Herbolzheimer and Iglesia, 1994; Hedrick and Chuang, 2003; Song et al., 2003; etc.).
This assumption may not be correct, especially when a reactor has a small Peclet
number (defined as Pe=u,L/e,D,, where ug, L, &, and Dy are the superficial gas
velocity, height of the suspension, gas holdup, and gas axial dispersion coefficient,
respectively). In several other studies which did consider axial dispersion of the gas
phase for slurry bubble column modeling (Stern et al., 1985; Turner et al., 1990; Mills
et al., 1996; Rados et al., 2003), the gas dispersion coefficient values were obtained
from either liquid dispersion coefficients or two-phase BCR gas dispersion studies. In
the open literature, almost no studies of gas phase dispersion in SBCR reactors were

found, and only a very limited number of studies in BCRs (Table 2-5).
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Research System dp, m/L, m U, m/s
Men’shchikov et al. (1967) air-water 0.3/5.0 0.0076-0.096
Towell et al. (1972) air-water 0.406 /2.84 0.0162-0.131
1.067 /5.1 0.0085-0.0344
Field et al. (1980) air-water 3.2/18.9 0.045-0.055
Mangartz et al. (1981) air, N,-water, glycol, 0.10/0.7,1.7 0.015-0.060
n-propanol 0.14/0.6,0.9 0.010-0.130
Joseph et al. (1984) air-water 0.305/2.1 0.03-0.07
Kulkarni et al. (1984) air-sulfite solution 0.075/2.65 0.001-0.013
Kago et al. (1989) air-water 0.12/1.4,2.14 0.01-0.14
0.19/0.97~2.49 0.01-0.06
Wachi et al. (1990) air-water 0.2,0.5/4.5 0.03-0.4
Shetty et al. (1992) air-water 0.15,0.25/2.7 0.01-0.16
Kantak et al. (1995) air-water, alcohols 0.15,0.25/ - 0.01-0.18

Until early 1980s, most of the measurements of the gas phase axial dispersion

coefficient (D,) in BCRs were performed within the low superficial gas velocity range

(Men’shchikov et al., 1967; Towell et al., 1972; Field et al., 1980; Mangartz et al.,

1981). A short review of the gas phase dispersion in BCs was given by Joshi et al.

(1982). Thereafter, more BCR studies for gas phase dispersion using the ADM were

conducted by Joseph et al. (1984); Kulkarni et al. (1984); Kago et al. (1989); Wachi et
al. (1990); Shetty et al. (1992); and Kantak et al. (1995). Based on their measurements,

various correlations were developed to predict the gas axial dispersion coefficient in

two-phase BCRs (Table 2-6). As can be seen, these correlations have similar simple

formats. According to these correlations, the gas axial dispersion coefficient is

dependent only on the gas velocity and column diameter in most cases, and on gas

holdup in some cases.
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Table 2-6. Correlations for the gas axial dispersion coefficient

Research D, correlation
Men’shchikov and Aerov (1967) D,=1.47xu,""
Towell and Ackermann (1972) D,=19.7xd *xu,
Pilhofer et al. (1978) D, =2.64-uy, >
Field and Davidson (1980) D,=56.4xd," ¥ x(u,/e,)**
Mangartz et al. (1981) Dg:50><dc3/2X(ug/sg)3
Joshi (1982) D,=110xd*x(u,’/e,)
Wachi and Nojima (1990) D, =20><dc3/2><ug

All of these gaseous tracer studies were performed in two-phase systems. The presence
of solids and operation at high pressure cause significant differences in the
hydrodynamics and phase mixing in SBCRs. It is of importance to investigate the gas
phase back-mixing and gas axial dispersion at the mimicked FT conditions, which was

the focus of this work.

2.5. Gas-Liquid Mass Transfer Investigations

As one of the key reactor design parameters, the volumetric gas-liquid mass transfer
coefficient, kja, is directly affected by the hydrodynamics, phase mixing, and physical
properties. In the ongoing effort to reduce uncertainty, there has been a large body of
mass transfer research covering various specific topics (Yang et al., 2001; Behkish et
al., 2000 and 2002; Han et al., 2003; Vandu and Krishna 2003 and 2004; etc.). These
studies measured overall gas-liquid mass transfer parameters, including the volumetric
gas-liquid mass transfer coefficient (kja), interfacial area (a), and liquid side mass
transfer coefficient (k;). This section briefly reviews the gas-liquid mass transfer
studies in both BCRs and SBCRs as a background to the present mass transfer work
performed in the mimicked FT SBCR.
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As listed in Table 2-7, many correlations have been proposed for predictions of kja or

k; in BCRs or SBCRs. These correlations were obtained using different database and
optimization methods, and some of them have been frequently used in engineering
designs. Among these studies, some correlated kja or k; to the superficial gas velocity
along with only one or two other parameters (Deckwer, 1981; Nguyen-Tien et al., 1985;
Patwari et al., 1986; Schumpe et al., 1987; Katnas et al., 1994; Jordan et al., 2002; Liu
and Zheng, 2004). Apparently, these correlations would be suitable only in systems
that are similar to those used in their measurements. Some other correlations used
dimensionless groups in equations that are significantly different from each other
(Calderbank and Moo-Young, 1961; Fair, 1967; Akita and Yoshida, 1973; Nakanoh
and Yoshida, 1980; Hikita et al., 1981; Kawase et al., 1987; Ozturk et al., 1987; Chen
and Yang, 1989; Lee et al., 1993; Sotelo et al., 1994; Yang et al., 2001a; Yang et al.,
2001b; Behkish et al., 2002). The great difference between these correlations may be

caused by the empirical nature of their development.

Table 2-7. Correlations for kja and k; in BCRs or SBCRs

Research Correlations
Calderbank and Moo- A VA %
Young, 1961 k=03 1('”2‘“‘5 (plj
P1 D gty

For large Bubble with non-spherical shapes
]

Fair, 1967 aand b

A ; -%
K = 0'42( P ( Py j
P1 D sy
D
ka=3.31—2% ) _Pi

A VA
& j (dbub”lJ
d Daglyy Py

Akita and Yoshida, 1973

2
0.5 0.62 0.31
kia-d; =0.6[ Pi j [g'dg'Pl] g-diulz gl
Dap D sl o pr ¢

Nakanoh and Yoshida,
1980

2 0.5 2 0.75 3 2 0.39 m-1
kja-dg _ Py gdepy gdim, Uy U, A
=0.09 : 1+C
D g D gl o P ved, dy

C=0.13,m=0.55

Deckwer, 1981

kja=0.00315u, % p "
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Hikita et al., 1981

176 /4 \-0.248 0.243 ~0.604
k . 14.9gf(ug ulj [ung (ugj [ ul J
a=
u, S P103 My P1D s

1.0 for nonelectrolytes
f =4 10%0% I <1.0kgionm™
1.114(10°") | >1.0kgionm™
Nguyen-Tien et al., 1985
=Y ka =039 1- % u,
0.58

where ¢, =5, /(1-2,)

Patwari et al., 1986

k,a=0.0168 ug70‘36M171'30DABO'5

Kawase et al., 1987

1 (g 2\ %
Kade 12 p g 07[ Vi jé(“gdcj [ug J (gdﬁplj

gd,

DAB \/; AB Vi c
B =0.0645
Ozturk et al., 1987 0.5 0.33 0.29 0.68 0.04
kla'di _ Py gdipl gplzdf) Ug pi
—=0.62 5
IDJNY IDJNNTH o Ky vedy P1

Schumpe et al., 1987

_ 082 -0.39
kja=K-u, "

K=0.042 for salt-free systems;
K=0.063 for salt solutions.

Chen and Yang, 1989

1.75 0.5 0.285
kl'db =113104(dbvsle { “’l J (dculle
D,g My P1Das 1y

Schumpe and Deckwer,
1989

0.5 044 042 -034 071
kja=2988-Dyp U, U Her | Ug

Kim and Kim, 1990

1+0.036- (V. /V_)!
kla _ 073 . ug0A87u10,45dp0A71|‘ ( f s)

~1.348-107(V; /V, )"

Kang et al., 1991

kla =447. 10—2 . ug0,782u10.160M0ff—0.407 (1 +e, )3,640

Lee et al., 1993

In the bubble disintegrating regimes :

_ -5 0686 0469 1 0788 1532 0548
k,a=236-10"-u, "u; d, o Hegr

) 05 4 3N\0S507, 0457
or k24, :4.51-105( . j PVdp3pl Bo,
DA D AgPi i c

In the bubble coalescing or slug flow regimes :

_ ~6 . 0940 0381y 0790 2273 —0.671
kja=1.10-10"u,""u;7d, "o Hegr

) 05 4 300483, 0.436
or Kia-d, :4.19.105[ Ky J Pud;pi upd,
Dag D AgPi H13 S

Miyahara et al. (1993)

kja=0.467-u,%




34

Katnas et al., 1994

0.45
g

ky =0.002-u, """y, %

0.90
g

kja=242-u,"%u

a=121-u,""u

Sotelo et al., 1994

K 214, 4 0518 0.074 -0.038 0.908
la.ug :169(ungJ ( ulg J (Hd] [ pl j [dOJ
g o pio’ i D gl d,

Zheng et al., 1995

kja=au,u"d " (1-¢g,)"™ (1 +agh + a7h)
Values of a,~a; are given depending on flow regimes

Kang et al., 1999

0.254
kja=10"%d (d"ugng
My

Letzel et al., 1999

ka

&g

=0.5

Yang et al., 2001a

0.052 0.073 -0.231
K, -d depgu
H,: ki -d, 1.546-102 - P . [ Psi gJ ( e J
D,g Pyl Mot PsDap

-0.012 0.024 -0.133
CO:kI'dc:8748.102.( P ] (dcpslugJ ( Hefr j

Yang et al., 2001b

AB pslllg2 Mefr PaDap

0374 1.077 0.868
Hy Kiode _gpiqoe| P . (dcpS'”gJ [ Herr j
AB Py, Mesr PaDag

0299 1.023 0.960
co: kide _go46.q04.| P [dcpslugj ( Hefr j
D g pslug2 Hest PsDap

Behkish et al., 2002

087 5 o, Y
klazo,lg.(le [ 1 g] (pg-ug)o‘“e’z'“c"

ABHY M,
Cy: volumetric solids concentration. CV =0 for BCRs.

Jordan et al., 2002

kla _ (1 _ gg) .C- ug0.91pg0.24
C=0.99 for water, 1.14 for ethanol (96%), 0.83 for 1-butanol, 1.49 for
toluene.

Liu and Zheng, 2004

0.713__ 0.076 ~ —0301
kja=0.018-u, ""u; TGy

G: particle recirculating rate (kg/(m”.s)

In comparison with these fully empirical correlations, some studies developed k;

correlations for BCRs starting from a theoretical basis. Lewis and Whitman (1924)

proposed the famous film theory as a mathematical description of the rate at which a

gas is absorbed into a liquid, which then became the basis of later research on gas-

liquid transport in multiphase systems. The film theory assumes a gas film and a liquid
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film at the interface, each in laminar flow and acting as a different transport resistance

in series. Lewis and Whitman (1924) found that for a gas with solubility lower than
sulfur dioxide, the liquid side interface is saturated at the partial pressure of the gas,

which means only the resistance in the liquid film needs to be considered.

Based on Fick’s second law of unsteady diffusion, Higbie (1935) proposed the
penetration theory for unsteady mass transfer at the gas-liquid interface, considering
only the liquid film resistance. For systems with discrete gas phase (bubbles) such as
BCRs, the penetration theory assumes an average exposure time, t., for the liquid
surface. With a given t., the liquid side mass transfer coefficient is calculated by the

unsteady Fick’s law as

D
k, =2 n.AtB . @2-11)

Higbie validated the model with experiments using bench apparatuses including an
absorption tube and a bubble controlling mechanism. As an extension to the
penetration theory, Danckwerts (1951) proposed the surface renewal theory, which is
based on a concept of renewing liquid at the surface instead of a stagnant film. He

proposed that the age-distribution for the surface is
Y(t)=s-e ", (2-12)
where s is the rate of the surface renewal. The liquid side mass transfer coefficient, kl,

is calculated as

K =\Dpp s (2-13)

For gas absorption without chemical reactions, which is the case of this work, the
penetration theory and surface renewal theory have the similar expression for kj, both
proportional to the square root of Dag. The exposure time t. in the penetration theory
for BCRs has been calculated as

_ bubble surface ~ length of bubble  d,

e = . =— : (2-14)
surface formation rate  relative velocity u

slip
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Therefore, the exposure time can be directly estimated either by the bubble surface and

its formation rate or approximately by the bubble size and bubble slip velocity, which
can be measured or predicted. The reported kja correlations in BCRs using the bubble

surface/formation rate method or the bubble size/velocity method are reviewed below.

Nakao et al. (1983) found relations of the bubble size and slip velocity with the

. : 1/5 2/5 Lo
superficial gas velocity as dy, ocu, ~ and ug;, «u,” . Hence the liquid side mass

transfer coefficient is calculated as

D 1 1/2 u 1/2
k, =2 ABOC[_J :[ij ocu, (2-15)

5] (S

In the churn-turbulent flow regime, there is much more intense bubble interaction, and
the bubbles’ shape is no longer spherical. Assuming isotropic turbulence, Kastanek

(1977) and Kastanek et al. (1993) used a different expression for the exposure time as
t,=—=, (2-16)

where dy. is the equilibrium (stable) bubble diameter based on the isotropic turbulence

assumption, and uy, 1s the average rise velocity of a swarm of bubbles.

Nedeltchev (2002) proposed an expression similar to the one by Kastanek, with

methods to determine the values of dy,, and uy, in the expression of t.
t, ==, (2-17)

where dpn, 1s the geometric mean bubble diameter, and uy is the terminal bubble rise
velocity. The geometric mean bubble diameter is calculated according to Miller (1974)

as

Ay =+/dpodye (2-18)

bm
where dy 1s the initial bubble size formed at the gas distributor orifices, estimated as

0.4 0.2
db0:2.05( Q J [3CDJ : (2-19)
absN 4g




37
The equilibrium bubble diameter (dy.) is calculated by

0.6
dpe =3.48-Cp"| — 20— | (2-20)
(g 'ug) pl

and the terminal bubble rise velocity is predicted by Mendelson (1967) as

d
ubt:\/ 20 8 (2-21)
P1dpm 2

Sardeing et al. (2006) and Nedeltchev et al. (2006) presented the idea of calculating
mass transfer coefficients using Higbie’s penetration theory through the total bubble
surface, Sy, and the rate of surface formation, Rsy, as

t, = Ii—i’f , (2-22)
while Sy and Ryr are calculated by assuming ellipsoidal bubbles, as

2
S, —n%{n[ﬁ] ! lnM], (2-23)

L, ) 2e (1-e)

L2+h? (1, -h,)’
and R =yl th" (b b)u, (2-24)
sf 2 ] b

where e is the eccentricity calculated as

2
e= 1—(h—bj , (2-25)

and I, and hy, are the length and height of the ellipsoidal bubbles, which both can be
predicted using empirical correlations developed by Terasaka et al. (2004). Plus, the
volumetric interfacial area is estimated as

-
where fj, is the bubble formation frequency, obtained by f;=Q,/u,. Hence, Nedeltchev et
al. (2006) obtained the correlation for the volumetric gas-liquid mass transfer

coefficient as
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D,zR f,
ka=8-f |—AB L. bzsb : (2-27)

As shown above, the development of kja correlations for BCRs based on the Higbie

penetration theory usually involves estimation of the bubble dynamic parameters.
Despite their theoretical basis, these kja correlations are still partially empirical with the
estimation of the bubble dynamic parameters, and may not be suitable for all systems
and conditions. Hence, the application of the penetration theory for a kja correlation is
to be evaluated in SBCRs with solids and at high pressure. If such a method is
validated using the data obtained in this work, a kja correlation can be developed which
is expected to be more reliable than a fully empirical one in a three-phase system with

physical properties close to a FT SBCR.
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Chapter 3

Hydrodynamics in the Mimicked FT SBCR

3.1. Scope

The previous hydrodynamic studies in SBCRs at the CREL (Rados, 2003 and Shaikh,
2007) both used glass beads as the solids phase. FT catalyst particles differ from the
glass beads in size, density, and porosity. Thus, their impact on SBCR hydrodynamics
needs to be quantified. This work selected an air-CoC;;-FT catalyst system that consists
of high pressure air (mimicking syngas density), a CoC,; hydrocarbon mixture (at room
temperature, mimicking the physical properties of FT wax at FT conditions), and FT
catalyst carrier (with the same physical properties as active FT catalyst). Additionally,
an air-Therminol-FT catalyst system was also selected for limited conditions in order
to separately show the effects of two mimicking liquids and different solids by
comparisons with the previous hydrodynamic studies in SBCRs. Rados (2003) studied
the hydrodynamics of an air-water-glass beads system at high superficial gas velocity
(up to 0.45 m/s), high pressure (up to 1.0 MPa), and solids loading of 9.1% vol. for
most of the conditions. Shaikh (2007) conducted a hydrodynamic study in an air-
Therminol-glass beads system at high solids loading (25% vol.), and similar high
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superficial gas velocities and high pressure. Shaikh (2007) used Therminol at room

temperature to mimic the physical properties of FT wax at real FT conditions, and
quantified the differences with Rados (2003)’s air-water-glass beads system. Shaikh
(2007) also investigated the solids loading effects on the hydrodynamics at higher
(25% vol.) solids loading. However, Shaikh (2007) used the same 150um glass beads
as Rados (2003) due to the difficulties in manufacturing, irradiation, and handling of
smaller radioactive tracer particles. These technical difficulties were overcome in this

work, which made it possible to conduct CARPT experiments using FT catalyst.

The hydrodynamics in the mimicked FT SBCR was investigated by conducting
CT/CARPT experiments which involve three-phase systems, reactor setups,
CT/CARPT procedures, and experimental conditions. Since this work used reactor
setups and techniques that were developed and used by several previous studies (Ong,
2003; Rados, 2003; Shaikh, 2007), the common information is briefly shown and
referred to these studies. Details are provided on the new information, which includes
the three phase systems, three phase reconstruction equations for porous solids
modified from Rados (2003), smaller radioactive tracer particles for CARPT, and a
new and alternative three-phase CT reconstruction method. The new three-phase
reconstruction algorithm combines CARPT occurrences and single-source CT scans,
which makes only one ergodicity assumption instead of the two assumptions made by
Rados (2003) for his method. The phase holdup profiles obtained using the two

reconstruction methods are compared and commented.

The CoC;; and Therminol liquids were found to yield similar hydrodynamics in both
two-phase and three-phase systems. The mimicked FT SBCR used FT catalyst rather
than glass beads, and the resulting differences in the hydrodynamic parameters were
quantified and analyzed. Some observed differences in the effects of operating
parameters compared with the previous air-water-glass beads system (Rados, 2003)
and air-Therminol-glass beads system (Shaikh, 2007) are shown as well. This

hydrodynamic study used both materials and conditions of industrial interest and
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obtained flow visualization data which can be used as benchmarks for evaluation,

validation, and tuning of CFD models. Based on the CARPT data, the macro-mixing of
liquid/solids phases is interpreted using various reactor scale models to quantify the

back-mixing extent in Chapter 4.

3.2. Selection of Three-Phase Systems

The following sections discuss the selection of the air-CoC;;-FT catalyst and air-CoCj -
FT catalyst systems, with each phase having the same or similar physical properties at
room temperature as the corresponding phase in a syngas-FT wax-FT catalyst system
at typical LT-FT conditions (about 200~240 °C, 1~4 MPa). The SBCR that mimics the
FT physical properties is referred to as the mimicked FT SBCR in this work. The
hydrodynamics (Chapter 3), phase back-mixing (Chapter 4), and mass transfer
(Chapter 5) studies were mostly conducted in the air-CyoC,;-FT catalyst system, with a
few hydrodynamic measurements conducted in the air-Therminol-FT catalyst system

for comparison.

3.2.1. Gas Phase Selection

The syngas in an industrial FT SBCR mainly consists of carbon monoxide and
hydrogen at various ratios, along with some carbon dioxide, water, etc. Table 3-1
shows that the density of high-pressure air (at 1.0 MPa) is similar to that of syngas at
typical FT conditions. Therefore, high pressure air was selected as the gas phase, and
operating pressure of 1.0 MPa was selected for some of the conditions. A low pressure

of 0.1 MPa was also used at some conditions to investigate pressure effects.

Table 3-1. Gas phase densities.

Syngas in a FT SBCR High pressure air
(~240 °C, ~3 MPa) (Room temperature, 1.0 MPa)
Composition CO, H,, CO,, H,O N,, O,

Density, kg/m’ 7~14 11.8
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3.2.2. Liquid Phase Selection

The liquid phase in a FT SBCR is typically a mixture of various paraffins, olefins, and
alcohols at high temperature. In order to match the liquid density, viscosity, and
surface tension, a hydrocarbon mixture (Co~Cj;) supplied by Sasol was selected, which
mostly consists of Cy, Cyo, and C;; normal paraffins, referred to as C9C;; in this work.
Table 3-2 shows the physical properties of typical FT wax at FT conditions, and other
liquids at room temperature, including CoC;;, Therminol (used in Shaikh, 2007), and
water (used in Rados, 2003). It can be seen that CyC;; and Therminol are both within
the range of FT wax properties, while water has obviously higher surface tension and
density. However, Therminol is an aromatic chemical and historically has caused
health and safety concerns during previous experiments, which motivated the selection
of the relatively environmentally benign liquid, CoC;, in this work. Because of this
liquid change, this work also used Therminol for a limited number of conditions. The
differences in the hydrodynamics using these two liquids were examined with and
without FT catalyst. The results obtained in the air-Therminol-FT catalyst system can
be compared to Shaikh (2007)’s air-Therminol-glass beads system to quantify the

differences of using FT catalyst and glass beads.

Table 3-2. Physical properties of various liquids

Typical FT wax Sasol wax CoCyy Therminol Water
T, °C 200~250 240 25 25 25
P, MPa 3~5 3.1 0.1 0.1 0.1
pL, kg/m’ 650-900 691 728 866 998
u, Pass 0.0005-0.0010 0.00081 0.00084 0.00088 0.00090
o, N/m 0.015-0.030 0.0166 0.0232 0.017 0.072

3.2.3. Solids Phase Selection

Due to the difficulties involved with smaller radioactive tracer particles, most of the
reported SBCR hydrodynamic studies used 150 um or larger glass beads, which are

larger than FT catalyst particles. The technical issues related to smaller radioactive
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particles were recently resolved, and hence real FT catalyst carriers were used as the

solids phase to quantify the solids effects in the mimicked FT SBCR. FT catalyst
carrier particles are inert, porous, alumina based catalyst skeletons, with the same
physical properties (size, density, and porosity) as the active catalyst. As measured by
the providing company, the mean size (by volume) of these particles is about 75um,
significantly smaller than the glass beads (150 pm) used in Rados (2003) and Shaikh
(2007). As another difference from the glass beads, these FT catalyst carriers have
certain porosity. The inert FT catalyst carrier is referred to as FT catalyst, since this

work focused on cold-flow experiments without reactions involved.

3.3. Reactor Setup

This hydrodynamic study was conducted in two SBCRs, which were similarly
configured, with only some design differences in the column for different
measurements. Figure 3-1 schematically shows the experimental setup, which can
represent both reactor units. Two compressors in parallel provide high pressure air at
200 psig (intake flow is 158 SCFM for each compressor), filtered and regulated before
entering the rotameters. Four rotameters with different scales were connected in
parallel for a wide range of flow rate indication (10 to 10000 SCFH). The operating
pressure of the reactor was determined by adjusting the back pressure regulator and
was guaranteed within a safe operation range by the safety release valve. Liquid and
solids were loaded from the top for semi-batch operation and unloaded from the drain

valve near the bottom.
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Figure 3-1. Schematic diagram of the reactor setup

The reactors in the two units have mostly identical geometry except for the ports and
eye windows. They were first designed for Ong (2003) and Rados (2003), and then
used in Shaikh (2007) and this work. Figures 3-2(a) and 3-2(b) show the two reactors.
The SBCR (I) (Figure 3-2a) has a plain design without any ports or connections on the
reactor wall. This plain design is suitable for conducting CT and CARPT experiments
since non-symmetric metal parts complicate y-ray attenuation and the data
reconstruction. The SBCR (II) (Figure 3-2b) has threaded ports for implementing
probes or sensor techniques, and has transparent ports for observing the bed expansion
in overall gas holdup measurements. The inner diameter of these SBCRs is 6-3/8
inches (0.162 m) and the total height is 2.52 m. Stainless steel perforated plates of the
same design were used as the gas distributors (spargers), with 163 holes of 1.32 mm
diameter arranged in a triangular pattern and a total open area of 1.09% (Figure 3-3).
Ong (2003) and Rados (2003) investigated the sparger effects on the hydrodynamics in
two-phase and three phase systems, respectively. They found the sparger effects

negligible or small at conditions deep in the churn-turbulent flow regime. Since this
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study was focused on high superficial gas velocity conditions, one gas sparger design

was used for all the studied conditions. The selected sparger was named PPH
(perforated plate with huge holes) in Ong (2003) and Rados (2003). The large hole size
and open area in the selected gas distributor are necessary for high gas throughput with

a pressure drop that is sustainable by the compressor capacity.

Top__—» 2
Cover ' ’
4 3/4>

| | Demister
Gas - |- R A
ot R

2 =}
|28 1/2”
CT3-f----1

|21 120|907

cr2-----14- USRS, A
|21 1/2”

CT1-fl--- oo X

41/2”

3

1379

Bottom

Figure 3-2 (a). SBCR (I): 6-inch stainless steel slurry bubble column reactor (plain
design)
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Figure 3-2 (b). SBCR (II): 6-inch stainless steel slurry bubble column reactor (with

ports)
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Figure 3-3. Schematic diagram of the gas distributor (holes shown not to scale)

3.4. CT Experiments

3.4.1. CT Setup

In the CREL, the single-source y-ray CT technique has been implemented in various
multiphase reactors using gas-liquid, gas-solids, liquid-liquid, and gas-liquid-solids
systems. Details of the CT technique and its mechanism have been presented in Kumar
(1994) and other following studies. Figure 3-4 schematically shows the single-source
CT unit used in this study, which was also used in Ong (2003), Rados (2003), and
Shaikh (2007) for BCRs and SBCRs. This CT setup consists of a single y-ray source
and an array of 5 Nal scintillation detectors. At the time of the experiments, the
encapsulated Cesium (C'*") source (nominally 100 pCi) had an approximate activity of
85 uCi. Cs"’ is one of the 30 plus Cesium isotopes and has a half life of 30.23 years. It
decays by pure B-decay, producing Barium-137, which creates all the y-ray emissions
with an energy of 662 KeV. The source is collimated to provide a fan shape y-ray beam.
Each of the detectors contains a cylindrical 2X2 inch fluor crystal of Nal, a
photomultiplier, and electronics. The Nal scintillator absorbs y-ray or X-ray and emits
photons at a characteristic wavelength to release the absorbed energy, which can be
easily detected by a photomultiplier tube (PMT). The detector collimator can move in

137

the azimuthal direction (with the Cs ”’ source as the center) to create 7 projections on

each detector. The source assembly and detector assembly are mounted on a plate
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which rotates around the reactor, providing 99 views in each scan. Also, the plate can

be moved in the vertical direction by the step motor and gears for measurements at

different axial locations.

a) 3-D demonstration of the CT setup for the 6” SBCR
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b) CT movement mechanism and data acquisition (Kumar, 1994)

Figure 3-4. Schematic diagram of the single source CT technique
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The CT scan sampling rate was selected as one set of samples (114 samples) at 20 Hz,

which took approximately 7 seconds to finish a projection and 1.5 hours to finish a
complete scan. Counts received at the five detectors were recorded by the PC. In the
reconstruction process for three-phase systems, single-source CT scans alone are not
sufficient. As a solution to this problem, the CT/overall gas holdup method was
developed by Rados (2003) and used by Shaikh (2007), as discussed in section 3.4.3.
In addition, a new CT/CARPT occurrence method is presented by this work in section

3.6.

3.4.2. CT Experimental Conditions

CT experiments were carried out in the 6-inch (0.162 m) stainless steel SBCR (I)
introduced above. During the operation, the dynamic bed height was kept at 1.80 m for
all the conditions by proportionally adjusting the liquid and solids loaded. Keeping the
same dynamic bed height, instead of the same static slurry height, at different
conditions allows fair comparisons of the maps of various hydrodynamic parameters
and keeps the relative axial positions of probes in the bed the same. Since the L/d, ratio
is large, the distributor zone and disengagement zone at the two ends of the reactor
occupy a small portion of the bed (Degaleesan, 1997). Hence, this study focuses on the
fully developed region by conducting CT scans at three axial levels, including 0.33 m
(2.0d.), 0.89 m (5.5 d;), and 1.45 m (9.0 d..). The experimental conditions were
selected to cover different operating parameters that are consistent with the previous

studies in different systems (Table 3-3).

Unlike the previous studies using glass beads, the catalyst particles in this work are
porous, and the definition of the solids loading needs to be clarified here. The porous
particles (catalyst skeletons) with liquid filling in the pores are counted together as the
solids in calculating the solids loading. The liquid in the pores exchanges with the bulk
at a rate much slower than the turbulent movement of the bulk liquid and therefore can
be considered as part of the porous particles. Hence, to have comparable results with

previous glass beads studies, the solids loading is defined as
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(3-1)

_ volume of solids (soaked with liquid)

) total volume of slurry (gas free)

It is noted that the total volume of the slurry is equal to the sum of the liquid volume
and the dry solid material (skeleton) volume. In other words, the total slurry volume is
equal to the sum of the volume of the free liquid in the reactor and the volume of the
soaked solids, provided that the porous catalyst is fully wetted with almost no unfilled

pores.

A different volume fraction, which is based on the catalyst skeleton (excluding the
pores’ volume), had to be used in the CT reconstruction process due to the density
mechanism of CT. However, the final results of solids loading or solids holdup are

always converted and presented using the definition of Equation 3-1.

Table 3-3. List of the CT experimental conditions

System U, M/s Pressure, MPa  Solids loading Axial level
0.30 1.0 0 5.5dc
. ) 0.20 1.0 0 5.5dc
Air-Therminol
0.30 0.1 0 5.5dc
0.20 0.1 0 5.5d,
0.30 1.0 25% vol. 2.0/5.5/9.0 d.
Air-Therminol-FT 0.20 1.0 25% vol. 2.0/5.5/9.0 d,
Catalyst 0.30 0.1 25% vol. 2.0/5.5/9.0 d.
0.30 1.0 9.1% vol. 2.0/5.5/9.0 d,
0.30 1.0 0 2.0/5.5/9.0 d,
AICoC | 0.20 1.0 0 2.0/5.5/9.0 d.
0.30 0.1 0 2.0/5.5/9.0 d.
0.20 0.1 0 2.0/5.5/9.0 d,
0.30 1.0 25% vol. 2.0/5.5/9.0 d,
0.30 0.1 25% vol. 2.0/5.5/9.0 d,
0.20 1.0 25% vol. 2.0/5.5/9.0 d,
Air-CoCy,-FT Catalyst 0.20 0.1 25% vol. 2.0/5.5/9.0 d,
0.30 1.0 9.1% vol. 2.0/5.5/9.0 d,
0.30 0.1 9.1% vol. 2.0/5.5/9.0 d,
0.20 1.0 9.1% vol. 2.0/5.5/9.0 d,

0.20 0.1 9.1% vol. 2.0/5.5/9.0 d,
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3.4.3. CT Reconstruction Algorithms

This work conducted CT experiments in both two-phase and three-phase conditions,
and therefore involves reconstruction algorithms for both two-phase and three-phase
systems. The two phase reconstruction is only briefly mentioned here, because it is
straightforward and has been presented by Kumar (1994). The CT/overall gas holdup
algorithm presented by Rados (2003) for three phases with single-source CT scans was
slightly modified for the porous solids in this work, as presented below. After
introducing the CARPT experiments in section 3.6, a new CT reconstruction algorithm
for three phases with single-source CT scans, the CT/CARPT occurrence method, is

presented in detail as an alternative algorithm to Rados’ CT/overall gas holdup method.

CT Reconstruction Algorithm for Two Phase Systems

The reconstruction algorithm of Kumar (1994) was used for the two-phase CT
conditions in this work that were selected to study the solids loading effects. The
holdup reconstruction was performed in a right angle coordinate system with the center
of the column cross-section as the origin of the coordinate. The cross-section is
covered by a 2-D square divided into a 32 x 32 evenly distributed mesh, which decides
the resolution of the tomography results. The Estimation-Minimization (E-M)
algorithm (Dempster et al., 1977; Kumar, 1994; Rados; 2003) was used for the
reconstruction of the cross-sectional distribution of relative attenuation. The two-phase
reconstruction procedures have been described extensively in Kumar (1994) and used

in Chen et al. (1999) and Ong (2003). Hence, their details are not discussed here.

CT/Overall Gas Holdup Reconstruction Algorithm with Porous Solids

As mentioned earlier, the single CT scans can not independently determine the holdup
distributions in a three-phase system. Rados (2003) developed the CT/overall gas
holdup method solve this problem, which was later used by Shaikh (2007). The
difference between this work and Rados (2003) and Shaikh (2007) is that the solids
were porous and soaked with liquid in the SBCR. The CT/overall gas holdup method
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needs to be slightly modified to be implemented for the FT catalyst. Due to the

mechanism of the tomography, only the volume of the solid material (catalyst skeletons)
is considered as the solids phase during the reconstruction. Then the obtained solids
phase holdup, &;’, was converted into the holdup of whole porous catalyst particles, &,

for the final result by
g =¢&'/(1-0,), (3-2)
where ¢, is the catalyst particle porosity, defined as the volume fraction of the voidage

(pores) in the spherical particles.

According to Rados (2003)’s reconstruction algorithm, equations of relative
attenuation are obtained from the set of four gamma-ray scans

Ry = (P = (PH) g » (3-3)
where K=I, gs, or gls, and i and j are the index numbers of the cells in the x and y
directions, respectively. Therefore, three equations are obtained from the
reconstruction of the relative attenuation for each cell in the reconstruction mesh. The
attenuation of multiphase mixtures are linear combinations of that of each phase,

expressed as

(P gsij = A=) - (P i + ds"(PW 5 (3-4)
(P gisij = Egjij - (PMgij + (1 =& —&455") - (P 1 + & (P jj » (3-5)
where ¢' is the volume fraction of the solid material in the space where solids are

statically packed in air, measured in a dry column. The three equations of the

reconstructed relative attenuation (Equation 3-3) can be written as

Rl,ij = (PM)l,ij - (PH)g,ij > (3-6)
Rogii =95 (P — (PH) g 5] and (3-7)
Rgsii = Sg,ij[(p”')g,ij - (PH)Lij]"‘ Ss,ij'[(PH)s,ij - (PH)l,ij 1+ [(Pu)l,ij - (pM)g,ij] . (3-8)

Combining Equations 3-6 ~ 3-8 yields an expression of the gas holdup
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ey By (g R, R
s.ij (I) ' S.ij Lij gls,ij
_ S
By

There are two unknowns in Equation 3-9 because there is always one more degree of
freedom than the attenuation equations when a single-source y-ray CT is applied to a
dynamically moving three-phase system. As a solution, Rados (2003) made two
assumptions based on previous experimental evidence:

1) The cross-sectional average gas holdup is axially invariant, and is approximately
equal to the overall gas holdup. This assumption is supported by several other
experimental studies for the fully developed regime at a certain range of conditions
(Matsumoto et al., 1992; Bukur et al., 1996; George et al., 2001).

2) The solids loading (solids volume concentration in the gas-free slurry, i.e., liquid
and solids only) is uniform within a cross-section, which was previously reported for
the fully developed regime in a certain range of conditions (Badgujar et al., 1986; Hu et
al., 1986; Warsito et al., 2003).

From the second assumption, the solids holdup becomes dependent on the gas holdup

in each reconstruction pixel. Hence, an equation is obtained, written as
SS,ij '= CS(Z).(I_Sg,lj)’ (3'10)
where (_35(2) is the cross-sectional average solids concentration. Substituting Equation

3-10 into Equation 3-9 yields

R . .
. —1-— g . (3-11)

SR t(1-C(2))R

Lij
There is still one unknown parameter, (_Zs(z) , in Equation 3-11, which can be
determined with the help of the first assumption. For each given (_js (z) value, the

cross-sectional distribution of the gas holdup, &, ;;, and therefore, the cross-sectional

i

average, &,, can be calculated. The ES (z) value for each cross-section is determined

by the minimum square error fit between the calculated cross-sectional average gas
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holdup, €, , and the measured overall gas holdup €, , . The solids phase (skeleton

material) holdup is then obtained by Equation 3-10, and converted into the holdup of
liquid-filled catalyst particles according to Equation 3-2.

3.5. CARPT Experiments

3.5.1. Radioactive Tracer Particles

The CARPT technique requires a radioactive tracer particle that can track the flow in a
multiphase reactor. Sc*® has been used as the isotope tracer material in the CREL
(Degaleesan, 1997; Chen et al., 1999; Ong, 2003; Rados, 2003). It was selected out of
several candidate isotopes, including Co® and Au'”®. The half-life of Sc* is 83.8 days,
which is sufficient to conduct a series of experiments, while not too long to cause
additional safety issues. Sc*® p-decays into Ti*’, which then emits soft y-ray at 889
KeV and 1120 KeV. A y-ray at this energy has good attenuation in its path through the
slurry and stainless steel reactor wall. Parylene N was used as the material to coat the
particles to match the solids’ density and size, and also to protect the Sc*® particle with

improved thermal stability, mechanical strength, and chemical stability.

The previous CARPT studies in the CREL all used 150 um or larger tracer particles
(Ong, 2003; Rados, 2003; Bhusarapu, 2005; Luo, 2005; and Shaikh, 2007). In this
work, the catalyst particles were much smaller, with a mean size of ~75 um, which
caused additional difficulties in irradiating and handling Sc*® tracer particles. The
tracer particles must contain sufficient scandium mass to be irradiated to the desired
activity within an acceptable time length, and they also need to equal or be reasonably
close to the small size of the FT catalyst. Balancing between these two factors, the
outer diameter of the coated tracer particles was determined as 90 pm. Although this
size is not exactly the mean size of the solids, catalyst particles larger than 90 um
constitute 40-45% of the whole size distribution, according to the providing company.
With the diameter of the whole (coated) particle determined, the diameter of the Sc

metal sphere is also fixed to match both the size and apparent density of the FT catalyst.
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As shown in Figure 3-5(a), the calculated diameter of the naked Sc metal spheres is

76.7 um, which means the Sc mass contained in each particle is 0.7 pg. The desired
thickness of the Parylene N coating is 6.7 um according to the calculation. Based on
the Sc mass in each particle, the irradiation time was 42 days (1000 hours) at a flux of
thermal neutrons of 8.0¥10"® n/cm®s to achieve radioactivity of 150 uCi per particle, as
calculated by the University of Missouri Research Reactor Center (MURR). Before the
actual irradiation, a lengthy and costly technical evaluation process was conducted and
special safety procedures were established by MURR to handle such small tracer

particles with this long irradiation time.

a

a) Schematic of the Sc particle dimensions b) Microscopic picture of a Sc particle

Superglue
_ filling

&

__Polypropylene
" sphere

¢) Schematic of a polypropylene ball d) Picture of a polypropylene ball

Figure 3-5. Parylene N coated Sc particle and polypropylene ball with dimensions

The Sc particles were manufactured by Arris International Corporation from the
material provided by them. The metal has a purity of 99.9+%, and other radio-nuclides

are negligible. The naked Sc metal particles were received in inert helium gas in a
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sealed container to prevent oxidation. The Sc particles were then coated with Parylene

N by vaporization of Parylene N dimmer at Para Tech Coating, Inc. Two coated
particles were selected under a microscope by visually evaluating their size, shape, and
quality of coating. Figure 3-5(b) shows one of the coated particles under the
microscope. The selected two particles were then separated from any fragments, put
into a quartz vial (3 inches long), sealed with inert helium gas, and sent to MURR for
irradiation. The irradiated Sc*° particles were examined under the microscope again for

any possible damage before being used in the CARPT experiments.

For liquid tracking, one of the irradiated Sc particles was put into a hollow
polypropylene ball with a 2.3 mm outer diameter. The first attempts used a smaller
polypropylene ball (0.8 mm). However due to the influence of the organic liquid on the
sealing and density adjusting materials, it was difficult to match the density of the
composite ball to that of the liquid. The 2.3 mm polypropylene ball, holding more
sealing material, was found to keep the desired density better and longer than the
smaller 0.8 mm ball. As shown in Figures 3-5(c) and (d), the polypropylene ball was
drilled with an 1.2 mm hole. The active Sc*® particle was put into the hole, which was
then sealed with a plug and superglue. Some air was kept in the polypropylene ball to
adjust its overall density. Fine adjustment was made by slightly filing off some
polypropylene to reach the density of the CoC); liquid, which is 728 kg/m’. The
apparent density of this composite ball was checked by measuring its terminal settling
velocity in the CoCy; liquid in a long measuring cylinder. The final terminal settling
velocity was less than 0.5 cm/s, from which the ball density was calculated to be within

a 0.2% difference from the liquid by

Uy 1 8“1
pp = pl + 2 9 (3-12)
d,’g
which is derived from Stoke’s equation
d*(p, -
g9 Py pl)g’ (3-13)

: 18y,
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where u = velocity of sedimentation; d, = diameter of the particle; p,= density of the

particle; p;= density of the liquid; g = acceleration of gravity; w= viscosity of the

liquid.

3.5.2. CARPT Setup and Procedures

The CARPT setup for high pressure applications used in this work was developed by
Rados (2003), and used by (Ong, 2003) and Shaikh (2007). This CARPT setup
includes an automatic calibration device, a controlling mechanism for the motors, and a
signal processing and data acquisition system. As shown in Figure 3-6, thirty Nal
scintillation detectors, which are same as those used in CT, were arranged in 8 vertical
columns at equally distributed angles around the reactor. Each pair of axis-symmetrical
opposite-facing detectors were at the same height (axial distance), and a total of 15
axial levels covered the whole fully developed region of the SBCR. The distance of the
detectors to the reactor wall was adjusted while moving the Sc*® particle in the reactor
so that good attenuation was obtained at various particle-detector distances. The
determined detector coordinates, listed in Table 3-4, were used as the input in the
reconstruction. The radial distance was defined as the shortest length from the reactor
axis to the center of the scintillator in a detector. The y-ray emitted by the tracer
particle in the reactor was detected by the 30 detectors, and the signal was recorded as
photon counts at a S0Hz sampling rate. Details of the signal processing and data
acquisition have been covered in previous CARPT works in the CREL, including

Kumar et al. (1997), Ong (2003), and Rados (2003).



b) Top view

a) Angle view
Figure 3-6. 3-D demonstration of the CARPT setup for the 6” SBCR

Table 3-4. Coordinates of the CARPT detectors

Detector Z, cm r, cm 0, ° Detector Z, cm r, cm 0, °
1 30 17 0 16 30 17 180
2 47 17 45 17 47 17 225
3 64 17 0 18 64 17 180
4 81 17 45 19 81 17 225
5 98 17 0 20 98 17 180
6 115 17 45 21 115 17 225
7 132 17 0 22 132 17 180
8 149 17 45 23 149 17 225
9 140.5 17 90 24 140.5 17 270
10 123.5 17 135 25 123.5 17 315
11 106.5 17 90 26 106.5 17 270
12 89.5 17 135 27 89.5 17 315
13 72.5 17 90 28 72.5 17 270
14 55.5 17 135 29 55.5 17 315

38.5 17 90 30 38.5 17 270

—
(9]




59
A CARPT experiment consists of two parts: the calibration with known positions of the

tracer particle to obtain the count-distance relation at each detector, and the experiment
with a freely moving tracer particle to track the phase flow. In the calibration process,
the counts were measured while the particle was positioned at 49 points at each of the
54 axial levels with an axial increment of 2.54 cm. Therefore, calibration data at a total
of 2646 positions were obtained. The calibration was performed at the same operating
conditions as the subsequent experiment (in-situ). In the experiment, the Sc*® tracer
particle was released into the aerated suspension of slurry (or liquid) in the reactor. The
tracer particle then followed the flow of the tracked phase, while the 30 detectors
recorded the photo counts in a time series for over 20 hours. The obtained experimental

data were then used for the particle location reconstruction and further processing.

3.5.3. CARPT Experimental Conditions

The CARPT experimental conditions were selected to be consistent with the previous
SBCR studies (Rados, 2003; Shaikh, 2007) to quantify the differences caused by the
FT catalyst. Compared with CT, CARPT must overcome more technical difficulties
caused by the high pressure and the fine, porous catalyst particles. The CARPT
experimental conditions were selected at a limited number of conditions (Table 3-5),
which covered different superficial gas velocities, pressures, solids loadings, and liquid
physical properties in the BCR or SBCR. The definition of solids loading of the porous
catalyst is consistent with that defined in the CT (Equation 3-1).

Table 3-5. List of the CARPT experimental conditions

System u,, m/s P, MPa C,, % vol.

Air-CoCyy 0.30 1.0 0

0.20 1.0 0

0.30 0.1 0

Air-CyCy;-FT Catalyst 0.30 1.0 25
0.30 0.1 25

0.20 1.0 25

0.30 1.0 9.1

Air-Therminol-FT Catalyst 0.30 1.0 25
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3.5.4. CARPT Reconstruction Algorithm

In the CARPT reconstruction process, the particle position at each instance was
reconstructed using the count-distance relation built from the calibration data. This
work used the reconstruction algorithm of Degaleesan (1997), which is also shown in
detail in Rados (2003). A discrete wavelet transformation (DWT) threshold filtration
method developed by Degaleesan (1997) was used to remove the background noise in
the Lagrangian trajectories. The threshold (st coefficient) for the filtration was selected
at 0.85, consistent with Degaleesan (1997), Rados (2003), and Shaikh (2007). Different
filtration thresholds (st coefficients) were employed to evaluate the influence of the
threshold on the reconstruction results. It was found that the axial velocities were not
affected by the st values, while the turbulent kinetic energy was significantly affected.
Therefore, it is important to use a consistent st value for comparisons with the previous
data. With properly filtered particle trajectory data, the turbulence parameters were
then calculated according to Degaleesan (1997) and Rados (2003).

3.6. CT/CARPT Occurrence Reconstruction Method

Moslemian et al. (1992) proposed the idea of using long-time single solids tracer
particle occurrence data to estimate the solids holdup in multiphase reactors, but also
warned that such a method does not work in a system with solids dead zones. The
SBCR in this work was operated in the churn-turbulent flow regime without any
internals. Hence it is reasonable to expect no stagnant zones that are inaccessible to the
solids tracer particle. Rados (2003) attempted a CT/DP/CARPT method for three-phase
CT reconstruction by using pressure drop measurements around the CT planes (cross-
sections), along with CARPT occurrence data within each cross-section. He found that
this CT/DP/CARPT method failed because of its high sensitivity to the pressure drop
measurements. However, it should be noted that if the solids tracer particle occurrence
is already used and assumed to proportionally represent the solids holdup, it is

sufficient in itself to assist the three-phase reconstruction without pressure drop
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measurements needed. This section presents a method of using only the CARPT

occurrence data to assist three-phase reconstruction from single-source CT scans.

Instead of the two assumptions made in the CT/overall gas holdup method, one
different assumption is needed for this CT/CARPT occurrence method, which is that
the long-time occurrences of a solids tracer particle in a compartment are proportional
to the time-averaged solids holdup in the same cell, based on the idea of Moslemian et
al. (1992). Therefore, the solids holdup in a reconstruction pixel, ij, within a cross-
section can be calculated as

€

Csij = Np,ij ﬁ_s’ (3'14)

where N, is the local occurrence density (by volume) calculated for each pixel within
a thin cylinder in the cross-section and a small depth Az, andﬁp is the overall
occurrence density (by volume) in the reactor calculated by dividing the counted total
occurrences by the whole dynamic bed volume. The overall averaged solids holdup

g, 1s calculated from the known total solids volume loaded, V, and total dynamic bed

volume, Vi

g =—> (3-15)

Combining Equations 3-2 and 3-14, the volume fraction of the solid material can be

calculated accordingly as
8s,ij '= 8s,ij (1 - (I)p ) = (1 - (I)P )Np,ij

With & ;' obtained from the occurrence data, the gas holdup distribution can then be

(3-16)

&g
Np

reconstructed using Equation 3-9. The results obtained using this reconstruction
method are presented in the next section and compared with those obtained with the

Rados (2003) method at the same example condition.
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Although the CT/CARPT occurrence method is presented, this work mainly used the

CT/overall gas holdup algorithm which was developed by Rados (2003) and also used
by Shaikh (2007). The present work is in continuation with these two previous studies,
and fair comparisons with their results are necessary to investigate the impact of FT

catalyst.

3.7. Hydrodynamic Parameters at the Main Mimicked FT Condition

The CT/CARPT experimental conditions in this work were selected in line with those
of Rados (2003) and Shaikh (2007). In comparison with their air-water-glass beads and
air-Therminol-glass beads systems, the present work used air-CoC,;-FT catalyst and
obtained new hydrodynamics data at the mimicked FT conditions. Among all the
selected CT and CARPT conditions, the one using high superficial gas velocity (0.30
m/s), high pressure (1.0 MPa), and high solids loading (25% vol.) was the primary
condition to mimic the physical properties of a FT SBCR. Profiles of the measured
parameters at this condition are shown below as an example. The CT and CARPT data

beyond those shown in this chapter are provided in Appendix A.

3.7.1. Phase Holdup Distribution using Two Reconstruction Algorithms

Three-phase holdup distributions were obtained using the two reconstruction methods
for three phases with single-source CT scans, which are

= Method (I) - CT/overall gas holdup method (Rados, 2003), and

= Method (II) - CT/CARPT occurrence method (presented by this work).
Figures 3-7(a) and 3-7(b) are the cross-sectional phase distributions obtained using
methods (I) and (II), respectively. The color gradient in the gas holdup maps suggests
that the gas holdup was lowest near the wall and increased toward the center. Axial
symmetry was observed in the cross-section, similar to findings in other three-phase
systems (Rados, 2003 and Shaikh, 2007). For method (I), the solids holdup was larger
near the wall and decreased toward the center, in an opposite trend to the gas holdup;

for method (II), the solids holdup was more uniform in the cross-section. Due to the
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axial symmetry, the cross-sectional gas and solids holdup distributions can be

described by their radial profiles by azimuthally averaging.

Figures 3-8 and 3-9 show the radial profiles of the phase holdups using reconstruction
methods (I) and (II), respectively. For method (I), the exactly identical cross-sectional
average gas holdups at the three axial levels are likely a result of the first assumption in
the CT/Overall gas holdup method (axially invariant gas holdup), as also seen in Rados
(2003) and Shaikh (2007). For method (II), some magnitude differences in gas holdup
between the three axial levels were observed. Using reconstruction method (II), the gas
holdup appears to decrease slightly along the axial distance at all the three-phase
conditions. It was found that at the two-phase conditions, the gas holdup increased
along the axial distance in the air-CoC; system. In the air-water BCR, Ong (2003)
obtained two different trends: the gas holdup increased with the axial distance at the
majority of her CT conditions (the same as the two-phase conditions in this work),
while the gas holdup decreased with the axial distance at a few of her CT conditions,
including Sparger PPS, 0.14 m/s, 0.1 MPa; Sparger PPL, 0.14 m/s, 0.1 MPa; Sparger
PPL, 0.45 m/s, 0.4 MPa; Sparger PPN, 0.14 m/s, 0.1 MPa. It is unknown whether the
different axial trends of gas holdup in the CT results are from measurement errors or
other sources. Using a four-point probe technique developed by Xue et al., 2003, Xue
(2004) observed no gas holdup change along the axial distance at low pressure in the
air-water system, and increasing gas holdup with axial distance at high pressure
(opposite trend to this study). Xue (2004) explained this finding by measurements of
small and large bubble numbers. At high pressure in the air-water system, the bubble
frequency was higher near the top than near the bottom, indicating accumulation of
bubbles in the upper section of the column. Without investigation of the bubble
dynamics in the mimicked FT SBCR, it is difficult to explain the axial gas holdup trend
observed using reconstruction method (II). A possible reason for the axial trend in
Figure 3-9(a) is that the some small bubbles still keep coalescing slowly in the fully
developed zone under the effect of the large amount of solids, further generating larger

bubbles which rise faster and reduce the gas holdup slightly along the column.
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Regarding the solids holdup, apparent differences were observed between the results
using the two reconstruction methods, as shown in Figures 3-8(b) and 3-9(b). The
solids holdup (and therefore solids concentration) has a larger axial gradient in the
method (II) results than in the method (I) results. The difference is likely caused by the
fact that the magnitude of the solids holdup obtained using method (I) is affected by
arbitrarily adjusting the cross-sectional average gas holdup to satisfy the first
assumption in this reconstruction method. Therefore, a difference between the real
cross-sectional average gas holdup and the measured overall gas holdup, more or less,
will result in errors in the reconstructed solids holdup magnitude. The axial dispersion
of the FT catalyst in the mimicked FT SBCR was quantified using the SDM in Chapter
4. In the radial profiles reconstructed by method (1), the solids holdup is apparently
higher near the wall than at the center. Because of the second assumption in method (I)
(constant solids concentration in the cross-section), the relative (normalized) shape of
the solids holdup radial profiles is completely dependent on the gas holdup radial
profiles at corresponding levels. For method (II), the solids holdup was determined
independently and shows only small radial differences. The solids holdup profiles from
method (II) indicate that the solids concentration (defined in Equation 3-1) in the slurry
is higher in the center than near the wall, as confirmed by a simple calculation (Figure
3-10). In contrast, the solids concentration obtained with method (I) is arbitrarily
constant in cross-section. The radial differences in the solids concentration (higher in
the center) obtained by method (II) can be explained by global recirculation of the
slurry and the axial solids concentration gradient. Due to the solids sedimentation,
there is an apparent axial gradient in the solids concentration along the reactor height.
The upward flow in the reactor center brings up higher concentration slurry from the
bottom, while the downward flow near the wall brings down lower concentration slurry
from the reactor top. In comparison to the constant solids concentration assumption in
method (I), it is more reasonable to have higher solids concentration at the center than

near the wall in the fully developed region.
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air-CoCy-FT catalyst, 25% vol., 0.30 m/s, 1.0 MPa



30
]
25 i 1
111 o
B
20 - -
EEEED o
|
15 EEEEEE HE
I I. !
10 Heotb b
|
|
5 10 15 20 25 30
gg at level 3 (z=9.0 d.)
30
1 1
1
] H H
2 HEEN T
: HH
20 — -
15
ol ‘IE I = I':—
[ |
11 1 I
5
5 10 15 20 25 30
gg atlevel 2 (z=5.5 d.)
0 |
Er 1 I
25 ] 1 '.:_.
20 EEEE u

5 10 15 20 2% 30 i 10 15 20 25 30

g atlevel 1 (z=2.0 d.) & at level 1 (z=2.0 d,)

Figure 3-7 (b). Cross-sectional distributions of the gas and solids holdups using
reconstruction method (II) — the CT/CARPT occurrence method,
air-CoCy-FT catalyst, 25% vol., 0.30 m/s, 1.0 MPa

66



67

0.6
8 8 8 © z=2.0D
0.5 ® s & 2 07=5.5D
®e g A7-9.0D
04 [ 8
o 8
3 g
S o03 <}
7]
[+]
&) Py
02 t o
&
0.1 g
0
0.2 0.4 0.6 0.8 1
/R
a) Gas holdups radial profiles — method (I)
03
025 &
fod
o
a 02 r <& A
= > a
= < A
© o o S o 0 A
= 015 | o 0 880 f 4
Z ¢ o © 2 go™n A
= O o o o A A A A A
o A
ZENT R © 7=2.0D
02z=5.5D
0.05 | A z=9.0D
0
0 0.2 0.4 0.6 0.8 1
/R

b) Solids holdups radial profiles — method (I)

Figure 3-8. Radial profiles of the gas and solids holdups using reconstruction method (I)
— the CT/overall gas holdup method,
air-CoCy-FT catalyst, 25% vol., 0.30 m/s, 1.0 MPa



Gas holdup

Solids holdup

0.70
<&
060 12 B o
I O L
0.50 | AL o P B
Ao 0o O
A A0
0.40 A D
030 O z=20dc NN
o z=55de A 2
0.20 A z=9.0dc A .
- - = - Method (I) o,
0.10 X
0.00 B
0 0.2 0.4 0.6 0.8
Dimensionless radius
(a) Gas holdup radial profiles — method (II)
035 o z=20dc
o z=55dc
A z=9.0dc
03 F e z=2.0 dc - Method (I)
————— z=5.5 dc - Method (I)
- z=9.0 dc - Method (I)
0.25 |-
o0 4 o o’
[m] a8
vy D oo 0B 0oo?® e D
o PR
o Lol -7 -
0.15 | O G 0TI T e 0o
AT T T
BN N D A A
R A A A
0.1 f 4 AL a,
0.05 -
0
0 0.2 0.4 0.6 0.8

Dimensionless radius

(b) Solids holdup radial profiles — method (II)

68

Figure 3-9. Radial profiles of the gas and solids holdups using reconstruction method

(IT) — the CT/CARPT occurrence method, compared with results of method (),

air-CyCy;-FT catalyst, 0.30 m/s, 1.0 MPa, 25% vol.
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The radial gradient in the gas holdup magnitude drives the global slurry recirculation
due to the density difference it dictates. This effect can be quantified by calculating the
steepness of the gas holdup radial profile by fitting the curve with models introduced in
Chapter 2. The correlation reported by Luo and Svendsen (1991) (Equation 2-3, also
shown below) was used on the obtained gas holdup profiles, and two parameters, n and
¢, were fitted.

gg(r):zg[n—”j[l_c(m)n].

n+2-2c
This expression gives radial profiles similar to a parabolic curve (n=2) and such shape
is called parabolic for briefness. From the expression above, it can be understood that
the smaller the n value, the steeper the radial profile, and vice versa. According to the
assumptions made in reconstruction method (I), solids holdup profiles obtained with
this method are essentially dependent on the gas holdup radial profiles with a first
order linear relation. Therefore, the steepness of solids holdup profiles using the

CT/overall gas holdup method was not calculated. The solids profiles obtained using
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reconstruction method (II) are not parabolic and hence not fitted, either. The n values

obtained for the gas holdup radial profiles obtained using method (I) at the center level
(z/d=5.5) are listed in Table 3-6 for further discussion in the following sections. The
radial gas holdup profiles at the three axial levels have similar shapes and n values. At
0.30 m/s, 1.0 MPa, and 25% vol. in the air-CoC,;-FT catalyst system, for instance, the
n values at the three levels are 3.49, 3.96, and 3.34, respectively. Therefore, the n value
at the center level is representative of the gas holdup profile steepness in the fully

developed region.

Table 3-6. Values of the steepness factor n obtained at CT conditions

System u,, m/s Pressure, MPa Solids loading n (method I)
0.30 1.0 0 4.38
Air-Therminol 0.20 1.0 0 5.01
0.30 0.1 0 2.50
0.20 0.1 0 2.60
0.30 1.0 25% vol. 3.90
Air-Therminol- 0.20 1.0 25% vol. 423
FT Catalyst 0.30 0.1 25% vol. 2.87
0.30 1.0 9.1% vol. 4.00
0.30 1.0 0 4.59
AIr-CsC, 0.20 1.0 0 4.96
0.30 0.1 0 3.06
0.20 0.1 0 3.06
0.30 1.0 25% vol. 3.96
0.30 0.1 25% vol. 4.16
0.20 1.0 25% vol. 2.53
Air-CoC,-FT 0.20 0.1 25% vol. 2.18
Catalyst 0.30 1.0 9.1% vol. 4.72
0.30 0.1 9.1% vol. 448
0.20 1.0 9.1% vol. 2.64
0.20 0.1 9.1% vol. 2.63

The CT/CARPT occurrence method avoids using the two assumptions made in Rados
(2003), and obtains independent holdups of gas and solids. Although both methods
eventually need to be evaluated by the dual-source CT being developed in the CREL,
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the CT/CARPT occurrence method uses a much less problematic assumption, as long

as the ergodic hypothesis holds. However, in the comparisons with previous CT results
shown in the following sections, Rados’ reconstruction method was still used for
consistency. Besides, the CARPT occurrence data were available at only a few

conditions, limiting the use of the alternative reconstruction method.

3.7.2. Trajectories and Velocity Field

Figure 3-11(a) is a short section of the particle Lagrangian trajectories plotted in 2-D,
which appear as random motions in the reactor. From the Lagrangian trajectories,
Lagrangian velocities and time-averaged velocity field were then obtained according to
Degaleesan (1997). Because of the time-averaged flow axis-symmetry in the
cylindrical reactor, the velocity field was azimuthally averaged, yielding 2-D u,-u,
velocity vector maps as shown in Figure 3-11(b). From the 2-D time-averaged velocity
vector map, a one-cell recirculation pattern was observed for the solids, which is
similar to the previous two SBCR studies. The axial differences in the velocity vector
are small through the fully developed region (between z=2 d. and z=9 d.). Therefore,
the mapping results are demonstrated with radial profiles which are axially averaged in
the fully developed region. Figures 3-12(a~c) show the radial profiles of axial, radial,
and azimuthal velocities of the solids. The plotted error bars are the standard deviations
along the axial direction in the fully developed section. The radial profiles of the solids
axial velocity have similar qualitative characteristics to those observed in Rados (2003)
and Shaikh (2007). The radial inversion point of the velocity profile is about r/R=0.7,
which is the cylindrical boundary of the azimuthally and time-averaged upward flow
and downward flow regions. The centerline solids velocity (at r/R=0) is about 0.65 m/s
at the example condition, more than twice as much as the superficial gas velocity. The
time-averaged solids radial velocities have insignificant magnitudes, which are close to
zero within the error range; the time-averaged azimuthal velocities have even smaller
magnitudes, which are also close to zero within the error range. This is due to the axis-

symmetry and vertical construction of the slurry bubble column. Therefore, further
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discussion is focused on the axial velocity profiles, since they represent the global

recirculation in the slurry bubble column in the fully developed region.
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Figure 3-11. Lagrangian trajectories and a 2-D velocity vector map,
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Figure 3-12. Radial profiles of the solids velocities in three directions,
air-CoCy-FT Catalyst, 0.30 m/s, 25% vol., 1.0 MPa

3.7.3. Velocity Probability Density Functions

In addition to the time-averaged velocity field, fluctuation characteristics of the
velocities can be characterized by probability density functions (PDF). PDFs were
obtained from the instantaneous velocities at axial length z/d.=5.5 and azimuthal
position 6=0°, which can typically represent the characteristics of other axial and

azimuthal locations in the fully developed region. Figures 3-13(a~c) show the PDFs of
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the three velocity vectors obtained at three different radial locations, which are near the

center (r/R=0.063), approximately at the axial velocity inversion point (1/R=0.688), and
close to the wall (1/R=0.938), respectively. The means and standard deviations of the
instantaneous velocities are also shown in each PDF figure. All the PDFs appear close
to normal distributions, which shows the random nature of the flow turbulence. In the
axial velocity PDFs, the distribution centroid apparently moves from positive to
negative along the radius. While the mean of each PDF is close to the overall averaged
axial velocity at the corresponding radial position, the axial velocity PDFs have
standard deviations of about 0.50 m/s. As in Rados (2003) and Shaikh (2007), it was
found that a small part of the axial velocities at r/R=0.063 are negative, as a result of
some downward moving bubbles (observed in an air-water system by Xue, 2004). At
the radial position of r/R=0.938, the negative axial velocities become dominant,
indicating the solids are mainly moving downward in this region. The radial and
azimuthal velocity PDFs have means close to zero at all the three radial locations, but
with significant standard deviation. The spreading of each PDF indicates the intensity
of the turbulence at that direction. The standard deviations of the PDFs follow similar

trends with corresponding normal stresses.
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Figure 3-13. PDFs of instantaneous solids velocities in three directions,
air-CoCy-FT Catalyst, 0.30 m/s, 25% vol., 1.0 MPa

3.7.4. Turbulence of the FT Catalyst Particles

The high gas throughput in many industrial processes, including FT processes, often
results in high turbulence which usually dominates other flow phenomena in affecting
the mixing and transports. Flow turbulence has been one of the difficult factors in
reactor simulations, especially in a multiphase system. The instantaneous fluctuations
of the velocity field are random and highly transient in a BCR or a SBCR, which is

usually modeled with ensemble parameters using second order (or higher) correlations

of the fluctuations. The second order velocity fluctuation, u;u'j , represents the turbulent

momentum transport in the i™ direction due to the instantaneous flow in the jth direction
(Degaleesan, 1997). The stress tensor defined in cylindrical coordinates is shown as the

following symmetric matrix
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T=p, | U, Ugu,  ugu, | (3-17)

where u;u; = uju; . The stress tensor consists of normal stresses in three directions

p.uu_,andp.uu ). The

z 2

(p,u,u,, p,uu.,and p,u,u, ) and shear stresses (p,u.u.

solids turbulent kinetic energy (TKE) (based on per unit mass) is calculated from the

normal stresses as

ke o], (3-18)
The stress tensors and the TKE have been visualized in various two-phase and three-
phase systems by Degaleesan (1997), Ong (2003), Rados (2003), and Shaikh (2007).
Using the similar method, this work obtained the six turbulent stresses in the mimicked
FT SBCR. Figure 3-14 shows the radial profiles of the solids shear stresses and normal
stresses at 0.30 m/s, 1.0 MPa, and 25% vol. The axial normal stress, 1,,, is significantly
higher than the radial normal stress, 1,;, and the azimuthal normal stresses, tgo. This
indicates the anisotropic nature of the solids turbulence at the mimicked FT condition,
which was also found in the air-water-150 um glass beads system (Rados, 2003) and
the air-Therminol-150 um glass beads system (Shaikh, 2007) . The anisotropic
turbulence is likely caused by the limitation of the reactor diameter, as compared with
the height in the length scale. Also shown in Figure 3-14 is the radial profile of
Reynolds shear stress, t,,, which is lower than the normal stresses. As expected from
the radial profile of time-averaged axial velocity, the maximum of Reynolds shear
stress is at the inversion point (r/R~0.7). The following two findings suggest time-
averaged axial symmetry of the turbulence in the mimicked FT SBCR: the shear stress
is close to zero when the radial profile is extrapolated to r/R=0, and the shear stresses
in the r-6 and z- 0 directions are negligible. The TKE was calculated according to
Degaleesan (1997) (Equation 3-18), and its radial profile is shown in Figure 3-15.
Basically, the TKE is the result of the three normal stresses, especially the axial normal

stress (because of the non-isotropic turbulence in the reactor).
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The axial and radial eddy diffusivities were calculated from the auto- or cross-
correlation coefficients using the Lagrangian velocities (Degaleesan, 1997), and their
radial profiles are shown in Figures 3-16(a, b). The axial eddy diffusivity peaks near
the inversion point, and has a minimum value close to the wall. The radial eddy
diffusivity has a peak value at about the middle of the radius (r/R~0.5), showing the

radial position that has the maximum radial turbulence diffusion.
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Figure 3-16. Radial profiles of the eddy diffusivities,
air-CoCy-FT Catalyst, 0.30 m/s, 25% vol., 1.0 MPa

3.8. Evaluation of Two FT Mimicking Liquids (Therminol vs. CyCy;)

At room temperature, both Therminol and CoC;; mimic the physical properties of FT
wax at FT conditions (Table 3-2). Shaikh (2007) used Therminol, while this work
selected CoCy; to avoid the aromatic Therminol’s environmental and health concerns.
The differences in the hydrodynamics of these two liquids were evaluated in the
mimicked FT SBCR. The majority of the CT and CARPT experiments in this work
were conducted in the air-CoC,-FT catalyst system, while a limited number of CT
conditions and one CARPT condition were selected for the air-Therminol-FT catalyst

system.

Figures 3-17, 3-18, and 3-19 show the two liquids’ comparative phase distributions at
various two-phase and three-phase conditions. At all the tested conditions, it was found
that the gas holdup and its radial profiles were close. The average absolute relative
differences (AARDs) (defined in Equation 3-19) between each set of profiles in
Figures 3-17, 3-18, and 3-19 are between 1% ~ 7%.

n, X, . —X,.
AARD= LY X, -,
(X +X,;)/2

(i, radial position number; n,~=16). (3-19)
n

r i=l
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CARPT experiments using the air-CoC;-FT catalyst system and the air-Therminol-FT

catalyst system were performed at high superficial gas velocity (0.30 m/s), high

pressure (1.0 MPa), and high solids loading (25% vol.). The two systems yield similar

solids axial velocity, TKE, and other turbulence parameters (Figures 3-20 a~f). As

noted in the figures, the AARDs are all below 5%, indicating similar macro-mixing and

turbulence in these two three-phase systems.
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Figure 3-20. Effects of the two liquids on solids velocity and turbulence parameters,
air-CoC;-FT Catalyst vs. air-Therminol-FT Catalyst, 0.30 m/s, 25% vol., 1.0 MPa

3.9. Differences in Hydrodynamics using FT Catalyst and Glass Beads

While the previous tomography and particle tracking studies used glass beads (Rados,
2003; Shaikh, 2007), this study selected FT catalyst (carrier) as the solids phase. In
order to quantify the differences between these two solids under exactly the same other

variables, this work performed CT/CARPT experiments using the air-Therminol-FT
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catalyst system at selected conditions for comparison with the previous study using air-

Therminol-glass beads (Shaikh, 2007).

Figures 3-21 (a~c) show the gas holdup profiles of the two different solids with the
same gas and liquid at the high solids loading (25% vol.) and various other operating
conditions. Significant differences in the overall gas holdup and profile steepness were
observed in the two systems, especially at the 1.0 MPa pressure. The air-CoC;;-FT
catalyst system yielded higher overall gas holdup with less steep radial profiles (higher
n values) than the air-Therminol-glass beads system. The gas holdup values in the two
systems are similar near the center (r/R<0.4), while most of the differences are near the

wall (r/R>0.4).
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Figure 3-21. Gas holdup radial profiles using FT catalyst and glass beads, method (I)

Radial profiles of the solids velocity and turbulence parameters were obtained using

CARPT in the two three-phase systems at 0.30 m/s, 1.0 MPa, and 25% vol. Figures 3-

22(a~d) show the effects of the two different solids, FT catalyst and glass beads, on the

solids axial velocity and turbulence parameters. In the radial range of r/R>0.4, the two
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radial profiles of the solids axial velocity are similar. Near the center of the column

(r/R<0.4), the axial velocity of the glass beads is about 25% higher than that of the FT
catalyst. Combined with the gas holdup radial profiles at the same condition (Figure 3-
21a), the recirculating rates of the pseudo-slurry were calculated and indicated below
3-21 (a). It was found that using the FT catalyst results in a slower global slurry
recirculation than using the glass beads. The radial profiles of TKE, Reynolds stress,
and axial normal stress have similar values at the center, while having larger

differences close to the wall.
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Figure 3-22. Differences of FT catalyst and glass beads in the resulting solids velocities
and turbulence parameters, air-Therminol-FT Catalyst vs. air-Therminol-glass beads,
0.30 m/s, 25% vol., 1.0 MPa

As shown above, the differences in the hydrodynamic parameter profiles using the two
solids were for the first time observed with the assistance of CT and CARPT
techniques. These solids effects may be caused directly or indirectly by the differences
in the solids physical properties, such as the particle size and density, or by the FT

catalyst’s porous surface, which may cause different liquid-solids drag. The FT catalyst
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particles are smaller and lighter (in apparent density) than the150 um glass beads, and

therefore have lower a settling velocity in the SBCR. With a lower settling velocity, the
FT catalyst yields a smaller solids concentration axial gradient than the glass beads, i.e.,
lower solids concentration at the bottom of the reactor, which has been proved by the
solids holdup measured in these two systems. The lower solids concentration of FT
catalyst near the reactor bottom imposes less bubble size increasing effect of the solids
near the sparger, which may cause lower gas holdup and less steep gas holdup profiles.
In comparison, the glass beads have a higher solids concentration near the reactor
bottom, and impose an earlier and stronger solids effect of increasing the bubble sizes
from the beginning of the gas passage. The higher value and flatter radial profiles of
gas holdup using FT catalyst support this mechanism, as a result of smaller bubbles
explained above. Another explanation of the different gas holdup profiles is based on
the different turbulence measured by the CARPT technique (Figure 3-22b). The FT
catalyst yielded higher values of TKE, which may have more effect of breaking
bubbles into smaller ones, which then cause the observed differences in the gas holdup.
Both explanations involve bubble sizes at the mimicked FT conditions, which are yet
to be investigated. Measuring the radial and axial differences in the bubble dynamic
parameters is critical to understanding the effects of different solids on the

hydrodynamics observed in the mimicked FT SBCR.

It should be noted that the higher solids TKE of the FT catalyst does not necessarily
mean an also higher liquid turbulence in the FT catalyst SBCR. FT catalyst particles
are smaller and therefore follow the liquid more closely, while the larger glass beads
may not follow the liquid velocity fluctuations as closely. The porous surface of the FT
catalyst may be another factor increasing the liquid-solids drag, and therefore cause the
same effect of closer liquid following. Hence, which system has the higher liquid TKE
is unknown from this study, since the liquids may actually have more velocity
fluctuations that the solids do not follow exactly. This may be evaluated by using a
liquid form of tracer technique in the SBCR to estimate the liquid phase dispersion,

which is not part of this study.



89
3.10. Comparison of Three Different Systems (Air-Water-Glass Beads,

Air-Therminol-Glass Beads, and Air-CyC,;-FT Catalyst)

In continuation with the previous SBCR hydrodynamic studies, some of the results in
this work using air-CoCy;-FT catalyst were compared with the air-water-glass beads
system (Rados, 2003) and the air-Therminol-glass beads system (Shaikh, 2007).
Conditions at low solids loading (9.1% vol.) only are common among these three
studies, because Rados (2003) did not use 25% vol. solids loading. Figures 3-23 and 3-
24 show the results in these three systems at high pressure (1.0 MPa) and low pressure
(0.1 MPa), respectively. At high pressure (Figure 3-23), the air-CyC;-glass beads
system and the air-Therminol-FT catalyst system have similar gas holdup, which are
both higher than the air-water-glass beads system. However, at low pressure (Figure 3-
24), the three systems yield similar gas holdup magnitudes and profiles with small
differences. Both FT mimicking liquids have lower surface tension and lower viscosity
than water. The lower surface tension encourages bubble break-up, resulting in
formation of more small bubbles and increased gas holdup. The lower viscosity also
favors smaller bubbles due to lower bubble stability and therefore higher gas holdup.
However, since the viscosity difference between the mimicked FT liquids and water is

small, the gas holdup difference is most likely caused by the surface tension

differences.
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Figure 3-23. Comparison of the gas holdup in three systems (method I)
- air-water-glass beads, air-Therminol-glass beads, and air-CoC-FT catalyst,
0.30 m/s, 1.0 MPa, 9.1% vol.
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The CARPT results at low solids loading (9.1% vol.) in the three systems are plotted in
Figure 3-25. At this condition, the solids axial velocity of the air-CoC,;-FT catalyst
system has an AARD of 13% from that of the air-water-glass beads system, and has an
AARD of 8% from that of the air-Therminol-glass beads system. The differences in the
solids axial velocities of the three systems are relatively larger near the wall (t/R>0.5).
The shear stresses have an apparent difference between the air-CoC-FT catalyst and
the other two systems at r/R>0.4. Differences in the shear stresses are similar to those
shown in the earlier comparisons between using FT catalyst and glass beads (Figure 3-
22c¢). This indicates that the difference of the shear stresses in Figure 3-25(¢) is likely
caused mainly by the FT catalyst solids. The differences in the TKE and axial normal
stress between air-Therminol-glass beads and air-CoC,;-FT catalyst are similar to that
shown in the solids comparisons above. This further validates that the hydrodynamic
differences between the two three-phase systems using different mimicking liquids are

mainly caused by the different solids instead of the two FT-mimicking liquids.
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Figure 3-25. Comparison of the velocity and turbulence parameters in three different
systems - air-water-glass beads, air-Therminol-glass beads, and air-CoC;-FT catalyst,
0.30 m/s, 9.1% vol., 1.0 MPa

The apparent physical properties of the slurry phases (assuming pseudo-homogeneous
slurry) were also checked in explaining the hydrodynamic differences observed in the
three systems (Table 3-7). The apparent viscosities, L, of these three slurries are very
close. However, when the surface tension, oy, increased, the turbulence was found to
increase. The increase of surface tension favors formation of larger bubbles due to
better bubble stability. As analyzed in the CT section, larger bubbles rise faster and
reduce the gas holdup, causing lower gas holdup in the air-water-glass beads system as
shown in the CT results. Therefore, the differences in the turbulence parameters
between air-water-glass beads and the other systems are mainly due to the different

surface tensions (Walter and Blanch, 1986).

Table 3-7. Apparent physical properties of the pseudo- slurries

Slurry (9.1% vol.) Psl» kg/m3 g, Pa‘s Gy, dyne/cm
Water-150 um glass beads 1.13 0.00114 0.072
Therminol-150 pm glass beads 1.01 0.00111 0.017

CoCy-FT catalyst 0.86 0.00107 0.023
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3.11. Comparison of the Effects of Operating Parameters on the

Hydrodynamics

The effects of the superficial gas velocity (up to 0.45 m/s at low pressure and 0.30 m/s
at high pressure) and pressure (up to 1.0 MPa) on the SBCR hydrodynamics in an air-
water-glass beads system have been investigated by Rados (2003). Moreover, Rados
(2003) studied the solids loading effects at two solids loadings, zero and 9.1% vol.
Shaikh (2007) extended the solids loading to 25% vol. in an air-Therminol-glass beads
system. In the present work, the effects of operating parameters in the mimicked FT
SBCR were examined using 20 CT conditions (Table 3-3) and 8 CARPT conditions
(Table 3-5). Among the observed effects of operating parameters in the air-CoC;-FT
catalyst system, those similar to the previously used systems are only briefly described
here (Detailed data are included in Appendix A), and some differences in the observed

solids loading effects are shown and discussed.

3.11.1. Effects of the Superficial Gas Velocity

Similar effects of the superficial gas velocity were found in the mimicked FT SBCR as
in the air-water system (Ong, 2003), air-water-glass beads system (Rados), and air-
Therminol-glass beads system (Shaikh, 2007). At higher superficial gas velocity, the
gas holdup magnitude increases and its radial profiles become steeper (n becomes
smaller, Table 3-6) as a result of additional large bubbles. Accordingly, the solids gas
holdup has lower magnitude and also steeper radial profiles at higher superficial gas
velocity. The superficial gas velocity also results in higher axial velocity and

turbulence of the liquid or solids phase.

3.11.2. Effects of the Operating Pressure

This study investigated the effects of operating pressure on the hydrodynamics in the
mimicked FT SBCR, and obtained results that are in line with the previous BCR and
SBCR studies. An elevated operating pressure reduces the stability of bubbles and

results in a smaller maximum stable bubble size (Wilkinson, 1991; Lin et al., 1998).
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Smaller mean bubble size and narrower bubble size distribution at 1.0 MPa were

observed in an air-water BCR by Xue (2004) using the four-point probe technique
(Xue et al., 2003). Small bubbles have lower rise velocity and reside longer in the
reactor, yielding higher gas holdup, as proved in various systems by Xue (2004), Ong
(2003), Shaikh (2007), and the present study. The changes in the hydrodynamic
parameters from 0.1 MPa and 1.0 MPa in the mimicked FT SBCR are listed below,
with detailed explanations provided in Xue (2004), Ong (2003), and Rados (2003).

1) The gas holdup magnitude was larger, and the radial profiles of gas holdup became
less steep (higher n values) at the elevated pressure.

2) The axial velocity of the liquid phase (in BCRs) or solids phase (in SBCRs) became
higher since the smaller bubbles formed have higher drag and are more efficient in
driving the liquid/slurry into higher recirculation.

3) Turbulence parameters (TKE, stresses, and eddy diffusivities) became smaller

because of the reduced bubble sizes and less bubble interactions.

3.11.3. Effects of the Solids Loading

Adding solids (increasing solids loading) may greatly change the hydrodynamics in a
SBCR. This study investigated the effects of solids loading on the hydrodynamics in
the mimicked FT SBCR and obtained profile trends similar to those in the air-water-
glass beads system (Rados, 2003) and the air-Therminol-glass beads system (Shaikh,

2007). However, some small differences were observed.

The solids loading effects that are in common with the previous studies include:

1) The gas holdup magnitude became lower, while its radial profiles were steeper
because of the increases bubble sizes as a result of enhanced bubble coalescence by the
solids.

2) The solids axial velocity decreased with the reduced gas holdup.

3) The TKE increased with the solids loading, showing a higher turbulence especially

near the column center, because of the larger increase of the axial normal stress near
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the center in particular. Eddy diffusivities also increased with the solids loading

because of the enhanced turbulence.

Rados (2003) and Shaikh (2007) both reported a weak decrease in gas holdup from
zero solids loading to the low solids loading (9.1% vol.). Rados (2003) observed a
relatively more apparent gas holdup decrease with the solids loading from 9.1% vol. to
17.8% vol.; and Shaikh (2007) also observed a more apparent effect of the solids
loading from 9.1% vol. to 25% vol. In the present work, however, the gas holdup
apparently decreased when the solids loading changed from zero to 9.1% vol. as well
as from 9.1% vol. to 25% vol. (Figures 3-26 ~ 3-30). In other words, the solids effects
on the gas holdup are already apparent at 9.1% vol., while in the previous two systems
the solids did not have apparent effects until it was increased beyond 9.1% vol.
Considering the observed similarity between air-water-glass beads (Rados, 2003) and
air-Therminol-glass beads (Shaikh, 2007) in this regard, the difference in the low solids
loading range may be attributed to the solids’ differences. Although the same
volumetric solids loadings were used, the smaller FT catalyst particles (~75 um) have
more particles per unit slurry volume than the glass beads (~150 pm), and are mixed
with the liquid phase on a smaller scale than the glass beads. Besides, the smaller FT
catalyst particles have a porous surface, which possibly increases the liquid-solids drag,
so they may follow the liquid better. Therefore, the more apparent solids effects at the
low solids loading using the FT catalyst than using the glass beads are likely due to the
more uniform mixture of the FT catalyst-CoC;; slurry. This explanation does not have
direct evidence but may be evaluated by comparing the bubble dynamics in the three
systems when four-point probe measurements are available in the mimicked FT SBCR

in the future.
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Figure 3-26. Effects of the solids loading on gas holdup radial profiles, method (1),
air-CoC-FT catalyst, 0.20 m/s, 1.0 MPa
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Figure 3-27. Effects of the solids loading on gas holdup radial profiles, method (I),
air-CoCy-FT catalyst, 0.30 m/s, 1.0 MPa
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Figure 3-28. Effects of the solids loading on gas holdup radial profiles, method (I),
air-CoC-FT catalyst, 0.20 m/s, 0.1 MPa
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Figure 3-30. Effect of the solids loading on the holdup radial profiles, method (1),
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3.12. Summary

In this chapter, an air-CoC;;-FT catalyst system and an air-Therminol-FT catalyst

system were selected to mimic the physical properties of the three phases in a typical

97

FT SBCR. The hydrodynamics in the mimicked FT SBCR was investigated in terms of

phase holdup distribution, liquid/solids velocity field, and turbulence parameters using

CT and CARPT techniques. Once technical difficulties were overcome, 90 um tracer

particles were used, which made it possible to track the small FT catalyst. A
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CT/CARPT occurrence reconstruction method was presented and tested, which

independently estimates the three-phase holdup distributions using single-course y-ray
CT scans, avoiding the two assumptions made in the previous CT/overall gas holdup
method (Rados, 2003). The two reconstruction methods were compared at the same
conditions, which showed some differences in the gas holdup and apparent differences
in the solids holdup. With closely similar physical properties, the two liquids, CoCy;
and Therminol, resulted in similar profiles of the measured hydrodynamic parameters.
The FT catalyst was found to exhibit significant differences from the 150 um glass
beads in profiles of gas holdup, solids velocity, and turbulence parameters. Apparent
solids loading effects on the hydrodynamics were found at 9.1% vol. which were
observed to a lesser degree by Rados (2003) and Shaikh (2007) in other systems. The
effects of solids types may be caused by different particle sizes, different apparent
densities, or the porous surface of FT catalyst. Further study is needed in order to
separately investigate these factors for the main reason that causes the FT catalyst/glass

beads differences in the hydrodynamic parameters.
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Chapter 4

Back-Mixing of Phases

4.1. Scope

Back-mixing of phases in BCRs or SBCRs can negatively affect reactor performance,
and has been the focus of a number of tracer studies. Despite considerable effort to
investigate the back-mixing extent of gas, liquid, and solids phases, the dispersion
parameters predicted by the reported empirical correlations are in great deviation,
because of the complicated effects of different variables (reactor geometry, physical
properties, and operating parameters). Prediction of the phase back-mixing, especially
in a mimicked or real FT SBCR, remains a difficulty due to the lack of experimental
data in systems at conditions of FT interest. This part of the work investigates the back-
mixing of the three phases in the mimicked FT SBCR via tracer techniques. A gaseous
tracer technique was developed to estimate the gas phase back-mixing using a helium
tracer. The particle tracking data obtained in Chapter 3 were interpreted using a virtual
tracer response method to quantify the liquid or solids phase back-mixing. The
obtained response curves were fitted with axial dispersion models or a mechanistic

model, and the extent of phase back-mixing was quantified by estimating the
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dispersion parameters. The dispersion parameters measured in this chapter provide

necessary inputs for the reactor models used in the mass transfer study in Chapter 5.

4.2. Gas Phase Back-Mixing

As mentioned previously, there exist almost no gas tracer studies in SBCRs, and only
very limited measurements in BCRs using air and water at ambient pressure. Both
adding FT catalyst to a system at high solids loadings and operating at high pressures
are expected to have significant impacts on the bubble dynamics, which may result in
different back-mixing of the gas phase in the mimicked FT SBCR. Hence, it is of
importance to quantify the gas phase back-mixing in the mimicked FT SBCR. For the
developed gaseous tracer technique, procedures were designed to remove extra
dispersions caused in the distributor plenum zone and the sampling/analytical system
for accurate measurements. For quantification, an axial dispersion model was used to
fit the response curves of the tested SBCR (with a large L/d, ratio), and the gas phase
axial dispersion coefficient values were obtained. Effects of the catalyst solids loading
and operating pressure on the gas phase back-mixing were investigated. The obtained
axial dispersion coefficient values can also be used as needed model inputs in the mass

transfer measurements of various gases, using the developed gaseous tracer technique.

4.2.1. Reactor Setup and Experimental Conditions

The gas tracer experiments were conducted in the 0.162 m stainless steel SBCR (II)
that was used for the overall gas holdup measurements in the CT/overall gas holdup
method (Figure 3-2b). Details of the reactor setup and its operation have been reported

in the hydrodynamics chapter, hence they are not discussed here.

To quantify the effects of FT catalyst and high pressure on the gas phase back-mixing,
experimental conditions were selected with superficial gas velocities ranging up to
0.30 m/s, operating pressure at 0.1 MPa and 1.0 MPa, and solids loading at 0, 9.1%
vol., and 25% vol. in the air-CoC;;-FT catalyst system (Table 4-1).
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Table 4-1. List of gas back-mixing experimental conditions (helium tracer)

System Superficial gas velocity u,, m/s Pressure, MPa  Solids loading
0.03, 0.05, 0.08, 0.14, 0.20, 0.30 1.0 0
0.03, 0.05, 0.08, 0.14, 0.20, 0.30 0.1 0
Air-CoCy-FT 0.03, 0.05, 0.08, 0.14, 0.20, 0.30 1.0 9.1% vol.
Catalyst 0.03, 0.05, 0.08, 0.14, 0.20, 0.30 0.1 9.1% vol.
0.03, 0.05, 0.08, 0.14, 0.20, 0.30 1.0 25% vol.
0.03, 0.05, 0.08, 0.14, 0.20, 0.30 0.1 25% vol.

4.2.2. The Developed Gaseous Tracer Technique

As shown in Figure 4-1, the gaseous tracer unit consists of a gas-liquid/slurry separator,
gas analyzer, gas pump, and PC with data acquisition software. The gas analyzer is a
GOW-MAC 20 series binary analyzer which contains a flowing reference thermal
conductivity detector (TCD). A GOW-MAC 59-300 pump was used to draw the gas
sample out of the reactor, through the gas-liquid/slurry separator, and past the TCD.

For proper operation of the gas analyzer, the gas-liquid/slurry separator is necessary to
remove the liquid or solids mixed in the gas sample. The response from the TCD was
amplified, converted to digital signals, and recorded as time-series data at a sampling
frequency of 10 Hz. A schematic diagram of the gaseous tracer technique configuration
with the reactor setup is shown in Figure 4-2. Operating procedures and technical

information of the gaseous tracer technique are provided in Appendix B.
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Common difficulties involved in a gaseous tracer technique are non-ideal injections

and extra dispersion in the sampling and analysis system, which may cause significant
measurement errors if they are not accounted for. When the tracer impulse injection is
made at the gas inlet, the dynamic tracer concentration at the gas distributor, which is
the input of the reactor model, does not make a delta function (or an ideal step in the
step change method). The gas phase undergoes mixing in the distributor plenum.
Similarly, due to the extra dispersion caused by the sampling and analytical
components, responses measured by the gas analyzer do not exactly represent the
actual tracer response at the reactor disengagement level. To take account of the extra
dispersion effects in the distributor plenum zone and the sampling/analytical system, a
convolution or deconvolution method needs to be applied (Levenspiel, 1972). These
two methods both yield a fair comparison between experimental measurements and
reactor model predictions, either by adding the extra dispersion to the model
predictions (convolution) or by removing the extra dispersion from the measurements
of the whole system (deconvolution). However, due to its numerical instability, the
deconvolution method is difficult to apply and is not widely used in chemical
engineering research (Mills et al., 1989). Therefore, it is not discussed here. The
convolution method had not been employed in gas dispersion studies of BCRs until
1990 (Wachi et al., 1990; Shetty et al., 1992; and Kantak et al., 1995). Before then, the
systems were generally assumed to have ideal tracer input and an ideal
sampling/analytical system, which are not the actual cases. However, even in the above
mentioned three BCR studies, only the dispersion in the sampling/analytical system
was measured and accounted for with the convolution method, while the mixing in the
distributor plenum was still neglected. The necessity of considering the mixing in the

distributor plenum was evaluated and is shown below.

To estimate extra mixings in the distributor plenum and the sampling/analytical system,
different ports for injection and sampling were designed. As shown in Figure 4-2, two

injection ports were used separately for injections: one in the center of the inlet gas line
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(port I1), and one at the center of the gas-liquid disengagement surface (port 12). The

three sampling ports are:
= S1, a thin tube placed in the gas inlet, close to the injection port I1 (shown in
view A in Figure 4-2).
= S2, a thin tube placed very close to one of the pores of the gas distributor.
= S3, a thin tube placed in the neck area of the collecting cone above the
disengagement surface.
The collecting cone for S3 was designed to be open at its top to keep the mass gas flow
passing quickly through it, in order to avoid gas back-mixing in the gas phase and to
have a quick response. Using solenoid valves controlled by digital timers, the injecting
time was set to be 0.05 s, and the pulses were precisely started at the set time. Gas
samples were continuously withdrawn to the gas analyzer through thin nylon tubes
(1/16” inner diameter), under vacuum generated by the pump connected at the exit of
the analytical instrument. Using the designed injection and sampling ports, four
measurements (i~1v) were designed and conducted at each experimental condition. As
shown in Table 4-2, different ports of tracer injection and gas sampling were used for
the four measurements. The gas dispersion effects measured in each measurement are
also listed in Table 4-2. The obtained response curves were normalized by the
maximum value in each curve. As discussed in detail in the next two sections, two
model fits using the convolution method were conducted (Figure 4-3) to accurately

estimate the gas phase axial dispersion.

Table 4-2. The designed four measurements for the gaseous tracer technique

Measure Tracer Sampling Dispersion zones measured
-ment injection location

6] I1 S1 Sampling/analytical system from S1 (S2)

(i1) 11 S2 Plenum zone + sampling/analytical system from S2

(iii) 12 S3 Sampling/analytical system from S3

(iv) I1 S3 Plenum zone + reactor zone + sampling/analytical system from
S3

I1, 12 — Injection ports; S1, S2, S3 — Sampling ports. Locations of all ports are indicated in Figure 4-2
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Figure 4-3. Diagram of the convolution and model fits of the response curves

4.2.3. Estimation of the Gas Mixing in the Distributor Plenum

The distributor plenum of a SBCR usually causes significant back-mixing before the
gas tracer reaches the distributor. In this work, gas mixing in the distributor plenum is
assumed to be a continuous stirred tank reactor (CSTR), which was validated and then
used to provide the input for the reactor model (ADM). The equation for the pulse
injection in the plenum is expressed as

dac _ 1

-—C, 4-1
dt T, *1)

where 1 1s the retention time of the CSTR. The initial condition is given as C=C;,; at
t=0, where C;y; 1s the tracer concentration in the plenum immediately after the injection.

The solution of Equation 4-1 gives the output of the plenum at the gas distributor

—t/1,
C=C-e 0. (4-2)
The plenum output in a dimensionless form (C/Ci,;) was used as the input of the reactor

model (Figure 4-3) and is therefore defined as C;,, which gives
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C,, =e ™. (4-3)
The 19 was estimated by a regression as shown in Figure 4-3 (a) and (b). Measurements
(1) and (i1), respectively, represent the dispersion in the sampling/analytical system and
the dispersion in the plenum section plus the sampling/analytical system (Table 4-2). In
measurement (i), the gaseous tracer input profile can be considered as an ideal pulse,
because the sampling tube of port S1 was placed very close to the injection nozzle and
the mass flow of air removes the gas tracer around the nozzle almost instantly. As seen
in Figure 4-4, the response of measurement (1), Cg), has apparent spreading, suggesting
dispersion in the sampling/analytical system. The sampling lines from S1 and S2 were
designed with the same length and inner diameter, therefore, the dispersion from S1
and that from S2 can be considered as identical, and C;) was used to convolute the

plenum CSTR predictions, Ci,. Therefore, Ci,, calculated from Equation 4-3 was

convoluted by Cg;), per Levenspiel (1972)
t

Cin ()= [Cip (1) C iy (1= 1) -dit". (4-4)
0

The convoluted plenum CSTR prediction, Ci, , was then compared against the response
of the measurement (ii), C;), and to was the optimized by minimizing the averaged
squared error in the time domain, defined as

= *
Error = HZ[Cin (tj) - C(ii) (tj)]z . (4-5)

=1

As also shown in Figure 4-4 (where u,=0.03 m/s), the good fit between Cg;) and Cin*
indicates that the gas mixing in the distributor plenum can be modeled with a CSTR. In
this work, instead of a delta function (i.e., no plenum back-mixing), C, calculated from
the plenum CSTR model with a fitted 1o was used as the input tracer profile at the gas
distributor (i.e., the input profile to the reactor model) for the reactor dispersion

parameter regression.
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Figure 4-4. Dynamic gas tracer concentration at the distributor with CSTR model fit.
Cii) - measured dispersion in the sampling/analytical system from S1 (S2); Cj, - plenum
CSTR prediction at the gas distributor; C*in - Cin convoluted by Cg); Cgii) — response
measured at the gas distributor

4.2.4. Estimation of the Gas Axial Dispersion in the Reactor

An 1-D ADM was used for the gas phase axial dispersion in this work, expressed as

2
oc, . &C, u, &,

. 4-6
ot £ oz> e, Oz (4-6)

g

Danckwerts boundary conditions were used for the closed-closed boundaries, because
at the inlet there was sufficient pressure drop across the gas distributor, and at the

outlet the cone covers most of the reactor cross-section and the flow rate through the

neck of the cone was large due to the open design.

oc,
Z=0, ug'cin:ug'cg z=0_DgE|Z:0
oC
Z:L,_g - :09
oz |Z_L

where Ci, was calculated by Equation 4-3 with a fitted 1 as discussed earlier. The

initial condition is given by

t=0, C, =0.
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The superficial gas velocity u, in the reactor model is known from the pre-set flow rate.

The regression of the reactor dispersion parameter is schematically illustrated in Figure
4-3 (c) and (d). First, the dispersion in the sampling/analytical system from port S3 was
obtained by measurement (ii1) (Table 4-2), providing C;; to convolute the reactor and
plenum models’ prediction. Then, the response of a pulse injection through the whole
system was obtained by measurement (iv) (Table 4-2). Using C;, from Equation 4-3
(CSTR model of the plenum) as the input tracer profile, the reactor model yields an
output profile Cou(t) at the disengagement level, which is then convoluted by Cgiiy per
Levenspiel (1972)

t
Co (D)= J.Cout (t") - Ceppy (t—t')-dt". 4-7)
0

The convoluted reactor model prediction, Cout*, was compared against the measured
dispersion of the whole system, Cyy), for parameter fitting, by minimizing the averaged
squared error in the time domain, defined as

Error = %jil:[com*(t )= C (DT (4-8)
The gas holdup €, was considered as another fitted parameter along with Dy, although
it could be measured separately by observing the dynamic bed expansion. This is
because there usually is some error in the measured overall &5, which yields imprecise
time lag in the model predicted curves, and therefore, inaccurate fitted D, values. With
the g,-Dy two-parameter fitting, the model better matches both the time lag and the
dispersion (spreading) of the response curves. The fitted gas holdup values and those
from independent overall gas holdup measurements were found to have less than 5%
average absolute relative errors. Figures 4-5 and 4-6 show good model fits of Coy and
Civ) in both the bubbly flow regime (0.02 m/s) and the churn-turbulent flow regime
(0.20 m/s), respectively. Similar good fits were also observed at other operating
conditions. The averaged squared error calculated by Equation 4-8 is in the range of
0.1-10°~0.3-10". The helium tracer has a small solubility in the liquid, which was

assumed negligible in the D, measurements. To evaluate the error caused by the helium
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solubility, Dy fittings using Equation 4-6 with a mass transfer term and a correlation
predicted kja value were tested. It was found that considering the small solubility of

helium or not caused only less than 1% of relative error in the fitted Dy values.
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Figure 4-5. Gas tracer response curves at the outlet with ADM fit (Bubbly flow).
Ciiiy - measured dispersion in sampling/analytical system; C,, — reactor outlet tracer

response predicted by the ADM; Cout* - Cout convoluted by Ciiiiy; Ciiv) - measured
reactor outlet response
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Figure 4-6. Gas tracer response curves at the outlet with ADM fit (Churn-turbulent
flow). Ciiy - measured dispersion in sampling/analytical system; C,, — reactor outlet
tracer response predicted by the ADM; Com* - Cout convoluted by Ciiiiy; Ceiv) - measured
reactor outlet response

In order to prove it is necessary to use Ci, as the input of the reactor model, similar

parameter fitting was conducted using a delta function to replace Ci,. It was found that
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the obtained D, values using a delta function input were about double those obtained

using Ci,. This suggests that not accounting for the mixing in the distributor plenum
causes about 100% error in the final D, results, because the extra mixing in the plenum
is lumped into the axial dispersion coefficient and makes its estimated value larger.
Such consideration of the plenum mixing was not part of the previous investigations in

the literature.

4.2.5. Investigation of the Effects of Operating Parameters on Gas Phase
Back-Mixing
Gaseous tracer measurements are scarce in the literature for three-phase SBCRs,

especially in mimicked FT conditions. The effects of various operating parameters on

the gas axial dispersion in the mimicked FT SBCR were investigated in this work.

a) Effects of the Superficial Gas Velocity on the Gas Axial Dispersion

As shown in Figures 4-7 (a, b), D, values increased with the superficial gas velocity up
to 0.30 m/s at all the tested pressures and solids loadings. This effect is due to the wider
bubble size distribution and increased bubble frequency at higher gas throughput (as
found in an air-water system by Xue, 2004). A similar effect of superficial gas velocity
in two-phase BCRs has been reported by Joseph et al. (1984), Kulkarni et al. (1984),
Kago et al. (1989), Wachi et al. (1990), Shetty et al. (1992), and Kantak et al. (1995),
and is also reflected in all the reported D, correlations (Table 2-6). Besides, the Peclet
number (Pe=u,L/¢,D,, a ratio of convection to dispersion) was calculated and also
plotted (Figures 4-7 a, b) to show the extent of gas back-mixing. The Pe values
decrease apparently with the superficial gas velocity at u,<0.10 m/s, indicating a quick
increase of gas back-mixing in this u, range. However, the Pe-u, curves reach plateaus
at ug>0.10 m/s, showing little further increase. The Pe values even increase slightly
(i.e., gas back-mixing reduces slightly) at high superficial gas velocities, especially at
1.0 MPa. Xue (2004) found in an air-water system that deep in the churn-turbulent

flow regime the number of smaller bubbles increased faster than larger bubbles with
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the superficial gas velocity. Xue (2004) also found that the mean bubble chord length

first increased with the superficial gas velocity and then decreased when the superficial
gas velocity became higher (us>0.30 m/s). Similar trends of the bubble dynamic
parameters possibly also exist in the mimicked FT SBCR, which may have contributed
to the trend of the measured Pe number to increase with the superficial gas velocity.

The bubble dynamics in the mimicked FT SBCR is yet to be investigated.
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