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With the increasing demand for alternative energy resources, the Fischer-Tropsch (FT)
process that converts synthesis gas into clean liquid fuels has attracted more interest from
the industry. Slurry bubble columns are the most promising reactors for FT synthesis due to
their advantages over other reactors. Successful operation, design, and scale-up of such
reactors require detailed knowledge of hydrodynamics, bubble dynamics, and transport
characteristics. However, most previous studies have been conducted at ambient pressure

or covered only low superficial gas velocities.

The objectives of this study were to experimentally investigate the heat transfer coefficient

and bubble dynamics in slurry bubble columns at conditions that can mimic FT conditions.



The air-CyC,1-FT catalysts / glass beads systems were selected to mimic the physical
properties of the gas, liquid, and solid phases at commercial FT operating conditions. A
heat transfer coefficient measurement technique was developed, and for the first time, this
technique was applied in a pilot scale (6-inch diameter) high pressure slurry bubble column.
The effects of superficial gas velocity, pressure, solids loading, and liquid properties on the

heat transfer coefficients were investigated.

Since the heat transfer coefficient can be affected by the bubble properties (Kumar et al.,
1992), in this work bubble dynamics (local gas holdup, bubble chord length, bubble
frequency, specific interfacial area, and bubble velocity) were studied using the improved
four-point optical probe technique (Xue et al, 2003; Xue, 2004). Because the four-point
optical technique had only been successfully applied in a churn turbulent flow bubble
column (Xue, 2004), this technique was first assessed in a small scale slurry bubble column
in this study. Then the bubble dynamics were studied at the same conditions as the heat
transfer coefficient investigation in the same pilot scale column. The results from four-
point probe bubble dynamics study advanced the understanding of heat transfer in the
slurry bubble column. This study also provides important benchmark information for the
slurry bubble column design and the evaluation of computational fluid dynamics (CFD)

simulations.
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Chapter 1

Introduction

With the increasing crude oil consumption rate and the depletion of oil reserves, energy
has become an important world issue, particularly in this century. Petroleum provides
around 40% of the energy in the industrial countries. Notably, U.S., with 5% of the
world’s population, consumes more than 25% of the world’s petroleum products. As
reported by the U.S. Energy Information Administration (EIA) in 2006, the demand for
petroleum will keep on increasing in the future, with a stable or declining domestic oil
product (Figure 1-1). Therefore, a demand for cost effective and clean (essentially

sulphur- and aromatic-free) alternative liquid fuels has arisen.

Among the alternative energy processes, the Fischer-Tropsch (FT) synthesis for the
conversion of synthesis gas (a mixture of CO and H; produced from natural gas, coal,
and/or biomass) to clean liquid fuels has attracted significant interest from industry. The
main drivers are the growth in transportation fuel needs, ecological pressure, and the

availability of large quantities of coal and natural gas. Processes used for the conversion



of natural gas to liquid fuels are normally referred to as “Gas to Liquid” or GTL, while
“Coal to Liquid” processes are referred to as CTL, and “Biomass to Liquids” processes
are BTL. FT synthesis was discovered in 1920s and was commercially employed by
Germany in World War II (Janardanarao, 1990). Several different kinds of reactors, such
as fixed beds, entrained or circulated fluidized beds, and slurry bubble columns have
been employed in the FT processes. However, in recent years, slurry bubble column
reactors have become the reactors of choice in FT synthesis, because much higher
productivities can be achieved in slurry bubble column reactors than in fixed bed FT

reactors (Krishna and Sie, 2000).

(million barrels per day)
30 — History Projections

Demardd
b /

10 ~ = | Supply

0
1990 1995 2004 2010 2015 2020 2025 2030

Figure 1-1. U.S. petroleum product demand and domestic petroleum supply

(Energy Information Administration, 2006)

Slurry bubble column reactors are vertical cylindrical vessels in which gas is
continuously introduced through a distributor (sparger) into a liquid-solid particle

suspension (Figure 1-2). In most industrial applications, gas is a reactant (although



sometimes it is inert), the liquid is usually a product and/or reactant, and the solid
particles are typically catalyst with a mean size between 5 to 150 um (Krishna et al.,
1997). Without solids, the column operates as a two phase (gas-liquid) system, and is

known as bubble column reactor.

| Liquid and solid
suspension

Figure 1-2. A Sketch of slurry bubble column

High heat and mass transfer rates caused by the strong mixing interactions among phases
are the main advantages of bubble column and slurry bubble column reactors. In addition,
these reactors have many other advantages, such as low pressure drop, simple structure,
easy operation, and low operating and maintenance costs. Because of these advantages,

bubble column and slurry bubble column reactors are widely employed in petrochemical,



chemical, and biochemical industries, which involve oxidation, hydrogenation,
chlorination, alkylation, and polymerization processes, etc. (Deckwer and Alper, 1980;
Fan, 1989; Dudukovic et al., 1999). However, to achieve high throughput, many of the
operations are in the churn turbulent flow regime at a high superficial gas velocity. The
nonuniform distribution of gas in the churn turbulent regime can cause buoyancy-driven
flow, resulting in a shortcut in gas flow in the column center, which reduces gas
residence time and process efficiency (Shollenberger et al., 1997). Another disadvantage
of these reactors is heavy backmixing in this flow regime, which can reduce the

productivity (Krishna et al., 1997; Dudukovic, 1999).

As a whole, slurry bubble columns are promising reactors for FT synthesis process, with
increasing applications in commercial and pilot plants. Typical FT slurry bubble columns
operate at high superficial gas velocity (0.2-0.4 m/s), high solids loading (30%-50% in
volume), high temperature (513-523 K), and high pressure (3-5 MPa) (Krishna, 2000).
Therefore, the flow structure in this regime is very complex. Detailed knowledge of
hydrodynamics, heat and mass transfer, and bubble dynamics in this churn turbulent
regime is extremely important for the proper design, scale-up, and simulation of these

reactors.

1.1 Motivation

The performance of slurry bubble column reactors is mainly dependent on column design
parameters, system operating variables, the physical properties of all three phases, and

the process reaction kinetics (Rados, 2003). Experimental investigations are an important



part of advancing the fundamental understanding of the effects of all these parameters,
because it is difficult to obtain reliable simulation results due to the complex flow

structure and reaction in such reactors.

Hydrodynamics and mixing characteristics studies in bubble column and slurry bubble
column reactors have been carried out in open literatures (e.g., Fan, 1989; Wilkinson et
al., 1992; Kumar, 1994; Krishna et al., 1997; Gupta, 2002; Rados, 2003; Ong, 2003; Xue,
2004; Shaikh, 2007; Han, 2007). However, due to technique limitations, most of the
investigations were performed in air-water-glass beads systems under atmospheric
pressure. A notable exception is the work done in the Chemical Reaction Engineering
Laboratory (CREL). Here, the computer automated radioactive particle tracking
(CARPT) technique is used to measure the 3D flow field, velocity, and turbulent
parameters. Gamma ray computed tomography (CT) is used to measure the holdup
distributions. Both techniques have been applied to investigate the detailed
hydrodynamics and mixing in bubble and slurry bubble columns under high pressure
(Ong, 2003; Rados, 2003; Shaikh, 2007; Han, 2007). In particular, Han (2007) performed
studies that include mixing and mass transfer in a 6-inch diameter column under
conditions that can mimic FT synthesis, and provide valuable fundamental information

for the industrial FT slurry bubble column applications.

However, the heat transfer characteristics in bubble and slurry bubble column reactors
have not been fully studied or understood. FT synthesis is an exothermic process,

generating a great amount of heat that must be removed. To keep the temperature in a



suitable range for the reactions, knowledge of the heat transfer coefficients, in particular
the slurry side heat transfer coefficient, is important in understanding the heat transfer
characteristics. In the past few decades, a number of studies have been performed on the
heat transfer coefficient in bubble and slurry bubble columns (Fair et. al, 1962; Hart,
1976; Baker et al., 1978; Deckwer et. al, 1980; Hikita et. al, 1981; Saxena et al., 1989,
19901’2, 1991; Li and Prakash, 1997, 2001, 2002; Yang et. al, 2000; Kantarci et al., 2005).
However, little research has been performed on heat transfer coefficients under industrial
conditions, and most of the studies have one or more of the following drawbacks: (1)
using a small diameter column, (2) operating at low superficial gas velocities, (3)
conducting experiments under ambient pressure, (4) studying heat transfer coefficient
only in the center of the column, (5) using air, water, glass beads as materials, or (6)
investigating the heat transfer coefficient without heat exchanging internals. Because of
the above disadvantages, the limited heat transfer information that can be obtained is not
sufficient to confidently support proper industrial FT synthesis reactor design, scale-up,

and performance.

Among the heat transfer coefficient studies in multiphase reactors, Kumar et al. (1992)
found that the values of local heat transfer coefficients are directly related to the bubble
size in a fluidized bed. However, no more experimental work has been done to
investigate the relation between the heat transfer coefficient and bubble dynamics (local
gas hold up, bubble size, bubble velocity, and bubble frequency) in bubble column and

slurry bubble column reactors.



Bubble properties and the specific interfacial area are important parameters in
understanding the gas phase behavior and the mass transfer among phases. Techniques
including dynamic gas disengagement, video imaging, and microprobes have been
developed and utilized to capture bubble dynamics in multiphase reactors (Burgess and
Calderbank, 1975; Matsuura and Fan, 1984; Fukuma et al., 1987; O’Dowd et al., 1987;
Saxena et al., 19903; Lim and Agarwal, 1992; Wilkinson et al., 1994; De Swart et al.,
1996; Luo et al., 1999; Mihai and Pincovschi, 1998; Lee et al., 1999; Krishna et al., 1999;
Li and Prakash, 2000; Mudde and Saito, 2001; Xue et al., 2003; Vandu et al., 2004; Xue,
2004; Chaumat et al., 2006). However, in many of these studies, bubble size distribution
and bubble velocity were investigated either in air-water systems or using two
dimensional columns. There is limited information and understanding about the bubble
dynamics in slurry bubble columns in general, and in their churn turbulent flow regime in

particular.

In addition, Lee et al. (1999) found that in the coalesced bubble regime the dynamic gas
disengagement technique is not reliable to measure bubble size distribution, due to the
complex bubble characteristics at high superficial gas velocities. Also the video imaging
technique requires a transparent wall and liquid, and it is able to capture the bubble
characteristics only at low gas holdup conditions in a 2D column and close to the wall in
a 3D bubble column (Xue et al., 2003). Fortunately, the four-point optical probe, which
was further developed at CREL (Xue et al., 2003; Xue, 2004), was found to be a reliable
technique for bubble dynamics study in bubble column reactors. Xue (2004) and Xue et

al. (2003) utilized such a probe and its development in a bubble column using an air-



water system. However, they did not apply the probe to slurry bubble columns. Even
though by Xue’s modified algorithm, bubble velocity and its direction angle can be
obtained, Xue (2004) did not provide detail information about the bubble angle in his
study. This work extended the use of the four-point optical probe to slurry bubble
columns, in particular at conditions that can mimic high pressure FT synthesis operations.
The investigation was connected with the heat transfer coefficient study to understand
how the bubble dynamics affect the heat transfer coefficient in bubble and slurry bubble

columns.

1.2 Objectives

As mentioned above, few studies have been reported in the open literature on the slurry
side heat transfer coefficient and bubble dynamics, and they are insufficient for properly
understanding FT slurry bubble column reactors. Hence, the primary objective of this
work is to advance the knowledge of the heat transfer and bubble dynamics in high
pressure bubble and slurry bubble columns, and to experimentally investigate the effects
of operating parameters and phase properties on the heat transfer coefficient and bubble
dynamics, especially at conditions that can mimic FT synthesis operations. It is
noteworthy that at the same mimicked FT synthesis conditions, the hydrodynamics,
mixing, mass transfer studies have been performed by Han (2007) using CARPT, CT,
and other techniques. The findings of such studies can be usefully compared with those

of this work, whose specific goals were as follows:



1.2.1 Heat transfer coefficient investigation

This work included the development of a heat transfer coefficient measurement technique
using advanced heat flux sensors. The technique was used in the experimental
investigation of heat transfer coefficients. The details are as follows:

e A reliable heat transfer probe that can be used under high pressure was
constructed and developed, and the needed heat transfer coefficient measurement
equipment to perform heat transfer coefficient studies was set up. Tests of the heat
transfer coefficient measurement technique were performed in a high pressure
bubble column using an air-water system.

e The effect of superficial gas velocity, pressure, solids loading, and physical
properties on the heat transfer coefficient and its radial profile were investigated
in bubble and slurry bubble columns, in particular using an air-CyCj-FT catalyst
system at conditions that imitated the FT synthesis at room temperature.

e The potential for extending the current heat transfer probe to simulating heat

exchanging internals in slurry bubble columns was assessed.

1.2.2 Bubble dynamics study

In this work, the four-point optical probe technique developed by Xue (2004) was applied
for the first time to studying bubble dynamics in a high pressure slurry bubble column.
The operating conditions were the same as in the heat transfer coefficient studies, and the
relation between heat transfer and bubble dynamics was evaluated. This work included
the following investigations:

e The performance of the four-point optical probe in a 4-inch ID slurry bubble

column was assessed under ambient pressure.



The effect of superficial gas velocity, pressure, solids loading, radial position,
phase properties, and probe direction on bubble dynamics (local gas holdup,
bubble chord length, bubble frequency, and bubble velocity, and specific
interfacial area) were studied in a 0.16 m ID high pressure slurry bubble column,
especially at stimulated FT conditions.

The fitness of the lognormal function to the obtained bubble chord length
distribution in this work was evaluated, especially at mimicked FT conditions.
The effect of operating parameters on the bubble direction angle distribution was
also studied.

The relationship between the bubble dynamics and the heat transfer coefficient
was evaluated. Also, the bubble dynamics findings and the results of CARPT and
CT techniques (Han, 2007) were combined to advance the understanding of the
hydrodynamics in high pressure slurry bubble columns and to enhance the

analysis of heat transfer coefficient data.

In this study, most of the investigations were conducted using systems with similar

phase properties as those at FT process conditions. The findings from this work,

together with the previous hydrodynamics, mixing and mass transfer studies (Han,

2007), will considerably enhance the understanding of the performance of slurry

bubble columns, and provide valuable information for the reactor design, scale-up,

and operation for potential industrial applications.
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1.3 Structure of the dissertation

A general background review about previous studies of heat transfer and bubble
dynamics in bubble and slurry bubble columns is provided in Chapter 2. Chapter 3
describes the investigation of the heat transfer coefficient in high pressure bubble and
slurry bubble columns, and the system selection, experimental setup, experimental
conditions and the findings are discussed. Evaluation of the applicability of four-point
optical probe technique in slurry systems was conducted in a small scale column, and the
details are discussed in Chapter 4. Chapter 5 discusses the effects of phase properties and
pressure on bubble dynamics in the 0.16m ID slurry bubble column, and the bubble chord
length distribution and bubble direction angle distribution are also analyzed. In addition,
the connection between the bubble dynamics and heat transfer coefficient is evaluated.
Chapter 6 provides the conclusion of this study with recommendation and outlines
possible future work. The appendixes provide additional data from both heat transfer and
bubble dynamics studies in this work, describe the operating procedure of the heat
transfer probe technique, and give the empirical correlations for the heat transfer

coefficient.
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Chapter 2

Background

Bubble column and slurry bubble column reactors attract more industrial interest, and for
most of the applications, large amount of the heat generated by the reactions need to be
removed from the reactors. Therefore, heat transfer rate and coefficient are among one of
the most important parameters required for properly understanding the performance of
slurry bubble column reactors. Also, bubbles’ movements are the driving force of the
hydrodynamics, transport, and mixing in the slurry bubble columns. Therefore, the
bubble dynamics study through experimental investigation is extremely important in
understanding the performance of such reactors. However, the currently available heat
transfer information and bubble dynamics studies are insufficient to confidently support
industrial slurry bubble column reactor applications. Therefore, experimental
investigations under mimicked industrial operating conditions are still in great demand.
In the follow sections, the previous studies on heat transfer coefficient and bubble
dynamics are summarized as the background for current study, with a focus on FT

synthesis processes.
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2.1 Heat transfer coefficient investigation

In FT slurry bubble column reactors, to keep the temperature in a suitable range for the
reactions, heat exchangers are required to remove the generated heat from the slurry
phase. The heat is usually carried out by the cooling media through heat exchanging
tubes distributed inside the columns. There are three heat transfer coefficients involved in
the process, and the relationship among them can be expressed in the following

equations:

L1, XD B 2-1)
U h kDIm hD

Dim=—20——1 (2-2)

where U is the overall heat transfer coefficient, h, is the heat transfer coefficient from

slurry to the tube surface, x is the thickness of the tube, k is the heat conductivity of the

tube, D; is the inner diameter of the tube, D, is the outer diameter of the tube, D is the
log mean diameter of the tube, and h; is the heat transfer coefficient from the tube surface
to the cooling media.

The heat transfer coefficient mentioned in this study is the heat transfer coefficient from
slurry to the tube (h,). In the follow section, it will be mentioned as heat transfer

coefficient, h.

2.1.1 Reported techniques
The previous experimental heat transfer coefficient studies in bubble column and slurry

bubble column reactors are listed in Table 2-1, and the proposed correlations for heat
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transfer coefficient are listed in Table 2-2. Among these studies, generally there are two
ways of obtaining the heat transfer coefficient. One of them is calculating the heat
transfer coefficient based on the measurement of the energy input to the heat source and
the temperature difference between the heated source and the bulk media (Baker et al.,
1978; Hikita et al., 1981; Deckwer et al., 1980; Kang et al., 1985; Saxena et al., 1989;
Cho et al., 2002). The following equation was used by Deckwer et al. (1980) in their
study:

1y
AAT

(2-3)
In this methodology, the error in the calculation of the heat flux (IU/A) based on the
energy input is inevitable, because the heat loss in heating up all the surrounding
materials, including the fittings and/or column wall, is also counted into the heat

transferred from the heat source to the bulk flow. Therefore, the heat transfer coefficients

obtained in this way are overestimated.

In recent years, the advancement in heat flux measurement technology led to a second
method in measuring the heat transfer coefficient. In this method the heat flux from the
heat source to the bulk media is directly measured, and then the heat transfer coefficient
can be acquired in a more accurate way (Kumar et al., 1992; Luo et al., 1997; Li and
Prakash, 1997, 2001, 2002; Yang et al., 2000; Kantarci et al., 2005). Based on ths
method, Li and Prakash (1997) employed the following equation to calculate the heat

transfer coefficient;

L (2-4)

o= di ,
! ni—1AT;

. Naye =
ATi ave

14



Table 2-1. Parameters in the literatures on heat transfer coefficients in bubble columns and slurry bubble columns

Solids size Solids loading | Column ID Pressure
Researcher System (um) (vol.%) m) Ug (m/s) (MPa) Sparger
Fair et al., 1962 Air-water No solids 0 0.46, 1.07 0.006 --0.045 | 0.1 Sparger ring
Hart et al. 1976 Air-water, Air-ethylene No solids 0 0.1 0.003 --0.2 0.1 Single nozzle
?;é:gwer ctal, Ez'gﬁzghk‘ﬁagni)gx;“’ 5 0-- 16% 0.1 0.003--0.04 | 0.4-1.1 | Sintered plate
2° = 23
Lewis et al., 1982 ﬁ“‘gvlvyactg? No-cumene, No solids 0 0.1,0.19 0.02--0.165 | 0.1 Perforated plate
,-
Hikita etal,, 1981 | Air-waten, Air-l-butanol, o G0 g 0.29 0.050--034 | 0.1 Single nozzle
Air-sucrose methanol
Verma, 1989 Air-water No solids 0 0.11 0.1--0.4 0.1 Perforated plate
Saxena et al., Air-water, o
19902 Air-water-magnetite 35.7-137.5 0 --30% 0.11 0.015--0.333 0.1 Porous plate
Sehaeretal, x;:;vrit;;’lene No solids | 0 0.29 0.01--0.65 | 0.1 Sieve tray
Li and Prakash, . o Six-arm
1997, 2001, 2002 Air-water-glass beads 35 0 -- 40% 0.28 0.05--0.35 0.1 distributor
Yang et al., 2000 Igg;’seat transfer fluid-glass | 55 0 - 35% 0.10 0.01-020 | 0.1-42 | Perforated plate
Cho et al., 2002 Air-viscous liquid No solids 0 0.152 0.02 --0.12 0.1-0.6 Perforated plate
Kantarci et al., Air-water-yeast, 10, o Six-arm
2005 Air-water-cell 0.2-0.7 0--0.4% 0.17 0.03 --0.20 0.1 distributor
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Table 2-2. Correlations of heat transfer coefficient in bubble and slurry bubble columns

Weinspach, 1978

Researcher System Correlation
Fair et al., 1962 Air-water h,=8850U,"*
Kast, 1962 Air-water St=0.1(Re Fr Pr?) %
Ruckenstein . B ggg VU A
etal., 1965 Alr-water h, = 028257 (—)
Burkel, 1974 Air-water St=0.11(Re Fr Pr>4¢)02
ir- h C U’p
Hart et al., 1976 Alr-water, n_(PAyoe _ o105 (b0
ethylene p.CpU |, k. “ 9
Steiff and Air-water,

silicone oil

St=0.113(Re Fr Pr?) 0%

Louisi, 1979 Air-xylene, St=0.136(Re Fr Pri-%y°?

kogasene
Deckwer et al., 1980 St=0.1(Re Fr Pr?) %%

Air-water -l

’ 7l
Lewis et al., 1982 N,-cumene, h= {i + (—°)%
glycol kL 4kLCpp LVc
9°PL % PLT Py K %
h =0.12 6 3 (k C 2
Mersmann et al., 1982 Air-water e ( L )7 o )7 kpCrL)
for A,.P, >10°
Air-water, c U \
Hikita ctal, 1981 | |-putanol. D S gty £ s
’ sucrose ACpY, k. o o

methanol
Pandit and Joshi , B h, =0.087(U, —&U,,)"** 90‘26P£L8C7PO‘34/U§L0’33RmDO’O(’/J;?‘WM
1984 g, =U,/(a+bU, a,b are functionof d, and &,

Air-water Ug(egpy tepu +€,0)19 1

> h, =0.0722(k C 2
Kim et al., 1986 kerosene, " (kapa CPat Eq My )

mineral oil

Zehner, 1986

2 2 2
h, =0.18(1 - £, )[M]%
My

|:db(”/659)% V. :[L(M)QDU g]%
2.5 PL

g, =U ,[0.25 exp( 5¢,)]""
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Researcher System Correlation
hW =0.l(kLpLCpL{[Ug(8gpg +‘9LpL +gsps)]g}%)%
Suh and Deckwer, _ &Ly
1989 2.50,
My = Hy eX19(71_0 6090 )
. 2 — _ R
Saxenaelal, 1990 | AWA oy, g p (8 Ly Le TP Ky, Tpy'
magnetite Ha P
h -.C _ Cp
Verma, 1989 Air-water h = 0.121(1 - g ) (DAL 03 (AP o
pLCpUg k. M9
N;- -heat e
Yang et al., 2000 transfer fluid- St = 0.037[(Re ,, Fr Pr;* )(l—g)]_o‘22
glass beads ~ %

2.1.2 Effects of operating parameters on the heat transfer coefficient

As mentioned in the previous studies, many parameters can affect the heat transfer in
bubble/slurry bubble columns. The heat transfer coefficient rises with an increase in
superficial gas velocity, heat capacity, and thermal conductivity of the liquid. However, it
falls with an increase in the viscosity of the suspension in gas-liquid or gas-liquid-solid
systems (Deckwer et al., 1980; Saxena et al., 1989, 1990'2, 1991; Li and Prakash, 1997;

Yang et al., 2000).

Other parameters, such as the pressure and solids loading, have significant effects on the
hydrodynamics, bubble dynamics (especially the bubble size), and heat transfer
coefficient in slurry bubble columns (Luo et al., 1999; Xue 2004). However, there are
only a few studies on the effects of these parameters on the heat transfer coefficient in

such reactors (Deckwer et al., 1980; Saxena et al., 1989, 19901’2, 1991; Luo et al., 1997,
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Yang et al. 2000, Li et al., 2003). Therefore, it becomes an area requiring further

evaluation.

Deckwer et al. (1980) investigated the heat transfer coefficient from an immersed heat
source to the surrounding media in a system prevailing in the Fischer-Tropsch slurry
process (P=1.6MPa, T=143-270 C) (Figure 2-1). They found that the heat transfer
coefficients in their studied two- and three-phase systems were at least 10 times larger
than those in one-phase flow. It is also reported that the experimentally obtained heat
transfer coefficients depend slightly on the temperature difference between the surface of
the heat source and the bulk media. The increase in the solids loading caused the heat
transfer coefficient to rise due to the independent motion of the particles, which leads to
an increased exchanging frequency of fluid elements at the heat surface area. However,
the effect of pressure on the heat transfer coefficient was not reported in their work and
cannot be realized by their results. By introducing the surface renewal model and
Kolmogoroff theory of isotropic turbulence into their heat transfer coefficient study, they
also developed a correlation to predict the heat transfer coefficient at low superficial gas
velocity (as shown in Table 2-2). Unfortunately, the effect of pressure was also ignored

in their correlation.
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Figure 2-1. Experimental setup for measurements of heat transfer coefficient

(Deckwer et al., 1980)

Saxena et al. (1989, 1990'7, 1991) studied heat transfer coefficients extensively in three-
phase systems (air-water-glass beads, air-water-magnetite, and Nitrogen-Therminol-
magnetite) in two columns (0.108 m and 0.305 m ID) under ambient pressure. They
found that the heat transfer coefficient is independent of the particle size under all the
studied conditions. In air-water-solid system, the heat transfer coefficient has a weak
dependence on the slurry concentration, while it is enhanced with increased solids
loading in the Nitrogen-Therminol-magnetite system. They also claimed that the heat
transfer coefficient increases with an increase in the column diameter. However, they
applied the first method (Equation 2-3) in obtaining the heat transfer coefficient, which

could cause a system error in their study.
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Li and Prokash (1997, 2001, 2003) studied the heat transfer coefficients in a 0.28 m ID
column using air-water-glass beads system under ambient pressure. Local instantaneous
and time-average heat transfer coefficients from an immersed heat transfer probe were
obtained at variant superficial gas velocity and solids loading (up to 40 vol.%). They
claimed that the local heat transfer coefficients in the center were larger than those in the
wall region, and that the heat transfer coefficient rose with increasing superficial gas
velocity. They also found that the heat transfer coefficient decreased slowly with
increasing solids loading (below 10 v.%) and the decreasing rate increases but tend to
slow down again at solids loading larger than 30 v.%. This finding about the effect of

solids loading is on the contrary to that of Deckwer et al. (1980).
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Figure 2-2. Experimental setup for measurements of heat transfer coefficient

(Li and Prakash, 1997)
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Luo et al. (1997) reported that, at a given gas and liquid velocity in a three phase
fluidized bed, the heat transfer coefficient between an immersed surface and the bed
increases to a maximum at a pressure of 6-8 MPa, and then decreases with a further
increase of pressure. Yang et al. (2000) investigated the effect of pressure on the local
heat transfer coefficient in the center of a high pressure (up to 4.2MPa) slurry bubble
column using N,-Paratherm NF heat transfer fluid-glass beads (53 pm) system. They
found that the heat transfer coefficient increased with an increasing solids loading while
decreased with an increasing pressure. The effect of temperature on heat transfer
coefficient was mainly caused by the change in liquid properties. A correlation (shown in
Table 2-2) that can be applied for their studied operating conditions was also developed

based on Deckwer’s correlation.

However, all of these reported heat transfer coefficient measurements under high pressure
were carried out in small diameter columns (less than 11cm). According to Wilkinson et
al. (1992), the effect of column size on the studied parameters can be neglected only

when the inner diameter of the column is equal or larger than 0.15 m.

Although in most applications slurry bubble columns are installed with heat exchanging
internals to remove the generated heat from the reactions, the effects of internals on the
hydrodynamics and bubble dynamics are still not well investigated and not fully
understood. The reason is that most of the previous studies in this field were conducted in

columns without internals. However, based on a 3D simulation, Larachi et al. (2006)
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claimed that the high intensity internals affect the liquid circulation and bubble size in
many ways in a bubble column. Among the few studies in the bubble/slurry bubble
reactors, Saxena et al. (1990) investigated the effect of internals (a bundle of 7 tubes, 1.9
cm in diameter for each tube) in both 0. 108 m and 0.305 m ID slurry bubble columns,
and they found that the effect of internals on the heat transfer coefficient in the small
column is more obvious than in the large column. Thimmapuram et al. (2003) further
studied the effect of internals (97.3% and 85.6% open area) on the heat transfer
coefficient in a slurry bubble column (0.305 m ID), and they reported that the heat
transfer coefficient is sensitive to the internal configurations. They also claimed that at
low temperatures, and for viscous liquid, as long as the bubble size was smaller than the
tube bundle pitch, the heat transfer coefficient was independent of the nature of the
bundle. At conditions when the bubble size was comparable to pitch, they expected that
the heat transfer coefficient would depend on the bubble dynamics and liquid mixing
induced by the internals. It is worthwhile to mention that they still used the first method
in their studies (Equation 2-3), knowing that the unexpected errors in the results might
mislead the conclusions. On the other hand, Schulter et al. (1995) found that the effect of
internals on the heat transfer coefficient was relatively small in highly viscous liquid at
variant open area (97%, 94.8%, 90.3%, and 72.5%), while details of their experiments
were not provided. All in all, none of these studies investigated the heat transfer
coefficient under elevated pressure, and there are no related hydrodynamics and bubble
dynamics results to confirm their finding. Even though, in this work, the effect of

internals is not the focus, the potential for extending the current heat transfer probe to
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simulate the heat exchanging internals with embedded heat transfer coefficient

measurement elements will be assessed.

As mentioned earlier, Kumar et al. (1992) and Thimmapuram et al. (2003) believed that
the values of local heat transfer coefficients are directly related to the bubble size in
multiphase reactors. Therefore, the bubble dynamics study can lead to further

understanding of the heat transfer characteristics in slurry bubble columns.

2.2 Bubble dynamics study

2.2.1 Reported techniques

In the open literatures, dynamic gas disengagement (DGD), video imaging
(photographic), and microprobe techniques have been employed for bubble dynamics
studies in bubble column and slurry bubble column reactors (Fukuma et al., 1987;
Idogawa, 1987; O’dowd et al., 1987; Saxena et al., 19903; Lim and Agarwal, 1992; Luo
etal., 1999; Lee et al., 1999; Li and Prakash, 2000; Mudde and Saito, 2001; Xue et al.,

2003; Vandu et al., 2004; Xue, 2004; Guet et al., 2003, 2005).

The principle of DGD technique is based on the measurement of the instantaneous liquid
level and/or the pressures when stop the aeration in a reactor. Usually two pressure
transducers are installed at different axial positions during the experiments. A typical
signal obtained for DGD technique is shown in Figure 2-3 (Li and Prakash, 2000). The

initial gas holdup at t; is defined as gj. After stopping the gas flow, the rear end of the
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large bubble swarm moves above the top transducer at t;. Then at time t, the entire small
bubbles move above the top transducer, and the gas holdup reduces to zero. If in the first
period (from to to t;), small bubbles disengage at the same rate as in period 2 (from t; to
ty), the total gas holdup caused by small bubbles is ¢;. If there is no disengagement of
small bubbles in period 1, the total gas holdup caused by small bubbles is &;. By solving

the follow equations, velocities of both large and small bubbles can be calculated.

— AHd|g, (D]
Ug sm :Tg > (2-5a)
Ep) =& — & (2-5b)
gb,sm = gl H (2—50)
Vo =Vy =V (2-54d)
Uy, =V, /&, ,and (2-5¢)
Ub,sm :Vg,sm /gb,sm . (Z_Sf)

All of the above calculations for DGD techniques are mainly based on the following
assumptions (Camarasa, 1999):

1. the dispersion is axially homogeneous when the gas feed is interrupted;

2. there is no bubble-bubble coalescence or break-up during disengagement;

3. the bubble disengagement of each bubble class is not influenced by the others.
However, Lee et al. (1999) had found that in the coalesced bubble regime, interactions
among bubbles are significant. Therefore, assumption 2 and 3 are not valid in such
conditions. They concluded that the dynamic gas disengagement technique is not reliable
to measure bubble size distribution due to the complex bubble characteristics at high

superficial gas velocities.
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Figure 2-3. DGD in air water systems (Uy=0.30cm/s) (Li and Prakash, 2000)

The advantage of the video imaging technique is that it does not disturb the flow inside
the column during the experiments. Because of this, the video imaging technique has
been frequently employed in the previous studies (Idogawa, 1987; Mihai and Pincovschi,
1998; Marques, 1999; Krishna et al, 1999; Vandu et al., 2004). However, the video
imaging technique requires transparent wall and liquid, so it is only able to capture the
bubble characteristics at low gas holdup conditions in a 2D column, and the bubble
behaviors close to wall in a 3D bubble column with a transparent wall (Figure2-4).
Hence, its application is far from the industrial interest, because most industrial bubble
and slurry bubble columns are opaque reactors operating at high superficial gas

velocities.
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(a) Ug=0.02 m/s (b) Ug=0.13 m/s

Figure 2-4. Photographic of bubble dynamics in a bubble column

The microprobe technique, including the conductivity probe (or resistivity probe) and the
optical probe, has been frequently used for bubble properties studies because of its
applicability in opaque systems. Conductivity probes utilize the difference in electrical
conductivity between the liquid phase and the gas phase. However, the disadvantage of
the technique is that it cannot be used with low-conductivity liquids (especially organic
liquids) due to the weak signal obtained. As compared with conductivity probes, optical
probes can be employed in both conductive and non-conductive (organic) liquids, and the
sensitivity and signal to noise ratio of the optical probe are higher than those of the
conductivity probe (Van der Lans, 1985). Optical probes include single-tip probes,
double-tip probes (two-point probes) (Figure 2-5), and multi-tip probes. Single-tip probes
can be used to measure local gas holdup and bubble frequency. Two-point probes and
multi-tip probes are able to capture bubble velocity and bubble chord length in
multiphase reactors (Luo et al., 1999; Mudde and Saito, 2001; Xue et al., 2003). Based
on error analysis, Lim and Agarwal (1992) and Xue et al. (2003) found that the bubble

velocity and bubble size distribution obtained by two-point probes were susceptible to the
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incidence angle and the position at which the bubble hits the probe, and the results are
theoretically questionable. They concluded that two-point probes can be used only in
situations where all bubbles move strictly in one direction, and are unsuitable for systems
having complex hydrodynamics, such as the churn turbulent flow regime in bubble and
slurry bubble columns. More details about the background of microprobe technique are

available somewhere else (Xue, 2004).

(a) single-tip probe (b) double-tip probe

Figure 2-5. Photos of some optical probes (Boyer et al., 2002)

The four-point optical probe, which was first developed by Frijlink (1987) and his
colleague, is a promising technique to measure bubble dynamics in bubble columns. In
CREL at Washington University, Xue (2004) advanced the used of such a probe by
developing a proper algorithm and data processing method, extending the capability of
the probe and improving the accuracy of the measurement. The improved technique has
been successfully applied only in churn turbulent bubble column flows. He investigated
the effect of superficial gas velocity, pressure, sparger design, and radial position on
bubble dynamics in an air-water system. However, so far, there is not any investigation of
the bubble dynamics using a four-point optical probe in churn turbulent flow slurry

bubble columns, particularly in systems that can mimic FT synthesis.
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2.2.2 Studied parameters

Before elaborating on the details of the bubble dynamics studies, it would be suitable to
start with some basic hydrodynamics of the large scale slurry bubble column, which will
be very helpful in understanding the bubble dynamics. First, let us start with the flow
regimes in bubble /slurry bubble columns. As shown in Figure 2-6, there are three
operating flow regimes with the increase of the superficial gas velocity in a 3D bubble
column (Chen et al., 1994), and in slurry bubble columns the same flow regimes are
followed. At low superficial gas velocities, bubble streams are observed to rise
rectilinearly with similar small size across the column, and the system is operating in
bubbly flow regime. With an increase in superficial gas velocity, bubble interactions
(bubble coalescence and breakup) become significant, and then the flow goes into the
transition (vertical-spiral) regime. In this regime, the high rotating frequency of the
central bubble stream results in a more clearly spiral motion (not only spirals upward but
also swings laterally back and forth) of the central bubble stream. With a further increase
in superficial gas velocity, the flow moves into churn turbulent flow regimes. In this flow
regime bubble coalescence and breakup come to a balance at certain velocity (Luo et al.,
1999), and the spiral flow pattern of the central bubble stream gradually breaks down.
Many techniques, such as pressure fluctuation, optical probe, conductivity probe, particle
imaging velocimetry (PIV), and nuclear gauge densitometry (NDG), etc., have been
applied to recognize the flow regime transition (Nishikawa, 1969; Chen et al., 1994;

Briens et al., 1997, Zhang et al., 1997; Shaikh, 2007).
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Figure 2-6. Flow Regimes in a 3-D Bubble Column (Chen, Reese and Fan, 1994)

A recent experimental study in a mimicked FT slurry bubble column (Han, 2007) found
the bubble dynamics closely related to the hydrodynamics and phase mixing, which

further confirmed the importance of the bubble dynamics study.

The previous studies of bubble dynamics in the past several decades focused on bubble
size distribution, bubble velocity, and specific interfacial area. Since Xue (2004) provided
information of the previous studies on specific interfacial area, only the bubble size

distribution and bubble velocity studies will be discusses in detail in the following parts.

2.2.2.1 Bubble size distribution
The shape of bubbles at motion in multiphase reactors can generally be identified as
spherical, oblate ellipsoidal and spherical/ellipsoidal cap. The observed bubble shape is

an overall effect of surface tension, viscous, and buoyancy forces acting on the bubble.
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As dominant forces change with the increase in bubble size, the bubble shape changes
from spherical, ellipsoidal to spherical/ellipsoidal cap in shape. In a case of a single
bubble, when the bubble size is small (e.g. less than 1 mm), the shape is spherical with
viscous and surface tension forces dominating. For intermediate size, both surface tension
and inertia force are important. The inertia force dominates for a large bubble, and the
effects of the other forces and properties of the surrounding media are negligible (Fan et

al., 1999, Yang et al., 2007).

The variant shapes at different conditions make the bubble size and bubble size
distribution study much more difficult in multiphase reactors. The bubble size and its
distribution are affected by not only the properties of the surrounding media (density,
viscosity, and surface tension), but also the operating conditions of the system. The
previous experimental research about bubble size with different focus is listed in Table 2-
3. It is noticeable that most of the studies were conducted in two-phase systems, 2D
column, or under low superficial gas velocity. There is almost no investigation conducted

under mimicked industrial operating conditions, especially FT synthesis process.

Among the listed studies in Table 2-3, photographic technique is the most commonly
used in bubble size measurement. Bubbles are identified and tracked by high speed

cameras, and the diameters of these bubbles are calculated from the following equation:

d, = A (2-6)

T

The assumption of the analysis is that bubbles obtained are approximately spherical in

shape (Luewisutthichat et al., 1997; Vandu et al., 2004). In many of the reported studies,
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Sauter mean diameter is also employed to express bubble size, and is defined as the

diameter of a sphere that has the same volume/surface area ratio as a particle of interest:

d = 2-7)

However, in bubble /slurry bubble columns, especially in transition and churn turbulent
flow regimes, most of the bubbles are not spherical, and they are relatively large and
irregular. Therefore, the Sauter mean diameter is not a proper way to express bubble
diameter, even though it is widely employed. Therefore, direct measurement of the
bubble chord length using advanced technique, like four-point optical probe, is still

required.
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Table 2-3. Reported experimental studies of bubble size in bubble columns and slurry bubble columns

Solids Pressure .
Research system Column L/D (m) loading (MPa) Ug (m/s) sparger techniques
. Air-water, glycol, 0.077x0.077/2.5, . .
$§;§i3:d197 , | methanol, carbon 0.15%0.15/2.5, 0 0.1 <0.15 i;l}fizt‘e’gﬁf:{e photographic
’ tetrachloride 0.30.3/2.5 p p
Ueyama et al Electro-
1923, 0 ” Air-water 0.6/3.03 0 0.1 <0.3 Multiple nozzles resistivity
probe
N,-water o Multiple-orifice conductivity
Shah et al., 1985 Ny-Water-glass beads 0.108/1.94 10 wt.% 0.1 0.03-0.2 plate probe
Idogawa et al Electro-
& ” Air-water 0.05/0.83 0 <1.5 0.005-0.05 Perforated plate resistivity
1986, 1987
probe
Yasunishi et al Air-water, glycol- Electro-
. : Bl 0.15/1.2,1.7,3.2 | <50 vol.% 0.1 <0.07 nozzles resistivity
1986 glass beads
probe
Fukuma et al Air-water, glycol- Electro-
. » 8Y 0.15/1.2,1.7,3.2 | <50 vol.% 0.1 <0.07 nozzles resistivity
1987 glass beads
probe
O’Dowd N2-water-glass beads 0.108/1.94 0 0.1 0.031-024 | Perforated plate | conductivity
etal., 1987 probe
N,-FT-3 Wax . .
Patel et al., 1990 | Sasol wax 0.05, 0.23, 0.24/3 0 0.1 <0.15 Orifice plate, | photographic
. perforated plate DGD
Mobil wax
Saxena et al., . 0.108/2.25, .
1990° Air-water 0.305/3.0 0 0.1 <0.1 Perforated plate photographic
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Solids Pressure .
Research system Column (m) loading (MPa) Ug (m/s) sparger technique
. Pressure
Daly etal,, 1992 | F1-3 Wax 0.05,0.21/3 0 0.1 <0.08 Single hole, transducer,
Sasol wax perforated plate
DGD
}Xélgllgmson ctal, Ie\Iczt-n-heptane, water, 0.15/- 0 0.1-1.5 <0.08 Ring with holes | photographic
- _— o
E)gegzwart ctal, ﬁ(:iolzl asrzifl?égc oil 0.3x0.005x%2.5 3288 6V 31)'1/3} 0.1 <0.2 Glass sintered plate | photographic
. . /0
Grevskott Air-water 0.288/4.25 0 0.1 0.006-0.02 | Perforated plate | CORPTT
et al., 1996 simulation
;ujlw lfggg“’hat N,-water 0.56x0.01x2.16 0 0.1 <0.08 nozzles photographic
Lin et al., 1998 I;Z'Sh:s;z“fer fluid- | 4 05/0.8, 0.10/1.58 0 <152 <0.08 Perforated plate | photographic
- 1d- 0
Luo et al., 1999 1;; S};este;as“ﬁer fluid 0.102/1.37 81' ; zgi;" 0.1-5.62 <0.4 Perforated plate DGD
. /0
Bouaifi, et al, . Perforated plate, .
2001 Air-water 0.15,0.2/2.0 0 0.1 0.0025-0.04 porous plate photographic
ggg?reckl etal., izé tgﬁgloelzxane, 003%3//23 %’9 0 0.1-1.1 <0.06 Multi-orifice photographic
0.225/1.9, Perforated rin
Polli et al., 2002 | Air-water 0.485/5.05, 0 0.1 <0.03 perforated pla%e, photographic
0.068/2.4
ngfu ctal, CA;;r—iCéfCI 1-catalyst 0.1x0.02%0.95 <25 vol.% 0.1 <0.2 Perforated plate photographic

33




Solids Pressure .
Research system Column (m) loading (MPa) Ug (m/s) sparger technique

Xue, 2004 Air-water 0.16/2.5 0 <1.0 <0.6 Perforated plate probe
Al-Masry et al., . . acoustic
2005 Air-water 0.15/0.66 0 0.1 <0.05 Ring sparger sound

S(})l (1)lsekar etal, Air-water 2D <0.7 vol.% 0.1 0.05-0.25 Perforated plate photographic
Xuetal, 2005 | Air-water 0.13/-, 0.292/- 0 0.1 <0.08 Single nozzle, = o1 brobe

Perforated plate

ZB(%‘;CI ctal, Air-water 0.1/2.0 0 0.1 0.005-0.01 | Perforated plate | photographic
Chaumatetal, | \i water 02/1.6 0 0.1 <03 Orifices Double optic
2006 probe
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The effects of operating parameters on bubble size and its distribution have been

observed for many years, and a summary of the previous studies is provided as follows.

Superficial gas velocity is one of the most important operating parameters, while so far
its effect on bubble size is not quite clear. Wilkinson et al., (1993), and Pohorecki et al.,
(2001, 2005") found that bubble size decreased with an increasing superficial gas velocity
(ug<0.08 m/s) in bubble columns by applying photographic technique. Luewisutthichat et
al. (1997) and Chen et al. (2003) reported that the change in bubble size is neglectable in
bubble columns at low superficial gas velocities (u,<0.09 m/s). However, Daly et al.
(1992) studied Sauter mean diameter using FT wax as liquid phase by dynamic gas
disengagement technique. The results show a slight increase in bubble size with
superficial gas velocity increasing up to 0.12 m/s. Yatichet al. (1985) used conductivity
probe to study bubble size and bubble size distribution in Np-water system, and he
claimed that in the bubbly flow regime (u,<.0.09 m/s), an increase in superficial gas
velocity reduces the Sauter mean bubble size. On the other hand, in the churn turbulent
flow regime (ug>0.15 m/s), the bubble size remains constant. While some other studies
(Ueyama et al., 1980; Fukuma et al., 1987; Xue, 2004, Xu et al., 2005; Chaumat et al.,
2006) applied probes and reported an increase of bubble size with the increase in
superficial gas velocities within a large range (0.02 m/s~ 0.6 m/s). The discussed
differences in the change of bubble size with superficial gas velocity are probably due to

the variant techniques employed in the study.
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In slurry bubble columns, bubble behaviors were often observed to resemble that in
viscous liquids (Stewart and Davidson, 1964; Dayan and Zalmanovich, 1982). This is
based on the premise that the liquid-solid suspension in slurry bubble columns can be
regarded as pseudo-homogeneous medium of higher apparent viscosity compared to the
liquid (Yang et al., 2007). The effect of particle wettability on the bubble shape was
investigated by Tsutsumi et al. (1991). It is found that the effect of particle wettability on
the bubble aspect ratio is insignificant, and the bubble shape is not affected by the particle

wettability.

As listed in Table 2-3, the few studies of bubble size and bubble size distribution in three-
phase system were mostly conducted in 2D columns (De Swart et al., 1996;
Luewisutthichat et al., 1997; Vandu et al., 2004; Chilekar et al., 2005). De Swart et al.
(1996) studied the effect of solids loading at Ug=0.1 m/s ina 0.3 m x 0.005 m x 2.5 m
column. They found with the increasing solids loading, small bubbles (smaller than 10
mm) disappeared and gas holdup decreased significantly. The bubble size distribution
broadened and the average bubble size became larger. Vandu et al. (2004) studied large
bubble size in a 0.1 m x 0.02 m x 0.95 m column usingn air-C9C11-FT catalyst system.
It is reported that for solids loading ®>0.05 and Ug>0.1 m/s, larger bubble size is
weakly dependent on superficial gas velocity. The bubble size for ®:>0.05 are
independent of solids loading. In the research conducted by Fukuma et al. (1987) in a 3D
column, the superficial velocity was only up to 0.1 m/s, which is far from the industrial
operations. Even though Yotish et al. (1985) covered a large range of superficial gas

velocity, the effect of slurry on bubble size was only briefly mentioned, and they claimed
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more work was needed for a better understanding. Luo et al. (1999) reported the effect of
solids loading on the bubble size in N»-Paratherm NF heat transfer liquid-glass bead
system using two-point optical probe technique. As they claimed, with an increase in
solids loading bubble size increases significantly at ambient pressure, while at high
pressure this effect is less pronounced. However, due to the small size of the column
(0.102 m ID), at high superficial gas velocity, the system was operated in slugging

regime.

The effect of pressure on bubble size and bubble size distribution has been studied rarely
over the past 30 years. Idogawa et al. (1986), Wilkinson et al. (1993), Lin et al. (1998)
reported a decrease in bubble size with an increasing pressure at low superficial gas
velocity (ug<0.10 cm/s). Luo et al. (1999) found the bubble size distribution narrowed
with an increasing pressure in a small diameter slurry bubble column. Xue (2004)
reported that the same findings in a 0.16 m ID air-water bubble column. The most
fundamental reason for the bubble size reduction can be attributed to the variation in
physical properties of the gas and slurry phases (density, viscosity, and surface tension
etc.) with pressure (Luo et al., 1999). The direct reasons are the smaller initial bubble
size, reduced bubble coalescence rate, and increased bubble breakup rate at elevated

pressure.

In 1974, Akita et al. found the bubble size distribution follows a lognormal distribution

law in the two-phase systems. The lognormal distribution f(dy) is expressed as:
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)= PHT”) } @8)
b

where p and o are the mean and standard deviation of the variable's logarithm, and here
the variable is the bubble size. Later, Yasunishi et al. (1986), Luewisutthichat et al.
(1997), and Pohorecki et al. (2001) reported the experimental data of bubble size follows
the lognormal distributions law at the studied low superficial gas velocities (uy<0.1 m/s)
under ambient pressure. However, whether the bubble size distribution at high
superficial gas velocity or under elevated pressure still follow the lognormal distribution

1s not clear.

To predict bubble size in multiphase reactor, correlations have been developed in the
previous studies, and they are listed in Table 2-4. Among these correlations, Hughmark
(1967), Jamialahmadi and Muller-Steinhagen (1992) only considered the effects of the
liquid’s properties, while the effects of operating parameters are also important to predict
the bubble size. Many of the other correlations (Akita et al., 1974; Fukuma et al., 1987,
Wilkinson et al., 1993; Pohorecki et al., 2005) include superficial gas velocity. However,
these correlations are all based on experimental results at superficial gas velocities
(ug<0.1 m/s), which cannot cover most of the industrial operating superficial gas
velocities (ug>0.15 m/s). Krishina et al. (1999) developed a correlation that is only
suitable for large bubbles in slurry bubble columns. It is worthwhile to develop a new

bubble size correlation which is suitable for a wide operating range.
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Table 2-4. Correlation of bubble diameter in bubble and slurry bubble columns

Reasearch Correlation
*(1000)""
Hughmark,1967 db:0.00635( g j
0.072 Yo

D2 -0.5 D3 5\ 012 u 0.12
Akita and Yoshida, 1974 db=26D(g ”'j [9 p'J [ 9]

o 7 \/g_D

d, =059V, /&,)*/ g

Fukuma et al., 1987
Vo =Uy(l—¢gy)-Ue,(1-¢,)/ &

1/3
Jamialahmadi et al., 1992 | d, = (%] , bubbly flow
g pl _pg

2 U —-0.04 3 —0.12 0.22

Wilkinson et al., 1993 92,4, :8.8( o J (“ d ] [ﬂ}
o o o7 Py
Krishna et al., 1999 d, =0.069(u, — U, )", large bubble
0.6
Nedeltchev, 2002 d, =3.48C%| —
(gug ) ‘ pl .

Pohorecki et al., 2005 d, = ().289,0|_0'552,Ll,_o'oé‘go'o'mug_o'124 , bubbly flow

2.2.2.2 Bubble velocity
Previous studies of bubble rise velocity, including single bubble velocity and mean
velocity in multi-bubble systems, in bubble and slurry bubble columns are listed in Table

2-5, and the developed correlations to predict bubble rise velocities are also summarized

in Table 2-6.

Single bubble rise velocity depends on the suspension properties (density, surface tension
and viscosity) and the operating conditions (pressure, temperature, etc.) in a multiphase

reactor. According to previous study (Fan, 1989), for small bubbles, the rise velocity
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strongly depends on suspension properties. However, the rise velocity of large bubbles is
insensitive to suspension properties. Variant suspension, pressure and temperature lead
to different bubble rise velocities. Lin et al. (1998) studied the effects of pressure and
temperature on the rise velocity of a single bubble in Paratherm NF heat transfer fluid,
and they found that for a given bubble size, bubble rise velocity tend to decrease with

increasing pressure.

Due to the bubble coalescence and bubble breakup in a multi-bubble system, the bubble
behavior is much more complex than that of a single bubble in a multiphase reactor. As
shown in Table 2-5 and Table 2-6, most of the studies are focused on two-phase system
or single bubble velocity. Even among studies of mean bubble velocity conducted in
bubble/slurry bubble columns, the range of operating conditions are far from the
industrial FT synthesis conditions. The most outstanding work on bubble velocity in the
past is that done by Xue (2004) in an air-water system. In his study, bubble properties
(local gas holdup, chord length, velocity, interfacial area, frequency, and slip velocity) at
high pressures up to 1.0 MPa were investigated in a 0.16 m ID bubble column at gas
velocity of 0.30 m/s using the newly developed four-point optical probe. It was shown
quantitatively that the bubble frequency, specific interfacial area, and mean bubble
velocity increase with pressure, while the bubble size decreases with pressure. However,

the effect of the addition of solids on bubble dynamics is not included in his work.
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Table 2-5. Reported experimental studies of bubble velocity in bubble and slurry bubble columns

Research system Column L/D (m) | Ug (m/s) P(r's:;l;)re velocity technique
Ueyama et al., 1980 Air-water 0.6/3.03 <0.3 0.1 Average bubble velocity Electrg;i)ebsgstlwty
Fukuma et al., 1986 | Alr-waten glycol-glass - 15, 51 735 <0.1 0.1 Average bubble velocity | iectro-resistivity

beads probe
Tsukada ctal, 1990 | Air-glycerol solution, 0.13/1.35 - 0.1 Single bubble velocity |  Photo transistor
CMC sloution
Jamialahmadi Air-water, methanol, 0.3x0.05x%1.5, . . .
etal., 1992 ethanol, ect, 0.1/1.8 0.1 Terminal velocity Photographic
Jamialahmadi . . . .
ot al. 1994 Air-water 0.3x0.05%1.5 ~ 0.1 Terminal velocity Photographic
?191;2 and Finch, Air-water 0.057/3.91 ~ 0.1 Bubble swarm velocity Conductivity probe
Luo et al., 1997 N2-heat transfer fluid- 0.101/1.37 ~ 0.1-17.3 Single bubble velocity Photographic
glass beads

Lin et al, 1998 N,-heat transfer fluid (()) ? 321//? ? é ~ 0.1-19.4 Single bubble velocity Photographic

) 1 ) ) 0.051/4,0.1/6,2, Large bubble swarm )
Krishna et al., 1999 Air-water, Tellus oil 0.174/4, 0.63/4 0.1 velocity Photographic
Krishna et al, 1999° Air-water 0.01,0.03/1,0.172, 0.1 Single bubble velocity Imaging

0.051, 0.17,0.63/4
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Pressure

Research system Column L/D (m) | Ug (m/s) (MPa) Velocity measured technique
Li and Prakash, 2000 | Air-water-glass beads 0.28/2.4 <0.3 0.1 Large, small bubble DGD
velocity
Zenit et al., 2001 Air-M,SO, sloution 0.2x0.02x2.0 ~ 0.1 Single bubble velocity Dual impedance
Bubble cluster velocity probe
Tomiyama et al,, Alr-water, soap 0.2x0.2x1.0 - 0.1 Terminal velocit Photographi
2002 solution o ’ © veloetty otographic
Chen et al., 2003 Air-water 0.2,0.4,0.8/3.0 0.02-0.09 0.1 Average bubble velocity Optical probe
Jin et al., 2004 Air-water 0.3/6.6 <03 | 0.1-16 Large, small bubble DGD
velocity
Xue, 2004 Air-water 0.16/2.5 0.02-0.6 0.1-1.0 Average bubble velocity Optical probe
Vandu et al., 2004 A1r—C9C(;r1i;atalyst 0.1x0.02x0.95 <0.2 0.1 Large bubble velocity Photographic
Xu et al., 2005 Air-water 0.13/-,0.292/- <0.083 0.1 Average bubble velocity Optical fiber probe
Chaumat et al., 2006 Air-water 0.2/1.6 <0.3 0.1 Bubble velocity Double optic probe
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Table2-6. Correlations of bubble velocity in bubble and slurry bubble columns

{0.8 for contamin ated liquids

1.6 for pure liquids

.o {1.2 for contamin ated liquids
1.4 for pure liquids

K, = max(K,,M, " 12)

Reasearch Correlation comment
Mendelson, U = 20 + gd, Terminal
1967 * d,(p, + Pg) 2 velocity
u, =1.3,/gd,
Fukuma et . 2 Mean bubble
al., 1987 d; =059(Vo /2,)" /9 velocity, low u,
Vo =u,(l-¢)-ue,(0-¢,)/ ¢
uuy
ub — b “b
(U")? +(uy')’
Jamialahmadi U :L P — Py 42 3py +3u, Terminal
etal., 1992 b 18 m b 24, + 34, velocity
= \/2.80 , 94, Pa =P
depsl 2 psl
u,, =1.8C(R, )(Gpsl )03 #3.289
Saxena and . _72 . Bubble swarm
Chen, 1994 | C(P) is a correction factor relating vapor pressure of the velocity
dispersion to the pressure of the dispersion at midpoint of
the column
3 -0.273 0.03
Ugp £ :225(‘7 P|J (le
' 4
o 9k P Large bubble
Stegeman et gty Uy, £, (Ug = Uy 0BT 53 2, 007 2, “7 | velocity, and
al., 1996 o o +2.4 pn s /N small bubble
a ’ velocity
Utrans — 0‘5 exp(_193pgf061/u|0.50_011)
sh
' (pSIJl/4 Mo_l/4 [Apj5/4 '2 -n
u, =u, =q|——| —| d,
Og Kb psl
q-n/2 -1/n
o2, [201de
de psl 2
Luo et al., ' s Single bubble
1997 d. =d.(py9/0) velocity
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K,, =14.7 and 10.2 for aqueous solutions
and organic solvents/mixture

Luo et al., 280 gd, Py — Py Single bubble
1999 Uy = * locit
depsl 2 psl veloct y
u, = U, (AF)

AF =2.73+4.505(Uy = Uypn)
for low vis cosity liquid (< 0.0029Pa s)

AF =2.25+4.09(u, —Uy,,) for tellus oil Large bubble
Krishna et uy =SF/gd, /2 swarm
al., 1999! d velocity,

SF =1 for Ee <0.125 Eo>40

d d
SF =1.13exp(-—%) for 0.125 < —= < 0.6
D D

SF =0.496,/D/d, for?)e>0.6

2000 £, velocity

0.5
u,(I-¢
Yang et al., u, = 0.8{ g ( g )} Mean bubble

2.2.2.3 Specific interfacial area and other parameters (Xue, 2004)

In slurry bubble columns, specific interfacial area is a very important parameter for the
mass transfer study and CFD modeling, and it can be easily affected by the operating
parameters (pressure, superficial gas velocity, temperature, etc.) and the physical
properties of the gas or liquid phases. Many physical (gas disengagement, video imaging,
Laser Doppler Anemometry (LDA), and probes) and chemical methods have been
employed to measure the specific interfacial area (Patel et al., 1990; Akita and Yoshida,
1974; Sonlikar and Rao, 1996; Stegeman et al., 1996; Luewisutthichat et al. 1997; Wu

and Ishii, 1999; Kulkarni et al., 2001).
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In the slurry bubble columns, the chemical methods are not suitable, because these
methods can derive only the overall value of interfacial area rather than the local values
in the multiphase systems. On the other hand, the addition of chemicals to conduct the
chemical reaction may change the properties of the investigated system, including the
specific interfacial area. Therefore, physical methods are preferred in the slurry bubble

columns.

For most of the physical methods (except video imaging and some probe techniques), the
specific gas-liquid interfacial area (a) is determined from the gas holdup 9 (gy) and the
Sauter mean diameter (ds), a=6¢,/d;. However, as mentioned earlier, the assumption for
this method is that bubbles are approximately spherical in shape, which is not applicable

in the churn turbulent flow regime in bubble and slurry bubble columns.

Based on the study of by Kataoka et al. (1986), Xue (2004) claimed that the specific
interfacial area could be properly determined by the data form four-point optical probe

technique. The details will be provided in Chapter 4.

Since Xue (2004) applied the same probe in air —water system to study the bubble
dynamics, the findings related to this work are briefly summarized as follows,
1. In bubbly flow e.g. 0.02 m/s, the radial profiles of specific interfacial area, bubble
frequency, and mean bubble velocity are all flat. With an increase in superficial

gas velocity, Ug, these profiles became more parabolic.
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2. In the column center, the bubble chord length distribution spreads wider with an
increase in Uy. The mean bubble chord length increases with U, until it is in deep
churn-turbulent flow and then remains almost identical with U,. In the wall

region, the bubble chord length distribution does not change much with Uj,.

3. At very low gas velocity, all bubbles move upwards in bubble column. At high
superficial gas velocity, some bubbles move downwards even in the column
center. In the wall region, the number of bubbles moving downwards is equal to
or even larger than that of bubbles moving upwards.

4. The Sauter mean bubble diameter cannot be calculated without assumptions and it
is subject to large errors.

5. The mean gas-liquid slip velocity is almost identical at different superficial gas
velocities in churn-turbulent flow, and it decreases with pressure, due to a

decrease in the bubble size.

Four-point optical probe is a very promising technique, but Xue (2004) has only
successfully applied this technique in an air-water two-phase system. Therefore, the
applicability of the four-point optical probe technique in organic liquids and slurry

systems are still need further evaluated.

2.2.3 Bubble dynamics and heat transfer
As mentioned earlier, Kumar et al. (1992) found that the values of local heat transfer
coefficients are directly related to the bubble size in a 0.076 m ID fluidized bed. By

single bubble injection experiments, they found that in both liquid and liquid-solid
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systems, the local heat transfer coefficient maximized in the wake of a bubble due to the
strong surface renewal in this region. A mechanism based on the consecutive film and
surface renewal theory was developed by Wasan and Ahliwalia (1969), which
successfully explained the local heat transfer coefficient enhancement caused by the

passing bubbles obtained by Kumar et al. (1992).

To properly predict the heat and mass transfer between wall surface and bed, Wasan and
Ahliwalia (1969) proposed a consecutive film and surface renewal model. This
mechanism assumes that a uniform film exists adjacent to the heat source and the heat
exchanges with the fluid element by unsteady state conduction through the outer edge of
the film. The fluid element is assumed to have the same temperature as the bulk liquid
(Figure.2-7). The predicted heat transfer coefficient from the heat source to the bulk
media can be expressed in terms of the physical properties of the slurry, the film

thickness (), and the contact time between the liquid element and the film (t.) as follows.

ho 2K (o (1—erf —“(?‘3)) ~1], (2-9)

o,

where h is the heat transfer coefficient, k is the thermal conductivity, a is the thermal
diffusivity (k/(p.Cp)), t. is the contact time between the liquid element and the film, and o

1s the film thickness.
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Figure 2-7. Main features of the consecutive film and surface renewal model

(Wasan and Ahliwalia,1969)

Kumar and Fan (1994) further discussed the model in detail and found a good match
between the predicted time average heat transfer coefficient and the experimental results
in both single bubble and chain bubbling systems. To obtain the film thickness, the
border diffusion layer model (Azbel, 1981) was employed. According to this model, both
momentum and heat are transferred by means of turbulent eddies in the boundary layer.
However, in the viscous sublayer, the momentum transfer by viscosity exceeds that by
turbulent eddies due to the decreasing in turbulent eddy size. At the same time, heat is
still transferred by turbulent eddies in the viscous sublayer. Only in the further vicinity of
the interface inside the viscous sublayer, molecular diffusion becomes dominant over the
turbulent mechanism in heat transfer. Hence, the film thickness was considered to be the
same as the diffusion sublayer, and it is expressed in term of the mean of laminar viscous

sublayer 0.
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a 1/n 5
5=(_j 5 ==t (2-10)

where 9 is the film thickness, a is the thermal diffusivity (k/(p.Cp)), v is the kinetic

viscosity, 0y is the viscous sublayer thickness, and Pr is the Prandtl number.

In liquid-solid interface, n equals to 3 based on the experimental study (Azbel, 1981).

In the heat transfer study using a single bubble, Kumar et al. (1992) found that the fluid
element velocity in the bubble wake equals to the absolute bubble velocity. Then Kumar
and Fan (1994) reported the fluid element velocity near the heat transfer probe surface
during the experiments is equivalent to the time average bubble velocity in the chain

bubble flow. Hence, the contact time is given as:

T (2-11)

where L is the length of the probe in their study (Kumar and Fan, 1994).

In the followed studies in slurry bubble columns (Yang et al., 2000; Prakash et al., 2001),
the consecutive film and surface renewal model was also successfully employed in

predicting the heat transfer coefficient.

Since the bubble dynamics can be directly measured by the four-point optical probe in
this study, more accurate local averaged heat transfer coefficients can be predicted based
on this model. By applying the bubble velocities measured at different operating

conditions, the effect of bubble dynamics on the heat transfer coefficient can be assessed.
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Chapter 3

Heat transfer coefficients in a mimicked FT SBCR

3.1 Scope

As mentioned in Chapter 2, although there have been efforts to study the heat transfer
coefficient in bubble/slurry bubble column reactors, most of these works were conducted
in two-phase systems under ambient pressure. The most recent investigation of heat
transfer coefficients in a slurry bubble column at conditions of industrial interest (high
superficial gas velocity and under elevated pressure) was performed in a 0.10 m ID
column using glass beads (53 um) as the solids phase, and only the heat transfer
coefficients in the center were investigated (Yang et al., 2000). The properties of glass
beads are different from the real catalyst used in the industrial applications, especially
their heat capacity and thermal conductivity, which can cause great differences in the heat
transfer coefficients in slurry bubble columns. Therefore, the main objectives of this work
is to investigate the effects of operating parameters on the heat transfer coefficient in an

air-CoC-FT catalyst cold flow system under conditions that can mimic FT synthesis.
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The studied system has also been employed for investigations of the hydrodynamics,
phase mixing, and mass transfer in a high pressure slurry bubble column (Han, 2007). By
conducting heat transfer coefficient studies under the same conditions employed by Han
(2007), this effort will enrich the comprehensive database for the future scale-up and

CFD modeling.

3.2 Selection of the three-phase system

To mimic the properties of a syngas-FT wax-FT catalyst system at typical FT synthesis
conditions (about 200~240 °C, 1~4 MPa), Shaikh (2007) and Han (2007) selected air-
Therminol LT- glass beads (150 um) and air-CoCy; paraffins-FT catalyst carrier (75 um)
systems for their studies, respectively. They both investigated the effects of operating
parameters on hydrodynamics by applying CT and CARPT techniques. Han (2007) found
that CoCi1 n-paraffins and Therminol resulted in similar profiles of the measured
hydrodynamic parameters, however, the FT catalyst was found to exhibit significant
differences from the 150 pm glass beads in the profiles of gas holdup, solids velocity, and
turbulence parameters. The effects of solids types may be caused by different particle
sizes, different apparent densities, or the porous surface of FT catalyst. Therefore the
selection of the gas, liquid, and solid phases is an important part of this study, and the

details are provided as follows.

3.2.1 Selection of gas phase

Carbon monoxide and hydrogen are the major components of syngas, and sometimes an

inert gas such as nitrogen is introduced. Density is the most concerned parameter in
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mimicking the FT gas phase in slurry bubble columns. At FT synthesis conditions, the
density of syngas is in the range of 7-14 kg/m3. The density of compressed air at 1MPa
under room temperature is 12kg/m’, which is in the range of the density of syngas at
operating conditions. In this study, heat transfer coefficients were also studied at ambient

pressure (air density is 1.2 kg/m’) to evaluate the effect of pressure.

3.2.2 Selection of liquid phase

The liquid phase in a typical FT synthesis mainly contains paraffins and olefins at various
chain lengths. As mentioned above, Therminol LT and CoC; n-paraffins were selected to
match the density, viscosity, and surface tension of the liquid phase in FT reactors
(Shaikh, 2007; Han, 2007). However, Therminol is not an environmental friendly liquid
due to the smell and safety concerns. Hence, a CoC; n-paraffins mixture was selected as
the liquid phase to mimic the FT process, and it will be referred to as CoCy; in the
following sections. CoCy; is a mixture of hydrocarbons with 96% of Co, C,o, and Cy;
hydrocarbons by mass, and n-paraffins in the whole mixture occupy more than 90% by
mass. To evaluate the heat transfer coefficient measurement technique, water was also
used as liquid phase, because the heat transfer coefficient in air-water systems has been
well investigated. Table 3-1 shows the physical properties of typical FT wax at FT

conditions, and those of CoC11 and water at room temperature.
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Table 3-1 Physical properties of the studied liquids

Parameters Typical FT wax CsCys Water
Pressure, MPa 3~5 0.1 0.1
Temperature, °C 200~250 25 25
Density, kg/m’ 650~900 728 998
Viscosity, Pas 0.0005~0.001 0.00085 0.00099
Surface tension, N/m 0.015~0.030 0.0232 0.072
Thermal conductivity, J/(kg.K) - 0.135 0.597
Heat capacity, W/(m.K) - 2197 4182

3.2.3 Selection of solids phase

In previous heat transfer coefficient studies, glass beads have been the most popular

choice as the solids phase, but they have different properties, especially heat capacity and

thermal conductivity, from those of FT catalysts. In this work, FT catalyst carrier was

chose to be the solids phase. FT catalyst carrier is an ideal choice to mimic FT conditions,

because it has almost the same properties (size, density, heat capacity, thermal

conductivity, and porosity) as the real catalyst but does not have the health concern of the

active metal sites. The porous FT catalyst carrier is an alumina based skeleton with a

mean size about 75um. At some conditions in the following bubble dynamics study, glass
beads of the same size (75um) was also used to compare the effect of particles on bubble

properties, because heat capacity and thermal conductivity are not important parameters

in bubble dynamics study.
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3.3 Heat transfer coefficient experiments

3.3.1 Experimental setup

The experiments were conducted in a stainless steel column with an inner diameter of
0.162 m and a height of 2.5 m, as shown in Figure 3-1. The designed operating pressure
for the column is up to 150 psi. The column has staggered view windows on the front and
back, and the overall gas holdup of the studied system can be monitored by looking
through the windows. It is also mounted with threaded ports to implement probe and
sensor measurements. Figure 3-2 shows a schematic diagram of the experimental setup.
During the experiments, air was supplied by two compressors in parallel at a pressure of
200 psi. The compressed air went through filters, and then the flow rate of the filtered air
was controlled by a pressure regulator and rotameter system, which consisted of 4
rotameters of increasing range (from 10 to 10,000 SCFH) connected in parallel. The
superficial gas velocity varied from 0.03 m/s to 0.30 m/s. Air was introduced at the
bottom of the column through a perforated plate gas distributor with 163 holes (diameter

= 1.32 mm), and the open area of the distributor was 1.09% (Figure 3-3).
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Figure 3-1. The configuration of the high-pressure slurry bubble column
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Figure 3-2 Schematic diagram of the experimental setup

1. filter, 2. rotameter system, 3. high-pressure stainless steel bubble column, 4.

thermocouple probe, 5. heat transfer probe, 6. amplifier, 7. DC power, 8. DAQ system.
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Figure 3-3. Schematic diagram of the gas distributor (holes not to scale)
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During the experiments the averaged dynamic liquid height was maintained at 1.80 m for
all studied conditions by adjusting the amount of liquid and solid loaded in the column. In
this way, the relative position of the probe could be kept the same, and a fair comparison
of the effects of operating parameters could be achieved. It has been shown
experimentally in our laboratory that within the conditions studied, the initial height does
not affect column hydrodynamics and transports (Han, 2007, Shaikh, 2007). A probe
containing three thermocouples (Omega TMTSS-125U-12), measured the bulk
temperature of the media in the column. Since this work studied the local heat transfer
coefficient in the fully developed region, the thermocouple probe was installed close to
the heat transfer probe (0.12 m in axial distance). The radial position of the three
thermocouples in the thermocouple probe were r/R=-0.6, 0, +0.6, and the averaged value
of the temperatures obtained by this probe was counted as the bulk temperature. The heat
transfer probe, manufactured at Washington University, was a modified version of the
probe proposed by Li and Prakash (1997). As shown in Figure 3-4, the heat transfer
probe contains a Teflon tube, brass shell, heat flux sensor, heater, and Teflon cap. The
diameter and the length of the brass shell are 11.4 mm and 38 mm, respectively. Inside
the brass shell, a heater generates a temperature difference between the probe and the
bulk media. On the outer surface of the shell, a micro-foil heat flux sensor (1 1mm x
I14mm x 0.08mm) from RdF Corporation (No. 20453-1) was attached. The micro-foil
sensor itself has two components: a heat flux sensor and thermocouple (Figure 3-4).
Therefore, this micro-foil sensor can measure both the local heat flux from the probe to
the bulk and the surface temperature of the probe simultaneously. The tube and fittings

are Teflon, which reduces the heat loss transferred from the heater to the connections.
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Since the purpose of this work was to investigate the heat transfer coefficient under
mimicked FT conditions in the fully developed zone of the column, the heat transfer
probe was vertically installed at an axial height (from the sparger to the heat flux sensor)
to column diameter ratio (Z/D) equal to 5.5. This height was selected because it had
previously been used in studying the time averaged phase distributions, hydrodynamics,
turbulent parameters, and mass transfer coefficient by y-ray CT, CARPT, and optical
probe techniques in columns with the same dimensions (Ong, 2003; Rados, 2003; Shaikh,

2007; Han, 2007).

] = m
4

Figure 3-4. Photo and schematic diagram of the heat transfer probe

1. Teflon tube, 2. brass shell, 3. heat flux sensor, 4. heater, 5. Teflon cap.
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Figure 3-5. Schematic diagram of the heat flux sensor

(Provided by RdF Corpration, unit for the length is inch)

The measured signals of the heat flux, in the range of microvolts, need to be amplified
before being sent to the data acquisition (DAQ) system. After being amplified, the heat
flux signals, together with the signals from the thermocouples, were sampled at SOHz for
more than 40 seconds. Since the heat flux, temperature of the probe surface, and the bulk
media temperature could be directly measured, the local instantaneous and averaged heat

transfer coefficient was estimated as follows:

ho=—9  and (3-1)

1 q;
h ==Yy — 3-2

where #4; is the instantaneous local heat transfer coefficient, ¢; is the heat flux across the

sensor, Tp; is the instantaneous bulk temperature of the media, 7j; is the instantaneous
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surface temperature of the probe, 4,,. is the time averaged heat transfer coefficient, and n

is the total number of the samples.

3.3.2 Experimental conditions

In this work, the heat transfer coefficient measurement technique was first evaluated in an
air-water system, because the heat transfer coefficients in such systems have been
frequently measured in previous studies, and the range of the heat transfer coefficient
values is also well known. In this chapter only part of the results from the air-water
system are discussed, but more information can be found in Appendix A or in Wu, et al.,
2007. The operating procedures for the heat transfer coefficient measurement are
provided in Appendix B. The FT catalyst carrier used is porous, and liquid can fill up all
the pores during the experiments. Therefore, the catalyst itself and the liquid inside the
pores together are counted as the apparent solid phase. The solids loading is defined as:

_ volume of solids phase (soaked with liquid) (3-3)

¢S

total volume of slurry

Table 3-2 lists all the experimental conditions used for the heat transfer coefficient
investigation in this study. It covers the conditions of interest, and the effect of superficial
gas velocity, pressure, solids loading, and liquid properties on the heat transfer
coefficient. The radial profiles of the heat transfer coefficient at the studied conditions

were also investigated.
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Table 3-2. Experimental conditions for the heat transfer coefficient study

Pressure Solids loading
System Ug (m/s) (MPa) (v.%) /R
. 0.03, 0.08, 0.14, .
Air-water 0.20, 0.30 0.1 No solid 0.0
0.08, 0.14, 0.20 0.1 No solid 0.0,0.9
0.03, 0.20, 0.30 0.1 No solid 0.0, 0.25, 0.5, 0.75, 0.9
Air-C9C11
0.08, 0.14, 0.20 1.0 No solid 0.0, 0.9
0.03, 0.20, 0.30 1.0 No solid 0.0, 0.25, 0.5, 0.75, 0.9
0.08,0.14 0.1 9.1 0.0,0.9
0.03, 0.20, 0.30 0.1 9.1 0.0,0.5,0.9
0.08,0.14 1.0 9.1 0.0,0.9
Air- 0.03, 0.20, 0.30 1.0 9.1 0.0,0.5,0.9
C9C11-FT
catalyst 0.08,0.14 0.1 25 0.0, 0.9
0.03, 0.20, 0.30 0.1 25 0.0,0.5,09
0.08,0.14 1.0 25 0.0,0.9
0.03, 0.20, 0.30 1.0 25 0.0,0.5,0.9

3.4 Results and discussion

In this study, the heat transfer coefficients in air-water and air-C9C11-FT catalyst
systems were investigated, especially under conditions that mimic FT synthesis
conditions. The time series signals of the probe surface temperature were also analyzed

for further understanding of the heat transfer process.

3.4.1 Test experiments in air-water system
As mentioned above, the heat transfer coefficient measurement technique was first tested

in an air-water system in the 0.16 m ID stainless steel column. In these experiments, the
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heat transfer probe was horizontally installed in the fully developed region of the column,

hence, the probe direction was perpendicular to the flow direction in the test.

3.4.1.1 Instantaneous heat transfer coefficient

In air-water system, the instantaneous local heat transfer coefficient obtained in the center
of the column by the probe at Uy,=0.03 m/s under atmospheric pressure is shown in

Figure 3-6.

0.03 m/s

h(kW/m?2.K)

0 10 20 30 40
t(s)

Figure 3-6. Local heat transfer coefticient signal (1 bar, U;=0.03 m/s, center)

The manufacturer claims the response time of the sensor is 0.02 s. However, the
measured response time of the sensor on the probe is about 0.08 s, which is larger than
the provided value. To measure the response time of the sensor on the probe, a simple
step change of temperature was applied by switching the sensor from a cold liquid (25.6
°C) to a warm liquid (32 °C). With a response time of 0.08 s, the sensor could not
precisely capture the heat transfer phenomena at some conditions, especially at very high

superficial gas velocities, because the bubble frequencies at these conditions are very
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large (which will be discussed in the next chapter). However, Li and Prakash (1999)
analyzed the instantaneous heat transfer coefficient, and the results indicated that the
signals obtained by the probe in the churn-turbulent flow regime are still reliable. In
addition, this technique is the most advanced so far, and the time averaged value can still
reflect the overall effect of the studied parameters on the heat transfer characteristics.
Therefore, the time averaged heat transfer coefficient will be applied to represent the heat

transfer characteristics in the following discussion.

3.4.1.2 Effect of superficial gas velocity

The effect of the superficial gas velocity on the local averaged heat transfer coefficient in
the center region (r/R=0) and in the wall region (r/R=0.9) of the column is shown in
Figure 3-7. Both the heat transfer coefficients in the center region and those in the wall
region increase with the superficial gas velocity, and the increase become smaller at
higher superficial gas velocities. Previous researchers have reported the same trend of the
effect of superficial gas velocity (Deckwer et al., 1980; Hikita et al., 1981; Saxena et al.,

1990; Li and Prakash, 1997; Yang et al., 2000).

According to Kumar et al. (1992), the local heat transfer coefficient has a direct
connection to the bubble size: it increases with an increase in bubble size, because large
bubbles can create strong vortices and intense mixing in the bubble wake region. At low
superficial gas velocities, the heat transfer coefficients are relatively small because of the
small bubble size in the bubbly flow regime. With an increase of superficial gas velocity,

the heat transfer coefficients increase due to the increase in both bubble size, bubble
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number, and bubble passage frequency in the transition (vertical-spiral) and churn
turbulent flow regimes. In the churn turbulent flow regime, the increase is less, since
bubble coalescence and breakup come to a balance at a certain velocity, as mentioned

earlier (Luo et al., 1999).
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Figure 3-7. Heat transfer coefficients in the fully developed region of the bubble column

(1bar, probe direction is lateral)

3.4.1.3 Comparison with literature

Figure 3-8 shows a comparison between the heat transfer coefficients measured in this
work in the center of an air-water bubble column at the fully developed region under
atmospheric pressure and the reported values at similar operating conditions. Since
Schliier et al. (1995) did not explain the experimental method used, it is hard to evaluate
why their results are larger than the measured values in this work. Hikita et al. (1981)
measured the heat transfer coefficients between the column wall and the gas-liquid
dispersions in the bubble column, and they directly used the energy input to calculate the

heat transfer coefficient. Hence, their values are relatively larger than those of this work.
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The results in this work and those reported by Verma (1989), Saxena et al. (1990), and Li
and Prakash (1997) were obtained using immersed cylindrical heaters. As reported by
Saxena et al. (1990%), column diameter can affect the heat transfer coefficient, and the
heat transfer coefficient increases with the increase of the column diameter in a bubble
column without internals. The results shown in Figure 3-8 are consistent with this
finding, particularly at high superficial gas velocities. The column diameter used by
Verma (1989) and Saxena et al. (1990%) was 0.108 m, while the column diameter used in
this work was 0.16 m, and the column diameter used by Li and Prakash (1997) was 0.28

m.
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Figure 3-8. Comparison of the measured heat transfer coefficients with the reported data
in the center of the column at the fully developed region

(air-water system, pressure=1bar, probe direction is lateral in this work)
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3.4.1.4 Identification of flow direction by the heat transfer probe

Flow direction is important in understanding the flow structure in the bubble columns and
slurry bubble columns. Using the measurement of the heat transfer coefficients (shown in
Figure 3-9) at different orientations of the sensor on the probe, the flow direction can be
qualitatively identified (upward or downward). In Figure 3-9a, in the center of the
column the heat transfer coefficient in the downward direction was the largest, which
indicated an enhanced upward gas-liquid flow in the center of the column. On the other
hand, as shown in Figure 3-9b, in the wall region of the column an enhanced downward
flow in the wall region of the column was indicated. These observations are consistent
with the findings reported by Li and Prakash (2002). This method can also be utilized to
qualitatively indicate the flow directions at different regions in large bubble column
reactors equipped with internals, in which the hydrodynamics are much more complex

and the flow direction can be harder to predict.
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Figure 3-9. Effect of probe orientation on heat transfer coefficients in the fully developed

region of the bubble column (pressure=1bar)
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3.4.2 Heat transfer coefficient in air-CyCiy; and air-CyCy;-FT catalyst systems

In the heat transfer coefficient study using air-CyC;; and air-CoC;;-FT catalyst systems,
the heat transfer probe was vertically installed, parallel to the column axis. The
possibility of extending the current vertical probe to mimic heat exchanging internals will
be evaluated later in this chapter. The comparison between the heat transfer coefficients

obtained by probes both horizontally and vertically installed is shown in Appendix C.

3.4.2.1 Effect of superficial gas velocity

As shown in Figure 3-10, the effects of superficial gas velocity on the local averaged heat
transfer coefficients in air-CoC;; and air-CyCy-FT catalyst systems under both pressures
(1 bar and 10 bar) are similar to those found earlier in the air-water system. The heat
transfer coefficients in both the center and wall regions initially increased with the
superficial gas velocity, and then the increase rate slowed down in bubble column and
slurry bubble at higher range of gas velocity. The heat transfer coefficients in the air-
CoCy system are much smaller than those obtained in the air-water system under the
same operating conditions. The main reason is the difference in physical properties
between CoC); paraffin and water. Compared with water, the low surface tension and
viscosity of CoCy; (Table 3-1) form smaller bubble sizes in the column, which causes

relatively lower heat transfer coefficients.

In both two-phase and three-phase systems, the heat transfer coefficients in the center are
larger than those near the wall under the investigated pressures. It is worthwhile to

mention the differences at low superficial gas velocities are relatively small (3%-5%), but
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at high superficial gas velocity the differences become larger, reaching 8%-11%. This
finding is consistent with the data reported by Li and Prakash (1997). Also, this finding is
closely related to bubble dynamics because that the bubbles with relatively small
diameters are uniformly distributed along the column radial at low superficial gas
velocities. With an increase of superficial gas velocity, large bubbles are formed, and
most of them rise through the core region of the column at high frequency. The rapid
bubble acceleration and the increased bubble velocity result in an increase in surface
renewal and a decrease in the film thickness at the probe surface. However, small
bubbles are still the main population in the wall region of the column, where the direction
of the liquid/slurry flow obtained by the CARPT technique is downward (Ong, 2003;
Rados, 2003). The rise of these small bubbles is disturbed by the downward moving
phase, and some of the bubbles may be carried by the liquid/slurry into downward
movements (Xue, 2004). Overall, these small bubbles in the wall region can move only at
lower velocities than the bubbles in the center. These reasons cause the increase in the
differences in heat transfer coefficients between the center and wall regions at increased
superficial gas velocity. These explanations are confirmed by the bubble dynamics study,

which will be discussed in the next chapter.
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Figure 3-10. The effect of superficial gas velocity on the heat transfer coefficients

3.4.2.2 Effect of pressure

Figure 3-11 shows the effect of pressure on the heat transfer coefficients in both two-
phase and three-phase systems. Pressure decreases the bubble size and narrows the range
of the bubble size distribution due to its effect on the physical properties of the gas and

liquid phases (Luo et al. 1999, Yang et al. 2000, Xue 2004). The liquid viscosity
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increases with the increasing pressure, which decreases the heat transfer coefficient
because of the increase of the boundary layer thickness in the vicinity of the heat-
exchanging surface (Kang et al. 1985). The decrease of the liquid surface tension, along
with the increase of gas density due to the increasing pressure, reduce the bubble
coalescence rate but increase the bubble breakup rate, which causes the reduction of the
bubble size (Luo et al., 1999). Furthermore, the decrease in bubble size obviously
decreases the heat transfer coefficient. Although the gas holdup and bubble frequency
increase with elevated pressure, which can enhance the heat transfer coefficient, these
effects are not as strong as the effect of the bubble size reduction under these
experimental conditions in a slurry bubble column (Yang et al. 2000). Under the high
pressure in this work (10 bar), some of the parameters did not change much, but the
decrease in the heat transfer coefficient at elevated pressure is still the combined effect of

all the related parameters mentioned above at the studied experimental conditions.

In Figure 3-11, the decreases of the heat transfer coefficients at low superficial gas
velocities, which were 12%-14% at low solids loading (no solid and 9.1v.%) and 7% at
high solids loading (25 v.%), were larger than those at high superficial gas velocities,
which were less than 2% at all solids loadings. As mentioned above, the overall
decreasing trend of the heat transfer coefficient with increasing pressure is mainly due to
the decrease of bubble size. However, the bubble frequency and bubble number increase
with elevated pressure, which enhances the liquid circulation in the column as obtained
by CARPT measurements (Han, 2007; Shaikh, 2007). At low gas velocity, although the

total number of bubbles increases under high pressure, the liquid flow motion does not
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change much because bubble coalescence and break up are insignificant in this bubbly
flow regime. At high superficial gas velocity, more large bubbles are formed in the
transition flow regime and churn turbulent flow regime. Even though the average size at
high pressure is smaller than that under atmospheric pressure, these small bubbles
provide larger driving forces for the liquid circulation than large bubbles due to their high
frequency and large numbers. The enhanced liquid circulation due to pressure decreases
the thickness of the contact film between the probe and the bulk, which increases the heat
transfer coefficient to some extent. It is noteworthy that these enhancements of the heat
transfer coefficient due to increasing bubble number and bubble frequency with
increasing pressure are still not as strong as the effect of the bubble size reduction under
the studied conditions. A similar finding was also claimed by Yang et al. (2000). Hence,
at high superficial gas velocities (churn turbulent flow regime) the differences in the heat
transfer coefficient between low pressure and high pressure become smaller than those at

low superficial gas velocities (bubbly flow regime).
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Figure 3-11. Effect of pressure on the heat transfer coefficients in the column center

(Ug=0.30 m/s)

3.4.2.3 Effect of solids loading

The effect of solids loading on the heat transfer coefficient in the slurry bubble column
under atmospheric pressure and high pressure (10bar) is shown in Figure 3-12. At low
solids loading (9.1v%), the changes in the heat transfer coefficient due to the added
catalysts are slight under both atmospheric pressure and high pressure, 2% on average.
However, with a further increase of solids loading up to 25 v.%, the heat transfer
coefficient increases noticeably. The increases range from 7% to 18%, and large values

are obtained at low superficial gas velocities.
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Figure 3-12. Effect of solids loading on the heat transfer coefficients in the center
(Ug=0.30 m/s)
As mentioned in Chapter 2, Deckwer et al. (1980), Saxena et al. (1991), and Yang (2000)
also reported an increase in heat transfer coefficient with increasing solids loading. In all
three studies, organic liquids were employed as the liquid phase. Deckwer et al. thought
that the increase was due to the independent motion of the particles leading to increased

exchanging frequency of fluid elements at the heat surface area. Saxena et al. (1991) and
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Yang (2000) thought the increase was mainly caused by the change in viscosity of the
suspension due to the addition of solids. However, Li and Prakash (1997) reported a
decreased heat transfer coefficient with an increased slurry concentration, using water as
the liquid phase. They claimed the addition of solids damped the turbulence intensity in
the bubble wake, and thus further decreased heat transfer coefficient. It is noteworthy that
Kantarci et al. (2005) observed an enhanced heat transfer coefficient with the addition of

solids, applying the same probe developed by Li and Prakash (1997).

To evaluate the effect of solids, the apparent viscosity of the slurry system in this study is

2.5¢,

estimated based on the correlation proposed by Vand (1948), 2, = g, exp[l 0.609¢

1,

and the results are shown in Table 3-3. .
W is the viscosity of the solid-liquid phase,  is the viscosity of the liquid, and @ is the

volume based solids loading.

Table 3-3. Estimated apparent viscosity of the slurry suspension

Solids loading (v.%) 0 9.1 25

Viscosity (Pa.s) 0.0009 0.0011 0.0019

Compared with the viscosity of the pure liquid phase, the apparent viscosity of the slurry
phase increases 22% at low solids loading (9.1 v.%) and increases much more
significantly (111%) at high solids loading (25 v.%). Hence, the heat transfer behavior of
the slurry system at low solids loading (9.1 v.%) is more like that in a gas-liquid system,

while at high solids loading (25 v.%), the heat transfer behaves differently than that in a
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gas-liquid system. The increase of the apparent viscosity of the slurry increases the
bubble size (Saxena et al. 1990; Luo et al. 1999), which can enhance the turbulence in the
bubble wake. Even though the addition of solids damps the mixing in the bubble wake,
the effect is relatively small compared to the enhancement caused by the bubble size
increase. Hence, the heat transfer coefficients at high solids loading in a slurry bubble
column are higher than those in a two-phase system and those at low solids loading in a

slurry system.

3.4.2.4 Radial profile of the heat transfer coefficient

For the first time, the radial profiles of the heat transfer coefficients under high pressure
were provided in bubble column and slurry bubble columns. Figure 3-13 shows the
radial profiles of heat transfer coefficients in the studied system at several different
operating conditions. In Figure 3-13, the radial profiles of the heat transfer coefficients at
low superficial gas velocities are more flat than those at high superficial gas velocities,
both under atmospheric pressure and high pressure. At low superficial gas velocities the
bubble sizes at different radial positions are similar, and there is no significant bubble
break up and coalescence. However, at high superficial gas velocities, most large bubbles
form in the core of the column and move upwards rapidly, which causes the uneven

distribution of bubble size along the radial position (Xue 2004).

At the same superficial gas velocity the radial profiles of the heat transfer coefficients
become flatter with increasing pressure. It is known that pressure has an important effect

on bubble size, bubble distribution, and gas holdup (Luo et al 1999, Xue 2004). With
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increasing pressure, the average bubble size decreases, and the range of bubble size
distribution narrows, which causes a flatter radial profile of both the gas holdup and heat

transfer coefficient.
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Figure 3-13. Effect of solids loading on heat transfer coefficients

The effect of solids loading on the heat transfer coefficient profile at U,=0.30 m/s under

both pressure (1bar and 10 bar) is shown in Figure 3-14. In two phase system and in the
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slurry system, the profiles at low solids loading (9.1 v.%) are similar. With an further
increase in the solids loading (25 v.%), the heat transfer coefficients increase obviously,
but the changes in the radial profile are not remarkable compared to those at low solids
loading (no solid and 9.1%). The viscosity of the solid-liquid phase increases with the
adding of fine catalyst, and the average bubble sizes at all radial positions increase
accordingly. On the other hand, the bubble number and bubble frequency decrease at all
radial positions with the addition of the solids. From Figure 3-14, it is appears that the
degrees of the overall changes in the bubble properties at all the radial positions are

similar with the addition of particles.
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Figure 3-14. Effect of solids loading on the heat transfer coefficient profile

3.4.3 Advanced heat transfer probe to mimic heat exchanging internals

3.4.3.1 Development of the technique
As mentioned before, the modified rod heat transfer probe was installed vertically in the

heat transfer coefficient studies using CoC;; as the liquid phase. In this part of work,
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simulated heat exchanging internals with embedded heat transfer coefficient
measurement elements were developed. Photos and a sketch of the mimicked heat
exchanging internals are shown in Figure 3-15 and Figure 3-16. They contains four
extended heat transfer probes, five stainless steel tubes (1/2” ID), a supporting spider
(Figure 3-15d), and a top flange (Figure 3-15b). In the assessment, 5% of the cross-
sectional area was occupied by the internals in the column. The extended heat transfer
probe and the stainless steel tubes are the same length (2.74 m), and both ends of the
stainless steel tubes are sealed by threaded Teflon caps to avoid leaking. The heat transfer
coefficient measurement elements are embedded at variant axial distances on the
extended heat transfer probes. Elements 1 and 3 are mounted 0.89 m above yhe sparger,
so Z/D=5.5, and as shown in Figure 3-15¢, both ends of the elements were connected by
Teflon fittings to reduce heat loss by conduction. The extended probe with element 1 is
called probe 1, and the extend probe with element 3 is called probe 3. The element on
probe 2 is called element 2, and it is mounted at a height of 0.12 m above the sparger,
which in still in the sparger zone of the column. The element on probe 4 is called element
4, and it is mounted at a height with r/R=_8.3, which is in the top part of the fully

developed region.

(a)
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(b) (c) (d)

Figure 3-15. Pictures of the advenced probe that mimicked heat exchanging internals

(a) overview, (b) top flange, (c)attached elements, (d) bottom spider and tube sealing.

As shown in Figure 3-16a, the four extended probes and the five stainless steel tubes
were assembled together in three rings. The first ring had only one extended probe (probe
1), in the center of the column. The second and third rings were at r/R=0.38 and
/R=0.61, respectively. On the second ring (r/R=0.38), probe 2, probe 4, and two
stainless steel tubes were installed, and on the third ring (1/R=0.61), probe 3 and three
stainless steel tubes were installed. To fix the positions of the extended probe and tubes,
supporting spiders were mounted at the heights of 0.06 m and 2.20 m from the sparger.
The top flange was used to cover the top opening of the column, and the axial position of
the flange was about 2.50 m from the sparger. As shown in Figure 3-15b, the radial
positions of all the extended probes and tubes were also fixed by the fitting on the top

flange.
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Figure 3-16. Sketch of the internals (1, 2, 3, 4 are the extended heat transfer probes)

3.4.3.2 Assessment of the developed heat transfer probe that mimicked heat
exchanging internals
For comparison with the results obtained from the single short probe, the assessment

experiments were conducted in the air-CyCy; system under ambient pressure. As
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mentioned earlier, element 1 was embedded on probe 1, in the center of the column. It
was also at the same height (Z/D=5.5 from sparger) used for the measurements with the
vertical single rod probe in the investigation discussed in section 3.4.2. The results
obtained by the new element in air-CoCy; system are shown in Figure 3-17. The heat
transfer coefficient obtained by probe 1 is larger than those measured by the single rod
probe at the same position. However, the averaged change is less than 10%. Therefore,
the effect of internals with a low blocking area (5%) is not significant, and it is
comparable to their effect on gas holdup distribution and velocity circulation as obtained
by Chen et al. (1999). However, the effect of internals with a high blocking area on heat
transfer coefficients and bubble dynamics are not clear. Hence, there is a need to extend

this investigation to high blocking area internals.
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Figure 3-17. Comparison between the data obtained by element 1 and those measured by

single probe in the center of the column (air-CoC;; system, 1bar)

The results from all elements/probes in the air-CoC;; system under ambient pressure are
shown in Figure 3-18. The results measured by element 3 at the outer ring (r/R=0.61) are

about 10%-15% smaller than those obtained by element 1, and the values obtained by
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element 3 are also smaller than the single probe measurement at similar radial positions.
The results obtained by element 2 in the sparger region are about 30% smaller than those
measured by element 1. Li and Prakash (2002) reported a similar finding in their heat
transfer study using a single probe. Element 2 was mounted at r/R= 0.38 within the
sparger region, in which the mixing is mainly caused by the gas jetting. Momentum
transfer from jetting gas to the surrounding medium is the dominant and the turbulence is
low (Li and Prakash 2002). Therefore the heat transfer values in this region are smaller
than those in the fully developed region. In the fully developed region, the values
obtained by element 4 are comparable to those measured by element 1, with a difference
of less than 5%. Even though the axial position of element 4 was higher than element 1,
the radial position of element 4 was about r/R=0.38, which is still close to the center. In

addition, the changes in the flow pattern caused by the internals might be another reason.
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Figure 3-18. Heat transfer coefficients measured by the elements on the internals

(air-CoC; system, 1bar)
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3.4.4 Signal analysis of surface temperature time series

To obtain instantaneous and time averaged heat transfer coefficients based on Equation
(3-1) and Equation (3-2), the surface temperature of the probe, temperature of the bulk
suspension, and the heat flux from the probe to the bulk need to be directly measured.
Because the microvolts heat flux signals were amplified before going to the data
acquisition system, noise might be added during the process. In contrast, the surface
temperature signal from the probe was directly collected by the data acquisition system.
Therefore, in this section, only the measured time series of the probe surface temperature

was analyzed.

According to Kumar et al. (1992), the heat transfer process in multiphase reactors is
closely related to bubble properties. When a single bubble collides with the probe

surface, strong turbulence occurs in the wake of the bubble, and then enhances the heat
transfer from the heat source to the bulk. Let us consider the measurement of the probe
surface temperature when a single bubble collides. Before the bubble arrives, the surface
temperature is at a constant value. When the bubble hits the probe, the energy under the
contact area, where the sensor is located, can not be easily transferred from the heat
source, because air is not a good heat conductor. Therefore, the probe surface temperature
increases until the bubble leaves. When the bubble moves on from the contact area, liquid
around the bubble tries to fill the vacancy in the bubble wake. This turbulence in the
bubble wake can remove the accumulated energy from the heat source quickly, which
causes a decrease of temperature. When the bubble wake leaves the sensor area, the

measured probe surface temperature rises back to its original value. The entire sequence
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can be called a fully developed fluctuation of temperature caused by a single bubble.
Since a large bubble can generate strong turbulence, the fluctuations in probe surface

temperatures caused by these bubbles are also relatively large.

In the case of chain bubbles or in the real operation in this study, bubble frequencies
passing by the probe surface are much higher than that in a single bubble study. The
fluctuation caused by one bubble is not been fully developed before the other bubble
comes and disturbs the development of the fluctuation. In such cases, the magnitudes of

the fluctuations in temperature are smaller than in the single bubble case.

Figure 3-19 shows the comparison between the time series of probe surface temperature
at Uy=0.03 m/s and that at U,=0.30 m/s in the center of the column using the air-CoCj;
system under ambient pressure. The fluctuation at Uy=0.03 m/s is obviously larger than
that at U,=0.30 m/s. As discussed in the following chapters, the bubble frequency and
bubble size at 0.30 m/s are both larger than those at 0.03 m/s. Therefore, even though at
high superficial gas velocity large bubbles are able to generate large fluctuations, the high
frequency of contact between a bubble and the probe interrupts the development of most
fluctuations, which causes the magnitude of the fluctuation to decrease with an increase

in superficial gas velocity.
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Figure 3-19. Probe surface temperature fluctuation in the column center (no solids, 1bar)
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To quantitatively express the fluctuation of the surface temperature at different operating
conditions, all fluctuations are considered as positive values, and the averaged magnitude
is obtained. Table 3-4 shows the averaged fluctuation of the surface temperature in the
center of the column at varying superficial gas velocities under ambient pressure without
solids (air-CoC; system). With increasing superficial gas velocity, a drop in the mean
value of the surface temperature was also observed. From Equation (3-1) and Equation
(3-2), it is not difficult to recognize that the drop of the mean temperature enhances the

heat transfer coefficient. It is also consistent with the findings mentioned earlier.

Table 3-4. Magnitude of the probe surface temperature fluctuation in air-CoC;; system

Ug (m/s) 0.03 0.08 0.14 0.20 0.30
Temperature
fluctuation (K) 0.087 0.075 0.070 0.063 0.056

Note: 1 bar, in the center of the column.

To express the fluctuation in the time series signal of the probe’s surface temperature, the
power spectrum density was calculated using the fast Fourier Transform (FFT) method.
The power spectral density, PSD, describes how the power (or variance) of a time series
is distributed with frequency. Mathematically, it is defined as the Fourier Transform of
the autocorrelation sequence of the time series. The unit of the PSD is energy per
frequency, and you can obtain energy within a specific frequency range by integrating the
PSD. Computation of the PSD is done directly by FFT, a fast (computationally efficient)

way to calculate the Discrete Fourier Transform (DFT). Functionally, the FFT
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decomposes the set of data to be transformed into a series of smaller data sets to be
transformed. Then, it decomposes those smaller sets into even smaller sets. At each stage
of processing, the results of the previous stage are combined in a special way. Finally, it
calculates the DFT of each small data set. More background theory is discussed by Irvine

(1999).

For this part of study, 5000 data points were acquired at each operating condition, at a
sampling frequency of 50 Hz. At this frequency, the signal from the sensor can be
completely recorded, because the response time of the probe is larger than 0.02s. In a
typical power spectrum figure (Figure 3-20), the areas between the x- axis and the
resulting curves implies the power of the fluctuation. By comparing the value of the
areas, the changes in surface temperature fluctuations under different operating
conditions can be easily recognized. In Figure 3-20, the power of the fluctuation
decreases with an increase of superficial gas velocity, which is consistent with the result

mentioned above.
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Figure 3-20. Power spectrum in the center of column (air-CoC;; system, 1bar)
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Effects of pressure and position on the power spectrum are shown in Figure 3-21. Under
ambient pressure, the powers of fluctuations in the wall regions are larger than that in the
center of the column at both superficial gas velocities (0.03 m/s and 0.30 m/s). It is
because that the bubble size and bubble frequency in the center are greater than that in the
wall region. Under high pressure (10 bar), due to the increase of bubble frequency and
the shrinking of bubble size, the powers of fluctuations are smaller than those at ambient
pressure. For the same reason, the difference in the powers between the wall and center
regions decreases at both superficial gas velocities, especially in the low superficial gas

velocity range.

0.02 0.016
—e— lbar-center —e— lbar-center
0.016 | —=— lbar-wall —=— 1bar-wall
—a— 10bar-center 0.012 | —a— 10bar-center
- 10bar-wall
A 0.012 | 10bar-wall
n
% 0.008 |
0.004 |
0.1 1 10 100 10 100
Frequency (Hz) Fregnency (Hz)
(a) 0.03 cm/s (b) 0.30 m/s

Figure 3-21. Effect of pressure and position on power spectrum (air-CoCj; system)

With the addition of solids, the apparent viscosity of the suspension in the column

increases, as shown in Table 3-3. Because of this reason, small bubbles combine into

large bubbles and the total number of bubbles decreases, which further reduces the
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bubble frequency. Therefore, the addition of solids can increase the power of the surface

temperature fluctuation, as shown in Figure 3-22.
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Figure 3-22. Power spectrum of surface temperature at different solids loading

(0.30 m/s, r/R=0.0)

3.4.5 Heat transfer coefficient correlations

As mentioned in Chapter 2, correlations for the prediction of heat transfer coefficients
have been collected. However, these correlations can predict well only at their own
studied conditions. Therefore, new correlations for wide operating conditions need to be
developed. In this work, empirical correlations (ANN correlation and power law
correlation) were developed based on the published heat transfer coefficients data in the

past 30 years. More details are provided in Appendix D.

3.5 Summary

Heat transfer coefficient measurement techniques were developed and applied in a 0.16
m ID high-pressure slurry bubble column. The effects of superficial gas velocity,

pressure, solids loading, and probe location on heat transfer coefficients were
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investigated. For the first time, the heat transfer coefficient has been studied under
conditions that mimic FT reaction conditions. The findings and conclusions are
summarized as follows:
= The heat transfer coefficient increases with superficial gas velocity, although at
higher velocities the rate of increasing slows.
=  When the operating conditions are maintained constant, the heat transfer
coefficient in the center of the column is larger than those near the wall region,
and the differences at low superficial gas velocities are smaller than those at low
superficial gas velocities.
= With an increase of pressure, the heat transfer coefficient decreases, although the
differences at low superficial gas velocities are larger than those at high
superficial gas velocities.
= At low solids loading, the heat transfer in the slurry bubble column behaves like
that in a two-phase system. However, with further increases in solids loading, an
obvious increase of heat transfer coefficients was observed.
= The radial profile of heat transfer coefficients becomes flat with increasing

pressure, and changes only slightly with increasing solids loading.

To assess the effect of internals on the heat transfer coefficient, new mimic heat
exchanging internals with attached heat transfer coefficient measurement elements
were constructed and assessed. The heat transfer coefficient with low tube cross-
sectional area (5%) internals increased slightly, probably caused by the changes in

bubble dynamics and hydrodynamics. The heat transfer coefficients in the distributor
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region are smaller than those obtained in the fully developed region at the same
operating conditions. Further studies of bubble dynamics and hydrodynamics in
slurry bubble columns with internals are strongly recommended for better
understanding of commercial operations with heat exchanging internals. The
instantaneous signal of the probe surface temperature was analyzed, and FFT analysis
was also performed. The findings are consistent with the heat transfer coefficient

study.
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Chapter 4

Assessment of four-point optical probe in slurry

air-water-FT catalyst systems

4.1 Scope

To study bubble dynamics (local gas hold up, specific interfacial area, bubble size,
bubble velocity, and bubble frequency), many techniques including dynamic gas
disengagement, video imaging, and microprobes have been employed in bubble/slurry
bubble columns. Among the mentioned techniques, the four-point optical probe was
demonstrated to be more reliable based on previous studies (Mudde and Saito, 2001; Xue
et al., 2003; Xue, 2004). However, these studies were performed either in air-water
systems or using two-dimensional columns. There is less information and understanding
about the bubble dynamics in slurry bubble columns in general and in their churn
turbulent flow regime in particular. As mentioned earlier, Xue (2004) advanced the data

processing of the four-point optical probe and applied it in the study in Churn trubulent
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flow regime. However, Xue (2004) used the probe only in the air-water system. To assess
the applicability of this four-point optical probe in slurry bubble columns, test
experiments using air-water-FT catalyst system under ambient pressure were conducted

in a small scale column (0.102 m ID), and the findings are discussed in this chapter.

4.2 Four-point optical probe technique developed by Xue (2004)

The configuration of the modified four-point probe tips is shown in Figure 4-1. Three
peripheral tips form an equilateral triangle, and the fourth tip, which is about 2.0 mm
longer than the other three, is positioned in the center of the equilateral triangle. The
distance from the central fiber to each of the other three is about 0.6 mm. Hence, the
overall diameter of the tip is less than 1.2 mm. Each optical fiber (600 um in diameter)
contains a glass core (200 um in diameter), a cladding, and a protective layer. As shown
in Figure Ic, at the tip of each optical fiber, the cladding and protective layer are
removed, and the glass core is formed into a cone shape by a hydrogen flame. Behind the
probe tips, all the four optical fibers are glued together and inserted into an L shape
stainless steel tube with 1/8 inch outer diameter. To prevent leakage, Epoxy glue

surrounds both the tube entry and the bundle fibers.

DN
B
=

(a) picture of four-point optical probe (b) side view of probe tip
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Cladding

Glass core

(c) bottom view of probe tip (d) schematics of optical fiber

Figure 4-1. Configuration of the four-point optical probe (not to scale, Xue, 2004)

The optical fiber probe is connected with standard glass fiber connectors to an electronic
unit developed by Kramers Laboratory at the University of Delft. A laser beam from a
Light Emitting Diode (LED) is sent into each optical fiber, and the reflected light signals
from the probe tips are received and transformed into voltage. Finally, the voltage signals
are collected by a data acquisition board (PowerDAQ PD2-MFS-8-1M/12) at a sampling

frequency of 40 kHz.

The response signal of a bubble vertically hitting the probe in a bubble column is shown
in Figure 4-2. When a single bubble rising vertically hits the four-point optical probe, the
central fiber responds first since it is the longest one, and the other three tips respond
later. When the fiber is in the liquid phase, the light is transferred into the liquid,
establishing a baseline for each trace as shown in Figure 4-2. When a bubble hits the
fiber, the light reflects, and the voltage rise is captured by the electronic unit, shown as a

peak in Figure 4-2.
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Figure 4-2. Response of a bubble passing by the four-point optical probe

4.2.1 Data processing algorithm

In CREL, a new data processing algorithm for the four-point optical probe technique was
developed and applied in air-water bubble columns (Xue, 2004). By this method,
parameters of bubble dynamics can be calculated, especially both the magnitude and the
direction of the bubble velocity vector can be obtained. In addition, the specific

interfacial area can also be determined directly from the captured signal.

For a single bubble movement, the bubble velocity vector aligns with the bubble
orientation due to the balance of the forces on bubbles and the shape flexibility of gas
bubbles. However, in churn-turbulent flow regime, sometimes the direction of bubble’s
motion changes significantly due to the strong turbulence, the bubble velocity vector
might deviate from the normal vector of the bubble’s symmetry plane by an angle (¢).
This deviation may cause errors in calculating the bubble velocity vector and bubble
chord length obtained based on the old algorithm used for the four-point optical probe.

The modified algorithm considers this deviation. Sketches of the physical situation of the
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bubble velocity measurements in churn-turbulent flow are shown in Figure 4-3 (Xue,

2004).

ZA

(a) (b)

(c)
Figure 4-3. The physical situation of the bubble velocity measurements (Xue, 2004)

As shown in Figure 4-3, 0 is the angle between the normal vector of the bubble’s
symmetry plane to the probe’s axial direction, and ¢ is the angle between the projection

of the normal vector on the xy plane and the x axis. The xyz coordinate system is
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transformed to x’y’z’ system with its z’-axis in the direction of the bubble’s normal
vector, n. After this coordinate transformation, the z’ coordinates of the four probe tips
are:

Tip0: z, =0,

Tipl: z, = X, -sinfcosp+ Y, -sin@sinp +z, -cos O ,

Tip2: z, =X, -sinfcos@+ Y, -sin@singp + 2, -cos &, and

Tip3: z, = X, -sin@cos@ + Y, -sin@sinp + z, - cos b .

To relate length scale and the bubble velocity, we define that the time interval between
the time when the leading edge of a bubble hits Tip0 and the time when it hits Tipi is At;,
and that the time interval that Tipi spend in the bubble is T;. If we also consider the
curvature of the leading edge of the bubble, the equations to calculate the time intervals
between the instant when a bubble hits the central Tip0 and the other tips (tip1, tip2, and

tip3) are as follows (more detail analysis is available in Xue, 2004):

T,—T, z,/cos¢ x,-sinOcos@+y, sinOsin@+z, -cosO

At, — , 4-la

! 2 v v-cosd (1

AL, T, -T, _ z,/cosd _X, -sin@cos@+y, -sinOsing+z, -cosO _and (4-1b)
2 v v-cosd

At, - T, - T, _ z,/cosd _ X -sinBcos@+y, -sinOsin @+ z, -cosB. (4-1¢)

2 % V-cos

Since there are only three equations (equations 4-3a, 4-3b, 4-3c¢) for four variables, i.e., v,

0, ¢ and ¢, what can be obtained is 0, ¢ and v-cos ¢ instead of v and ¢ separately. The
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bubble chord length obtained by the probe can be expressed asdl, =V -T, -cos¢. If the

deviation occurs as shown in Figure 4-3a, the chord length from the point where the

probe’s central tip hits the bubble surface, A, is AC, but v-T, -cos¢ is actually the

length AD. Therefore, the determined bubble velocity vector and bubble chord length
contain a systematic error. However, the error is small because of the small value of ¢.
Previous studies (Lim and Agarwal, 1992; Kataoka et al., 1986) found that the value of ¢
is not larger than 22° under different operating conditions in air-water bubbly and slug
flow. At $=22°, cos$p=0.927. Hence, it is expected that the error in the bubble velocity
magnitude due to the deviation of the bubble velocity vector from the bubble orientation

is relatively small. The obtained bubble chord length can also be simplified asdl, =v-T,.

Based on the finding of Kataoka, Ishii and Serizawa (1986), the value of v-cos ¢

calculated from the provided equations can then be used to obtain the specific interfacial
area. To solve Equation 4-1, only the bubbles that hit all four tips of the probe are
considered. However, there are always some bubbles that hit the central tip of the probe
but miss some of the three peripheral tips. To account for the contribution of these

“missed” bubbles, the average value of v-cos¢ of bubbles that pass all of the four tips of

the probe will be assigned to these “missed” bubbles. Then the equation for the

calculation of specific interfacial area can be written as:

= L 1 ~ L . N 1 (4-23.)
AT T'v-cos¢ AT N owea N, V- COSO
N = Nmeasured + Nmissed (4-2b)
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For this equation, there is no assumption about bubble shape. Thus, errors due to the

inaccuracy in the bubble shape assumption can be avoided, leading to a robust algorithm.

From the response of the probe’s tip, the local gas holdup can be obtained as:

_ Time spent by the probe's tip in bubbles T

Total measurement time T

Eg1

where €, 7 1s the time base local gas holdup, Tg is the time the probe tip spends in the gas

phase (bubbles) and T is the total measuring time.

By simply assuming spherical bubbles, the Sauter mean bubble diameter can be
calculated by Equation (4-3) with the local specific interfacial area and gas holdup
obtained by the four-point probe. However, this should be treated only as a rough

estimate of bubble size.

d =—2 (4-3)

4.3 Experimental setup and conditions

The experiments were performed in a 0.102 inner diameter and 1.05 m high plexiglas
column, as shown in Figure 4-4. Compressed air and tap water were used as the gas phase
and liquid phase, respectively. FT catalyst carrier with an average diameter of 75 pm was
used as the solid phase, and the solids loadings in the experiments were selected to be 9.1
v.% and 25 v.%. Air was introduced into the bottom of the column through a perforated
plate gas distributor with 1.09% open area. The superficial gas velocity varied from 0.013

m/s to 0.13 m/s which covers both bubbly and churn turbulent flow regimes. During the
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experiments the dynamic liquid height was maintained at 0.90 m by varying the static
height at each studied condition, and a four-point optical probe was installed in the fully
developed region with a height (from sparger to the tip of the probe) to column diameter
ratio (Z/D) equal to 5.5. For most of the experimental conditions, the probe was installed
pointing downward. However, for selected experiments to study bubble velocity
distribution and the effect of probe orientation, the probe was installed pointing both

downwards and upwards.

L 1
—~~ ]
Gas out
O
]
o
O
o
)
g L
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| LHJ | \4/
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Figure 4-4. Schematics of the experimental setup
1. slurry bubble column (0.102 m I.D., 1.05 m high), 2. bottom frame,

3. four-point optical probe, 4. data acquisition system
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This size of the column was used to assess the applicability of the 4-point optical probe in
a slurry system at different solids loadings. However, for further investigation of the
bubble dynamics of slurry bubble columns using this probe, a pilot scale will be used to

avoid the wall effect and to examine the effect of reactor scale on the studied parameters.

Table 4-1. Conditions for four-point probe technique test in a 0.102 m ID column

System U, (m/s) Pressure (MPa) | Solids loading (v.%) /R
0.013, 0.02, 0.03,
Air-water 0.1 No solid 0.0, £0.5,+0.9
0.05, 0.09, 0.13
0.013, 0.02, 0.03,
0.1 9.1 0.0,+0.5,£0.9
Air-water- 0.05, 0.09, 0.13
FT catalyst | 0.013,0.02, 0.03,
0.1 25 0.0,+0.5,+0.9

0.05, 0.09, 0.13

4.4 Results and discussion

As mentioned earlier in this chapter and previous work (Xue et al., 2003; Xue, 2004),
local gas holdup, bubble chord length, bubble frequency, specific interfacial area, and
bubble velocity can be obtained at the same time. In the slurry system, we found that the
addition of fine particles did not disturb the captured signal. Even though the white noise
in the base increased, the signal to noise ratio was still good enough for signal analysis.
Results and discussion of the measured bubble dynamics parameters in the studied slurry

system are as follows.
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4.4.1 Local gas holdup

Figure 4-5a shows the time averaged local gas holdup in the center (r/R=0.0) and wall
region (1/R=0.9) of the column at different solids loadings. Gas holdup increases with an
increase in superficial gas velocity at all solids loading both in the center and the wall
regions, and the increase of gas holdup becomes smaller at high superficial gas velocities.
However, with an increase in solids loading, the gas holdup decreases in both regions.
This phenomenon is consistent with other reported results (Kara et al. 1982; Saxena,
1990; Lee et al. 1999, Vandu et al., 2004). It is believed that an increase in solids loading
increases the apparent viscosity of the pseudo-slurry phase and then enhances the bubble
coalescence rate (Fan, 1989). These effects tend to increase the mean bubble size, and the
fast effusion of these large bubbles reduces gas holdup. Radial profiles of gas holdup
with superficial gas velocity at 0.02 m/s and 0.13 m/s are shown in Figure 4-5b. At low
superficial gas velocity (0.02 m/s) the differences between the gas holdups in the center
and in the wall region are smaller than those at high superficial gas velocities. Thus, at
high superficial gas velocity (0.13 m/s) the radial gas holdup profile becomes more
parabolic, and the value in the center is much higher than that in the wall region. These
phenomena can be explained by the following studies of bubble chord length and bubble

frequency.

To compare with previous studies, the cross-sectional gas holdup,g, was calculated

from the radial profile of the gas holdup, ¢, (%) , as:

€, = 2]%-59 (é)d(é) (4-4).
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This equation is based on the assumption that the holdup profile in a single plane,
obtained by averaging the values obtained at equivalent + and — 1/R locations, is
representative of the azimuthally averaged value. Figure 4-5¢ shows the comparison
between the estimated cross-sectional gas holdups in this work and the values reported in
a 0.10 m ID air-water bubble column under ambient pressure (Krishna, 2000). The results
in this work compare well with the reported values at the studied conditions, which

further prove the reliability of the four-point probe technique.

0.5 0.6 :
id- & No solid-0.13m/s
S S0 ohamar e S9.19%-0.13m/s
A S25%-center 05 | A S25%-0.13m/s
0.4 & No solid-wall o No $01id-0.02m/s
o S9.1%-wall a o $9.1%-0.02cm/s
s A S25%-wall o M 504 | A S25%-0.02m/s
§ 0.3 | A o .
2 . N 203} .
202 | . @ [
3 s 4 o2 |
| m A
01 r % o q R 01 |e § 2 Q $
g R4 o &
o L& ‘ 0
0 0.05 0.1 0.15 -1 0.5 0 0.5 1
Ug (m/s) r/R
(a) local gas holdup vs. U, (b) radial profile
0.40
+ Krishna 2000
= This work
0.30
o
§ o ¢ . i ¢
o *
- 020 - [}
0 TS *
® ¢
) K
0.10 | ’.
§’
0.00 L*
0 5 10 15 20
Ug (cm/s)

(c) Cross-sectional gas holdup compared with reported value in a 0.10 m column

Figure 4-5. Gas holdup measured by the four-point optical probe
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4.4.2 Bubble chord length distribution

The averaged bubble chord lengths and standard deviations obtained at different solids
loading are shown in Figure 4-6. In both the bubble column and the slurry bubble
column, bubble chord lengths in the center and wall regions increase with superficial gas

velocity, and the increasing rate becomes smaller with increasing superficial gas velocity.

In the air-water system (no solid), at low superficial gas velocities, the averaged bubble
chord lengths in the center and in the wall region are small and close to each other, and
the values do not change obviously with the change in superficial gas velocity. The
standard deviations at these low gas velocities are small compared with other conditions.
This means that the flow is in the bubbly flow regime, and the bubbles are uniformly
distributed across the column at about similar size. With a further increase in the
superficial gas velocity, the difference between the chord length value in the center and
that in the wall region becomes large. Large bubbles form and move in the core of the
column with an increase in superficial gas velocity, and small bubbles always appear in
the wall region of the column. Hence, the flow moves from the bubbly flow regime into
the transition flow regime and then the churn turbulent regime. The standard deviations
of bubble chord length in the column center at high gas velocities become even larger
with an increase in gas velocity, so even in the center of the column, a wide size

distribution of bubbles exists at high velocities.

In the slurry system, at low superficial gas velocities the bubble chord lengths in the

center region are obviously larger than those in the wall region. The flat stage of the
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bubble chord length that appears in air-water system is found in slurry system. It can also
be seen that the bubble chord lengths in the slurry system are larger than those in the air-
water system. Especially at 25 v.%, the bubble chord lengths in both the center and wall
regions increased noticeably compared to those in the air-water system. Hence, with the
addition of fine catalyst particles, large bubbles formed across the column. The standard

deviations in the slurry system are also larger than that in the air-water system.

The bubble chord length values at low velocities in the air-water system in this work
compared well with those obtained by Saxena et al. (1990) and by Sergio et al. (2006).
The bubble chord lengths in a slurry system (®s=13v.%) reported by Yasunishi et al.
(1986) fall in between the values obtained at solids loading at 9.1v.% and 25 v.% in this

study at similar superficial gas velocities.
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Figure 4-6. Averaged bubble chord length and standard deviation in the center
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The bubble chord length distributions in the column center region at different superficial
gas velocities and solids loadings are shown in Figure 4-7. At each condition more than
1500 bubbles are considered for the bubble chord length distribution. With an increase in
solids loading, the distribution of bubble chord length becomes wider, and the probability
of large bubble chord length increases. Especially at high solids loading (25 v.%), the
probability of the small bubbles decreases and the number of bubbles larger than 0.75cm
increases dramatically. Therefore, the addition of fine particles favors the formation of

large bubbles, which is consistent with the reported finding by Luo et al. (1999).

In the probe measurements, sometimes the apparently small bubble chord lengths
measured by the probe may represent large bubbles which are pierced by the probe at
their edge. In our experiments, each tip of the 4-point optical probe provides a bubble
chord length value for a measured bubble. To reduce the previous mentioned error in
measuring the chord length of a large bubble, among the four bubble chord length
values provided by the four tips, the largest one was accepted as the measured bubble
chord length (Xue, 2004). Hence, this makes the results of this study considerably more

close to reality.
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Figure 4-7. Bubble chord length distribution in the column center

4.4.3 Bubble frequency

Dividing the total number of bubbles that hit the probe’s central tip by the total sampling

time, bubble frequency can be acquired. As shown in Figure 4-8, bubble frequency
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increases with increasing superficial gas velocity but decreases with increasing solids
loading. These changes are obvious even in the center of the column. The increasing rate
of bubble frequency becomes smaller at high superficial gas velocity. Thus bubble
frequency has a similar trend to local gas holdup, and they are strongly correlated under

the experimental conditions studied.

Combining the findings in the bubble chord length distribution and the bubble frequency,
it is not difficult to explain the changes in local gas holdup at different gas velocities and
solids loadings. At low velocity, small bubbles uniformly distribute across the column

and move at low frequency, which causes low local gas holdup both in the center and

wall region of the column. With an increase in superficial gas velocity, bubbles, including
the newly formed large bubbles in the center of the column, move at high frequency,
which means more bubbles appear in the column, which causes the increase in gas
holdup. Most small bubbles still stay in the wall region and move at relatively low
frequency. Hence, the gas holdup in the center becomes larger than that in the wall region,

and with a further increase in gas velocity, the difference becomes much more obvious.

As mentioned above, the addition of fine particles causes the formation of large bubbles,
and the average bubble size increases with solids loading under the experimental
conditions studied. At the same time, because many small bubbles coalesce to large
bubbles, the total number of bubbles decreases, which causes a decrease in the bubble

frequency in the slurry system at increasing solids loading. Along with the fast effusion
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of large bubbles from the column, local gas holdup decreases with increasing solids

loading.
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Figure 4-8. Bubble frequency measured by the four-point optical probe

4.4.4 Specific interfacial area

Specific interfacial area is directly related to gas holdup, bubble size, bubble shape, and
bubble frequency. Figure 4-9 shows the effect of superficial gas velocity and solids
loading on specific interfacial area and also shows the radial profiles with superficial gas
velocity at 0.02 m/s and 0.13 m/s. It shows a trend similar to those of the local gas
holdup and bubble frequency, both in the center and wall region of the column. Specific
interfacial area increases with an increase in superficial gas velocity and decreases with
an increase in solids loading. As well known, small bubbles have a large surface-to-
volume ratio, and the spherical shape gives minimum surface area. At low velocity, most

bubbles are spherical or nearly spherical and move slowly. The increase of gas holdup

109



with superficial gas velocity implies that the number and/or frequency of either small
bubbles or large bubbles increase (Krishna et al. 1991). In addition, as the shape of the
large bubbles becomes more irregular at high gas velocity, specific interfacial area
increases. However, with the addition of fine particles, more small bubbles combine into
larger bubbles, and the bubble frequency also decreases. Hence, the specific interfacial
area decreases with increasing solids loading. Sonlikar and Rao (1996) measured the
specific interfacial area by sodium sulphite oxidation using a cobalt sulphate catalyst in a
0.105 m diameter slurry bubble column. They reported a decrease in interfacial area with

an increase in particle concentration, which shows the same trend in this work.

350 & No solid-center 350 ¢ no solid-0.13m/s
300 | ® S9.1%-center 300 | ™ 89.18/0-0.13m/s
| A S25%-center A S9.1%-0.13m/s
o No solid-wall ¢ no solid-0.02m/s
250 + o S9.1%-wall 250 | 0 S9.1%-0.02m/s
—~ 4 S25%-wall — 4 S25%-0.02m/s
£ 200 F . . £200 | *
E150 ¢ E150 | . .
(] * - - [ ] @© M : M
100 | o A A 100 | . 8 A .
t", % g g 50 | g =
50 | g é [u] 2 g A N §
O a A é O I I
0 0.05 0.1 0.15 -1 -0.5 0 0.5 1
Ug (m/s) r/R
(a) specific interfacial area vs. U, (b) radial profile

Figure 4-9. Specific interfacial area measured by the four-point optical probe

4.4.5 Bubble velocity

The time averaged bubble velocity (probe pointing downward) at different superficial gas

velocities and the bubble velocity radial profiles are shown in Figure 4-10. At all the

110



studied conditions, the standard deviations of the obtained bubble velocity are less than
0.026 m/s, and they are even lower (less than 0.015 m/s) at superficial gas velocity. Both
in the center and wall region of the column, the rate of increase in bubble velocity is large
in the low range of superficial gas velocity, but becomes small at high superficial gas
velocities. In the center of the column, the changes in bubble velocities at different solids
loading are not noticeable under the conditions studied. In the wall region, when the
superficial gas velocity is low, the bubble velocity at high solids loading (25 v.%) is
larger than those at low solids loadings (9.1 v.% and no solid). However, at high

superficial gas velocity the differences are negligible.
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Figure 4-10. Bubble velocity and its radial profile (probe pointing downward)

In the bubble velocity distribution analysis, to account for both the upward and
downward moving bubbles, the four-point optical probe was installed pointing both
downward and upward. We considered bubbles traveling upward to have positive

velocities, and those moving downward to have negative velocities. Figure 4-11 shows
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the bubble velocity distributions, including all measured upward and downward bubble
movements, both in the center and wall region of the column. In the center of the column
most bubbles move upward, and the bubble velocity distributions at a given superficial
gas velocity are similar at all studied solids loadings. With an increase in superficial gas
velocity, the bubble velocity distribution spreads widen, and the number of bubbles
moving downwards in the center increases slowly. The above result is consistent with

the findings in air-water bubble columns (Xue 2004).

In the wall region, at low superficial gas velocity (0.02 m/s) the bubble velocity
distribution is narrow and sharp compared to that in the center, and only a few bubbles
move downwards. With increasing superficial gas velocity the bubble velocity
distribution becomes broader, and the ratio of down moving bubbles increases greatly.
Also, the number of bubbles with high velocities increases, which implies the
enhancement of the circulation of slurry in the column. At high superficial gas velocity
(0.13 m/s), the number of bubbles moving downward is equal to or even larger than that
moving upward in two-phase systems and in three-phase systems at low solids loading
(9.1 v.%). However, at high solids loading (25 v.%), the number of bubbles moving
downward in the wall region is still smaller than that moving upward at the studied

conditions.
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Figure 4-11. Bubble velocity distribution at different U, and solids loading

4.4.6 Effect of probe orientation
To understand the effect of the probe orientation (downward or upward), in the air-water
system at selected conditions, the values of the investigated parameters (local gas holdup,

bubble chord length, specific interfacial area, and bubble velocity) obtained at both probe
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directions and both in the center and wall regions are listed in Table 4-2 and Table 4-3.
The bubble numbers obtained as part of the signal process are considered as weighting
factors to calculate the local average values of each of these parameters. To calculate the
average local gas holdup, the number of bubbles that hit the center tip is used, and for the
calculations of the average values of the other parameters, the number of bubbles that hit

all four tips is applied. The equations used to calculate the averages are as follows.

m,. =m,.f,+m,.f, (4-5a)

My

Ng

Zmdi o ZmUi
= m, =11 and (4-5b)
N, N

u

N N
=94 f=—1" (4-5¢)
N, + N, N, +N,

d

In the above equations, m,y. is the average of the investigated parameter, m, is the
average value of the parameter with probe pointing downward, m, is the average value of

the parameter with the probe pointing upward, f4 is the weighting factor of the parameter
with the probe pointing downward, f, is the weighting factor of the parameter with the
probe pointing upward, i and j are index number, Ny is the bubble number obtained with
the probe pointing downward, and N, is the bubble number obtained with the probe

pointing upward.

It is noteworthy to clarify one thing here. In the process of calculating the average values
by the above equations, the local gas holdup, bubble chord length, specific interfacial
area, and bubble frequency are all positive values, no matter whether they are obtained

with probe pointing downward or upward. However, to show the overall trend of bubble
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movement in the center and wall region in the column, the positive and negative signs are
considered for the bubble velocity. As mentioned earlier, bubbles traveling upward (with
probe pointing downward) are considered to have positive velocities, and those moving
downward (with probe pointing upward) have negative velocities. Therefore, in Table 4-2
and Table 4-3, some of the averaged bubble velocity values are smaller than both values

obtained with probe pointing downward and upward in absolute magnitude.

In the center region of the column, at both superficial gas velocities (0.02 m/s and 0.13
m/s) the averaged values are much closer to those with the probe pointing downward.
This is because the number of downward moving bubbles is still small compared to the
number of bubbles traveling upward in the center, and hence the contribution of these
downward moving bubbles to the average value is small, even negligible. Therefore, the
measured results with the probe pointing downward in the center can represent the local

average values.

In the wall region, at the low superficial gas velocity (0.02 m/s) the system is still in the
bubbly flow regime, and thus the average values are still close to those with the probe
pointing downward. However, in the churn turbulent flow regime (0.13 m/s) the system is
much more complex than in the bubbly flow regime. Values acquired with the probe
pointing downward and upward are both important to consider in calculating the local
averaged values. For the other radial positions, especially those close to the wall, the

measurement with the probe pointing upward also cannot be neglected.
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Table 4-2 Investigated parameters at different probe orientations (Ug=0.02 m/s, air-water

system)
Center (r/R=0.) Wall (r/R=0.9)
Investigated Probe Probe Probe Probe
parameter pointing pointing | average pointing pointing | average
downward | upward downward upward
€ 0.112 0.0508 0.0898 0.0396 0.0322 0.0370
d; (cm) 0.431 0.093 0.429 0.407 0.394 0.406
a (m*/m’) 88.9 252 89.6 37.0 47.5 0.372
up (cm/s) 479 -12.5 47.6 31.3 -18.6 30.1

Note: ¢ - local gas holdup, d; - Bubble chord length, a - Specific interfacial area, uy, - Bubble

velocity.

Table 4-3 Investigated parameters at different probe orientations (Ug=0.13 m/s, air-water

system)
Center (r/R=0.) Wall (r/R=0.9)
Investigated ™ ppope Probe Probe Probe
parameter | o,inting | pointing | average | pointing pointing | average
downward | upward downward upward
€ 0.347 0.269 0.316 0.0979 0.131 0.113
d; (cm) 0.782 0.483 0.766 0.495 0.362 0.444
a (m°/m’) 201 378 210 66.8 55.5 62.5
up (cm/s) 76.1 -38.2 70.1 64.7 -45.1 23.0

Note: ¢ - local gas holdup, d; - Bubble chord length, a - Specific interfacial area, u, - Bubble

velocity.
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4.5 Summary

Air-water-FT catalyst system was employed to evaluate the performance of the four-point
optical probe in slurry bubble columns. Local gas holdup, bubble chord length, bubble
frequency, specific interfacial area, and bubble velocity were investigated under different
operating conditions under ambient pressure. With the increase in superficial gas
velocity, the local gas holdup, bubble chord length, bubble frequency, specific interfacial
area, and bubble velocity increased in both the center and wall regions of the column.
Local gas holdup, specific interfacial area, and bubble frequency decreased with the
increase in solids loading. With the increase in solids loading, average bubble chord
length increased, while bubble velocity changed slightly. Based on bubble chord length
distribution in the column center, we found that bubble chord length spread wider with
increasing solids loading. Bubble velocity distribution was analyzed in the center and
wall regions of the column. The ratio of bubbles moving downward in the center and wall
region increased with increasing superficial gas velocity, and the phenomenon was even
more apparent in the wall region at low solids loadings. Measurements with the probe
pointing both upward and downward are necessary for the bubble dynamic study using

probes, especially in the wall region at high superficial velocities.

This work provides important information about bubble dynamics in a slurry system.
However, this study was conducted in a small diameter column, in which the wall effect
may still be important on the studied parameters, especially at high solids loading.
Therefore, for a better understanding of the bubble dynamics in a commercial FT slurry

bubble column, further experimentation in larger columns is recommended.
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Chapter 5

Bubble dynamics in a mimicked FT SBCR

5.1 Scope

As reported in the previous study (Han, 2007), bubble dynamics can provide important
knowledge to further understand the hydrodynamics, phase mixing, and mass transfer
studies in high pressure slurry bubble columns. The bubble dynamics test experiments in
Chapter 4 have proved that the performance of the optical probe technique in a slurry
bubble column is reliable. To be consistent with the earlier heat transfer coefficient study,
bubble dynamics investigations in a mimicked FT slurry bubble column reactor (SBCR)

have been performed here.

5.2 Bubble dynamics experiments in a mimicked FT SBCR

Since the data processing algorithm has been introduced in chapter 4, in the following

only the experimental conditions and results in the mimicked FT SBCR are provided.
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5.2.1 Experimental setup and conditions
Experiments for bubble dynamics study in air-CyC;;-solids systems were conducted using

the same pilot scale column (0.16 m ID) applied for the heat transfer coefficient study. In

this part of study, both FT catalyst carrier and glass beads of a same mean size (75um)

were employed as the solids phase. During the experiments the dynamic liquid height

was also maintained at 1.8 m, and a four-point optical probe was installed in the fully

developed region with a height (from sparger to the tip of the probe) to column diameter

ratio (Z/D) equal to 5.5 (similar height where heat transfer probe were maintained and CT

experiments were performed by Han (2007)). Based on the findings in Chapter 4, the

probe was installed pointing both downward and upward at all of the studied conditions

in this part of study. The experimental conditions for the bubble dynamics study are list

in Table 5-1. The local gas holdup, bubble chord length, bubble frequency, specific

interfacial area, and bubble velocity at mimicked FT conditions were investigated.

Table 5-1. Experimental conditions for bubble dynamics study in a high pressure SBCR

Pressure Solids Probe
System U, (m/s) (MPa) loac(l)lng orientation /R
v.%)

0.03, 0.08, Downward

0.14, 0.20, 0.1 No solid ?lwwvavrd’ 0.0, +0.25, £0.5, £0.75, +0.9
Air-CoCy 0.30 p

0.20, 0.30 1.0 Nosolid | PoWnward, | 6 1025 40.5,£0.75, +0.9

upward

. 0.03, 0.08,

AI-CoCui- 167147 020, 0.1 9.1 Downward, | 105 40,5, £0.75, £0.9

FT catalyst 0.30 upward
0.20, 0.30 0.1 9.1 Downward, | 105 40,5, £0.75, £0.9

upward

Downward

’ + + + +

AL 0.30 1.0 9.1 wpward 0.0, £0.25, +0.5, £0.75, £0.9

glass beads Downward,
0.20, 0.30 0.1 25 0.0, 0. £25, £0.5, +0.75, 0.9

upward
0.30 1.0 25 Downward, | 155 40,5, 40.75, £0.9

upward
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5.3 Results and discussion

In Chapter 4, bubble dynamics have been investigated with probe pointing downward at
different operating conditions, such as superficial gas velocity, solids loading, and radial
position in air-water-FT catalyst system under ambient pressure. While studying bubble
dynamics using air-CoC-solid systems, the probe was pointed both upward and
downward. Thus and at each radial position two values for each studied parameter (local
gas holdup, bubble chord length, bubble frequency, specific interfacial area, and bubble
velocity) were obtained. One of them was measured with the probe pointing downward,
and the other was measured with the probe pointing upward. The parameters shown in
this chapter are expressed as averaged values of the measurements with the probe
pointing both downward and upward based on Equations 4-5(a-c). It is found that the
effects of superficial gas velocity, solids loading and radial position are similar as those
obtained in the air-water-FT catalyst system, and these results are discussed briefly in this
Chapter. It is noteworthy that elevated pressure and different solids were applied in this
part of bubble dynamics study. Therefore, the discussions on the effects of liquid
properties, solid properties, and pressure are provided in detail. The other findings about
bubble chord length distribution and bubble direction angle distribution are also

described. More results, which are not proved in this chapter, are reported in Appendix E.

5.3.1 Local gas holdup obtained by different techniques

CT is a reliable technique to measure the phase cross-sectional holdup distribution in
multiphase reactors. In the previous study (Han, 2007), gas holdup radial profiles in air-
CyCy; system were also obtained by CT technique. The comparison between the local gas

holdups obtained by both techniques in air-CoC;; system at the same operating conditions
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is shown in Figure 5-1. The values match well, and the results from the optical probe
technique are slightly smaller than those obtained by CT at both studied pressures (1bar
and 10 bar), and the averaged differences are 4.8% at 1 bar and 6.8% at 10 bar. The
largest differences at both pressures are observed at r/R = 0.65~0.75, which represents the
radial position where the direction of the liquid / slurry converts in the column. At these
positions, the probe may not capture all the bubbles due to the complex flow movement.
When applying the probe, the gas holdups were measured at a single line across the
column. However, the flow structure in the column is not exactly axisymmetric, and then
the probe may occasionally miss some bubbles in the flow field. The gas holdup profiles
acquired by CT were time averaged results based on a 360° scan, which considered the
contributions of all bubbles appearing at the studied cross section of the column.
Therefore, the gas holdups measured by the probe are slightly smaller than those acquired

by CT technique, as shown in Figure 5-1, while the differences are still in an acceptable

range.
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Figure 5-1. Local gas holdup profile obtained by different techniques

(Ug=0.30 m/s, air-CoCy; system)
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5.3.2 Bubble dynamics using different liquid

Liquid properties can affect the properties of the bubble size and bubble velocity (Akita
and Yoshida, 1974; Jamialahmadiet al., 1992). In the previous bubble dynamics study
(Xue, 2003) employing the four-point optical probe technique, water was used as the
liquid phase. To mimic the FT liquid phase properties under commercial operating
conditions, CoC;; was employed in this study. The properties of water and CoC;; are
listed in Table 3-1. Figure 5-2a shows the gas holdup profiles in both liquids, and the gas
holdups in air-CoC; system are larger than those in the air-water system, and the
averaged difference is about 15%. As shown in Table 3-1, the density, viscosity and
surface tension of CoCy; are smaller than those of water, which fevers the formation of
small size bubbles. This can be proved by the bubble chord length distribution measured
in both the center and wall regions of the column at U,=0.30 m/s. As shown in Figure 5-
3, the curves of the bubble chord length distribution in air-CoCy; system are all slightly
shifted to the left compared with those in the air-water system in both regions. The small
bubbles have relatively longer residence time in the column so the total number of the
bubbles in the column also increases accordingly. Therefore, both the gas holdup and
bubble frequency (Figure 5-2b) in the air-CyC;; system are larger than those in the air-
water system at the same superficial gas velocity. Due to the larger population of small
size bubbles and a higher gas holdup in the the air-CoC;; system, it is obvious that the
specific interfacial areas in the air-CoC;; system are larger than those in the air-water

system (Figure 5-2c).
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Figure 5-2. Bubble dynamics in different systems (Uy=0.30 m/s, 1bar)

As shown in Figure 5-2d, bubble velocity profiles in the air-CyCy; system is similar to
that in the air-water system. Only at r/R=0.9, the bubble velocity in the air- CyCy; system
is smaller than that in the air-water system. Negative bubble velocities are shown in
Figure 5-2d, because they are the overall averaged bubble velocity, considering the sign
(i.e., direction) of the velocity. Bubbles moving upward have positive velocity, and those

moving downward have negative velocity. When the portion of bubbles moving
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downward is larger than that of bubbles moving upward, negative average bubble

velocity would be seen, especially in the wall region.
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Figure 5-3. Bubble chord length distribution in different systems (Uy=0.30 m/s, 1bar)

Bubble velocity could be affected by liquid circulation velocity and bubble slip velocity
(Xue, 2004). In churn turbulent flow regime, the contribution of liquid velocity is larger
than that of bubble slip velocity. In previous hydrodynamics studies (Ong, 2003; Han,
2007), the axial liquid velocities in both systems were obtained at the same operating
conditions (Ug=0.30 m/s, 1bar). The comparison between the results in these two systems
is shown in Figure 5-4 (Han, 2007), and it can be found that the liquid circulation in the
air-CoC;; system is relatively stronger than that in the air-water system. However, the slip
velocity between the bubble and the liquid in the air-water system is larger due to the
larger bubble size. Therefore, in the core region of the column, a comparable bubble
velocity is shown. While near the wall region, the small bubbles in the air-CoCy; system

are dragged downward relatively easier within the liquid or slurry flow. Due to the
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asymmetry of the flow field, the phenomenon is only observed on one side of the wall
region in Figure 5-2d. Figure 5-5 shows the bubble velocity distributions in the center
and wall regions at U,=0.30 m/s under ambient pressure. In the center of the column, the
portions of bubbles moving upward in both the air-CoC;; and the air-water systems are
comparable. However, more bubbles in the air-CoC;; system have negative velocities in
the center. The smaller the bubble, the easier the bubble can be affected by the liquid
flow. Therefore, more small bubbles in the air-CoC;; system were dragged down by the
turbulences in the wake region of the large bubbles. Also for the same reason, in the wall
region, less bubble have positive velocities and more have larger negative velocities in

the air-CyCy; system.

80

< air-water
60 4 m air-CoC11
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Axial liquid velocity (cm/s)

-40
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Figure 5-4. Axial liquid velocity in different systems (Ug=0.30 m/s, 1bar) (Han, 2007)
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Figure 5-5. Bubble velocity distribution in different systems (U,=0.30 m/s, 1bar)

5.3.3 Bubble dynamics using different solids

In Chapter 4, the air-water-FT catalyst system was employed to assess the performance of
the four-point optical probe. To study the bubble dynamics at mimicked FT synthesis
conditions, the air-CoC;;-solid system was used. The FT catalyst was first chosen as the
solids phase; and at low solids loading (9.1v.%), the experiments progressed well.
However, at high solids loading (25 v.%), the signal from the optical probe diminished
due to the formation of a thin solids film on the probe tips, which blocked the transmittal
of light. Probably at high solids loading, the alliance of the irregular porous particles is
enhanced in the CoC; liquid. Then glass spheres at the same mean size (75 um) was
selected in the latter bubble dynamics study, because the nonporous glass beads have a
close density (2500 kg/m’) to the apparent density of the FT catalyst filled with the liquid
(2240 kg/m’) . This section discusses the effect of different particles on the bubble

dynamics at low solids loading (9.1 v.%) under ambient pressure.
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Figure 5-6 shows the comparisons of the effects of these two different particles on local
gas holdup, bubble frequency, specific interfacial area, and bubble velocity in churn
turbulent flow regime (Uy=0.30 m/s) under ambient pressure. The effects of the solids
loading using glass beads on the above parameters are also provided, and the results are
similar as those discussed in Chapter 4. As mentioned in Chapter 3, the studied FT
catalyst carrier is porous and filled with the liquid during the experiment. In the
calculation of solids loading, the catalyst itself and the liquid inside the pores are counted
as one phase (solids phase), and the apparent density of the FT catalyst is close to the
density of the glass sphere used in this study. In Figure 5-6, when solids loading equals to
9.1 v.%, the gas holdups and bubble velocities across the column using catalysts are
comparable to and a little larger than those using glass beads, and the difference of gas
holdup is about 4% on average. The variance of bubble velocity is about 0.059 m/s on
average, which is very small compared to the bubble velocity in the center of the column
(0.81 m/s). The bubble frequencies and specific interfacial areas in the column using
catalysts are smaller than those with glass beads, and the differences are within 20%,

which could still be acceptable from an engineering point of view.
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Figure 5-6. Effect of solids on bubble dynamics (U,=0.30 m/s, 1bar)

As shown in Figure 5-7, the type of the particles does not change the averaged bubble

chord length significantly (less than 4%) at the studied condition due to the same mean

size of the particles, and the differences are mainly caused by particle shape and the

particle size distribution. For the glass sphere, more than 85% of the particles are

spherical and more than 80% of them are in the range of 62 um-88 um. From Figure 5-7b

128



and Figure 5-7c, it can be determined that bubble chord length distribution using these
two types of particles are comparable both in the center and wall regions, and the catalyst

is slightly more likely to form large bubbles.
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Figure 5-7. Effect of solids on bubble chord length and bubble chord length distribution

(Ug=0.30 m/s, 1 bar)
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Bubble velocity distributions in the center and wall regions using both solids are shown
in Figure 5-8. Both in the center and wall regions, the bubbles in the catalyst system have
relatively larger velocities than those in the glass bead system, which can also be seen in
Figure 5-6d. It might be caused by the differences in the bubble size and the liquid
circulation velocity. However, the averaged difference of bubble velocities in systems

using these two solids at Ug=0.30 m/s under ambient pressure is less than 0.06m/s.

From the above comparison, it can be concluded that the bubble dynamics results are
comparable using either FT catalyst or glass sphere with the same mean size at the same
operating conditions. Therefore, the glass sphere can be used instead of the FT catalyst to

study the bubble dynamics at higher pressure and higher solids loading that mimic FT

conditions.
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Figure 5-8. Effect of solids on bubble velocity distribution
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5.3.4 Bubble dynamics at elevated pressure

The effect of pressure on bubble dynamics was investigated using theair-CoC;-glass

beads system at U,=0.30 m/s. Because the effects of pressure at all solids loading are

similar, only bubble dynamics at high solids loading (25 v.%) under elevated pressure are

shown in Figure 5-9. At the studied solids loading, local gas holdup and bubble

frequency increase obviously with an increasing pressure. As reported by Fan et al.

(1999) and Xue (2004), smaller bubbles formed at high frequencies from the distributor

under the elevated pressure due to an increased contribution of the gas momentum to

bubble formation. With the longer residence of small bubbles in the column due to

increasing pressure, the gas holdup increases. Since small bubbles provide larger contact

interface than large bubbles at the same volume, the specific interfacial area also

increases with increasing pressure. At the elevated pressure, bubble velocity profile

becomes more parabolic, and the absolute magnitude of the velocities increased

obviously both in the center and wall region. This is caused mainly by the enhanced

liquid circulation with an increase in pressure (Shaikh, 2007; Han, 2007).
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Figure 5-9. Effect of pressure on bubble dynamics (Uy=0.30 m/s)

The bubble chord length distribution in Figure 5-10 further confirmed the effect of

pressure on bubble size. Both in the center and wall region, the number of bubbles with a

large chord length decreases with an increasing pressure, and the number of bubbles with

a small chord length increases obviously, especially in the center region.
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In Figure 5-11a, the bubble velocities at 10 bar shift to the right side and those in Figure
5-11b shift to left side compared to those at 1 bar, which means more bubbles have
higher moving velocities at 10 bar due to the enhanced circulation. Even though bubble
size at 10 bar is smaller than that at 1bar, these small bubbles can provide a larger drive
force to the liquid circulation. Therefore, smaller bubbles, which can be easily affected by
the liquid flow, together with the enhanced liquid circulation velocity, result in a more
parabolic bubble velocity profile at 10 bar. They also cause less bubble moving

downward in the center and less bubble moving upward in the wall region at high

pressure.
0.015 0.015
* S25%-1bar . * S25%-1bar
0.012 | = S25%-10bar 0012 | ﬁ’ « S25%-10bar
: | ¥
= 0.009 = 0.009 ” ..“.
£ £ 4%
© 0.006 © 0.006 | X
a a -.'.% &%
34 o
0.003 0.003 | o ot .
0 0 ’—i‘
-200 0 200 400 -200 0 200 400
Bubble velocity (cm/s) Bubble velocity (cm/s)
(a) /R =0.0 (b) 1/R=0.9

Figure 5-11. Effect of pressure on bubble velocity distribution (Ug=0.30 m/s)

5.3.5 Bubble chord length distribution
As mentioned in Chapter 2, previous researchers (Akita et al., 1974; Yasunishi et al.,
1986; Luewisutthichat et al., 1997; and Pohorecki et al., 2001) reported lognormal

distribution of bubble size/bubble chord length at low superficial gas velocities (less than
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0.10 m/s). The lognormal distribution function f(d;) is expressed as Equation 2-13:

f(d|):

1
ot V27

2
exp{— %(lnd,——y] }, where p and o are the mean and standard
o

deviation of the variable's logarithm, and here the variable is the bubble chord length, d;.
Since sometimes normal distribution is another function commonly used for probability
distribution fitting, at selected conditions the normal distribution fitting were also

evaluated. The normal distribution function is expressed as:

f(d|):

1 exp| — (d, _ﬂ)z
o\2rx 207

the bubble chord length, d,.

}, where | and ¢ are the mean and standard deviation of

However, bubble chord length distributions and the type of the distributions at high
superficial gas velocity and/or under elevated pressures have not yet been evaluated in
the literatures. In this study, the bubble chord length distribution under the mimicked FT

conditions was investigated.

Figure 5-12 shows the normal and lognormal fitting to the bubble chord length
distribution at U,=0.03 m/s and Uy=0.30 m/s in the air-CoC;; system under ambient
pressure. It can be seen that lognormal function is better tan normal function in fitting the
bubble chord length distribution obtained in two-phase system. At low superficial gas
velocity, lognormal distribution can only fit the results in an acceptable range. While at
high superficial gas velocity, lognormal distribution fits the results better in both the

center and wall regions.
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Table 5-2 shows all the fitting parameters and the correlation coefficients (R) for the
lognormal fittings at the studied conditions. With the increase in superficial gas velocity,
the lognormal distribution fits improve, especially in the center of the column, R values
are larger than 0.9 at high superficial gas velocity. Therefore, in the churn turbulent
bubble column, the bubble chord length distribution can be expressed as a lognormal

function. The changes in the lognormal functions at various operating conditions are

revealed in the characteristic parameters (1, o) in Equation 2-13.
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Figure 5-12. Bubble chord length distribution fittings (no solids, 1bar)
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Figure 5-13 shows a comparison of the bubble chord length distribution obtained in the
slurry systems with the lognormal fitting at U,=0.30 m/s under ambient pressure. With
the increasing solids loading, the change of R values in the center is negligible, and R
decreases slightly in the wall region. These changes are caused by the formation of large
bubbles with an increasing solids loading. However, all the R values in the slurry systems
(Table 5-2) are still greater than 0.8, especially in the center region. Hence, the addition

of the particles does not obviously affect the bubble chord length distribution pattern.
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Figure 5-13. Bubble chord length distribution (Uz=0.30 m/s, 1bar)
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As shown in Figure 5-14, even though bubble size decreases with elevated pressure, the

bubble chord length distributions still follow the lognormal pattern both in two-phase and

three-phase systems at U,=0.30 m/s. Therefore, under all the studied conditions, the

bubble chord length distributions can be expressed in a lognormal function, especially in

the churn turbulent flow regime.
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Figure 5-14. Bubble chord length distribution fittings (Uz=0.30 m/s, 10 bar)
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Table 5-2. Fitting parameters and correlation coefficients for the lognormal fitting of

bubble chord length distribution

U, Solids loading | Pressure | Radial position

(m/s) (v.%) (MPa) (t/R) W o R

0.03 No solid 0.1 0 -1.305 0.709 0.785
0.03 No solid 0.1 0.9 -1.502 | 0.499 0.743
0.08 No solid 0.1 0 -1.337 | 0.968 0.847
0.08 No solid 0.1 0.9 -1.606 | 0.712 0.770
0.14 No solid 0.1 0 -1.405 1.018 0.894
0.14 No solid 0.1 0.9 -1.703 | 0.764 0.799
0.20 No solid 0.1 0 -1.418 1.038 0.917
0.20 No solid 0.1 0.9 -1.799 | 0.796 0.829
0.30 No solid 0.1 0 -1.437 | 1.051 0.926
0.30 No solid 0.1 0.9 -1.816 | 0.813 0.859
0.30 No solid 1.0 0 -1.521 | 0.862 0.890
0.30 No solid 1.0 0.9 -1.784 | 0.663 0.854
0.30 9.1 0.1 0 -1.311 1.036 0.931
0.30 9.1 0.1 0.9 -1.782 | 0.829 0.836
0.30 9.1 1.0 0 -1.427 | 0.887 0.909
0.30 9.1 1.0 0.9 -1.811 0.718 0.835
0.30 25 0.1 0 -1.143 | 0.925 0.910
0.30 25 0.1 0.9 -1.388 | 0.847 0.836
0.30 25 1.0 0 -1.312 | 0.803 0.894
0.30 25 1.0 0.9 -1.490 | 0.790 0.858

5.3.6 Bubble direction in the slurry bubble column

In Chapter 4, it was mentioned that the bubble direction angle-0 (the angle between the
bubble velocity vector, v, and the vertical direction, z) could be obtained based on
Equation 4-1. To clarify the angle 0, Figure 4-3a is copied to this chapter as Figure 5-15.
In previous study, Xue (2004) compared the bubble direction angle distribution obtained

by the four-point optical probe technique and the photographic technique in a 2D bubble
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column. However, no more results about the bubble direction angle were reported in his
bubble dynamics study of the high-pressure bubble column. In this section, the
knowledge of bubble direction angle in bubble and slurry bubble columns will be

discussed.

Figure 5-15. The physical situation of the bubble velocity measurements

In the experiments, the four-point optical probe was installed both downward and upward
at each studied radial position. Accounting for this, the angles obtained with the probe
pointing downward were counted to be positive, while those obtained with the probe
pointing upward were counted as negative. Figure 5-16 shows the comparison of the
bubble direction angle distributions at Ug=0.03 m/s and U,=0.30 m/s in the air-CoCy;
system under ambient pressure. As shown in Figure 5-16, the bubble direction angles at
Ug=0.03 m/s are closer to the small value compared with that at U,=0.30 m/s both in the
center and wall region. The bubble direction angle results are closely related to the flow
structure at different flow regime. As claimed by Chen et al. (1994), at low superficial

gas velocity, the system is in a bubbly flow regime, in which bubbles are moving upward
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in a linear manner. In Figure 5-16, at U,=0.03 m/s the positive narrow peak at low angle
value implies that most bubbles move upward both in the center and wall region at a
relatively small angle. In the wall region, a few more bubbles move downward compared
to those in the center. Some portion of the bubble direction angles at Uy;=0.03 m/s are still
larger than 30°. These large angles are caused by the turbulence in the flow field,

because the small bubbles at low superficial gas velocity are affected much easier.

With the increase of superficial gas velocity, the system is in a churn turbulent flow
regime at U,=0.30 m/s, in which larger bubbles form and rise in a “discrete” manner
(Chen et al., 1994). The positive peaks decrease and shift to a large angle side. It means
that bubbles move in a larger departure angle from vertical direction, which is mainly
caused by the enhanced turbulence (Han, 2007). Due to the enhancement of the
turbulence and the liquid recirculation at high superficial gas velocity, the negative peaks

rise both in the center and wall region, notably in the wall region.
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(a) comparison at U,=0.03 m/s and Uz=0.30 m/s
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Figure 5-16. Comparison of bubble direction angle distributions in air-CoC;; system (1bar)

The bubble direction angle distribution at U,=0.30 m/s under different pressure and solids
loading is shown in Figure 5-17. The addition of particles shift the bubble direction angle
to a small angle side both in the center and wall region, which is more obvious at
conditions under high pressure. These are probably caused by the formation of larger
bubbles across the column with the addition of fine particles (Vandu et al., 2004), and the

effect of turbulence on the larger bubbles is less than that on small bubble.

As discussed earlier, the pressure has significant effects on gas holdup, bubble chord
length, bubble frequency, and other studied parameters. Its effect on bubble direction
angle is also obvious at the studied conditions. As shown in Figure 5-17, in the center, the
number of bubbles moving upward in small angles increases in both two-phase and three-
phase systems. In the wall region, the number of bubbles moving downward increases in
both two-phase and three-phase systems. These phenomena are probably caused by the

enhancement of circulation, and a decrease in turbulence due to the pressure (Han, 2007).
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Figure 5-17. Effect of pressure and solids loading on bubble direction angle distributions

(Ug=0.30 m/s)

5.4 The bubble dynamics and heat transfer coefficients

In Chapter 3, to predict the heat transfer coefficients in bubble and slurry bubble

columns, ANN correlation and power low correlation were developed (Appendix D).
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Since the bubble dynamics is closely related to the heat transfer coefficient, a mechanistic

correlation was also developed, and the details are provide in this section.

As mentioned in Chapter 2, the consecutive film and surface renewal theory (Wasan and
Ahliwalia, 1969), has been successfully employed to predict the local heat transfer
coefficient enhanced by single bubbles or bubble chains (Kumar et al., 1992, Kumar et
al., 1994). They also claimed the bubble properties are closely related to the local heat
transfer coefficients. Yang et al. (2000) and Prakash et al. (2001) evaluated this theory in
slurry bubble columns, and they found that the predicted heat transfer coefficients were

comparable to their experimental results. In all of these above cases, the film thicknesses

MC
(8), a parameter in Equation 2-9: h = 2K +[e? (1—erf _V(?C)) —1], were estimated

ok,

based on the theoretical equations. For a flat heat transfer probe, parallel to the flow field,

_6.14L

. . 1)
the film thickness was estimated as: § =—>—, and §, = ——+
Pr Re

(Kumar and Fan, 1994),

where 9y is the thickness of the laminar viscous sublayer, and L is the length of the flat

probe. For a rod heat transfer probe, perpendicular to the flow field, the film thickness

was estimated as o =

S, 1.25d , )
5 = 5,5 (Prakash etal., 2001), where 0y is the thickness
Pr Re, " Pr

of the laminar viscous sublayer, d,, is the diameter of the rod probe, and Re,, is the

Reynolds number based on probe diameter.

However, in this work, our rod heat transfer probe was parallel to the flow field, and due

to the complex flow field there is no available equation to directly calculate the film
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thickness. Since in this work, heat transfer coefficients, bubble chord length, and bubble
velocities have been directly acquired from experimentation, Equation 2-9 can be
employed to evaluate the film thickness under studied conditions. Then the estimated
film thickness at various conditions will be used to develop a correlation for its prediction
when the rod heat transfer probe is mounted vertically. To achieve this, cross-sectional
averaged values of bubble chord length, bubble velocity and heat transfer coefficient
were used in the evaluation of the film thickness. As known, the cross-sectional averaged
bubble velocity was obtained based on the bubble velocity radial profile. It is noteworthy
that, to calculate the average bubble velocity at each radial position, no matter whether
the bubble velocity was measured with the probe pointing downward or upward, only the
absolute value was applied in Equation 4-5 for this part of study. In Equation 2-9,
thermal diffusivity a can be calculated based on the physical properties of the
liquid/suspension, and in the slurry bubble column the suspensions are considered to be a
pseudo-homogeneous mixture. Based on the discussion by Deckwer (1980) in the heat

transfer coefficient study, to obtain the contact time, it is inevitable to have a length scale,

. ) d )
and it is reasonable to express the contact time as: t, = —L  where d, is the bubble chord,
ub

and uy is the average bubble velocity. Therefore, the film thicknesses in this study can be

calculated at each operation condition using Equation 2-9.
The estimated film thickness values at various operating conditions have been used to

develop a correlation for the film thickness when the probe is mounted vertically, and it is

shown as follows:

144



025 ~0.58 ~0.006 4 023
520_4[d|ubpsl] (Cpkgﬂsl) (p_g] ( g;usl J (5-1)
Hy sl psl o psl

The comparison between the film thickness obtained from Equation 2-9 and the predicted

values based on Equation 5-1 are shown in Figure 5-18. The average absolute relative

pre exp
d L, Li

error (AARE) is 4.8%, and it is expressed as AARE = 1 Z (n 1s the data
n

point number).
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Figure 5-18. Comparison between the film thicknesses obtained from Equation 2-9 and

the predicted values by the new correlation

To generalize the application of Equation 5-1, cross-sectional averaged bubble chord
length and bubble velocity need to be obtained in a way other than experimentation.
Wilkinson et al. (1994) proposed a correlation to predict the average bubble size in a

bubble column, expressed as:

—0.04 -0.12 0.22
9 ds g 8(“9”‘} [G%J L (5-2)
: 4
o o 94, Py
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To predict the bubble chord length in a slurry bubble column based on the data obtained
in this study, similar dimensionless groups in Equation 5-2 were used, and the properties
of liquid phases were replaced by the apparent physical properties of the slurry phase.

The apparent density and viscosity of the slurry can be estimated

2.5¢,

1-0.609¢, I

bypsl =P (1_¢s)+ps¢s’ andlusl = lul eXp[

The new developed equation to predict the average bubble chord length in a slurry bubble

column is shown as follows:

gp d P U L I 0.16 glu4 0.2 p -0.4

| S s

2P 506 RS (5-3)
o o O Py P

The comparison between the experimental data and predicted values are shown in Figure

5-19. The average absolute relative error (AARE) is less than 11%.
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Figure 5-19 Comparison between the experimental bubble chord length in this work and

the predicted values from Equation 5-3
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As listed in Table 2-5, many correlations have been proposed to predict bubble velocity.
However, most of them are developed to calculate single bubble rise velocity (terminal
bubble velocity). Among the few correlations for mean bubble velocity, the one proposed
by Yang et al. (2000) is expressed as a function of U, and &,:

0.5
1 _
4, = o.g{M} | (5-4)

€y

To predict the gas holdup in a slurry bubble column, many correlations have been

proposed, and for demonstration, Luo et al.’s (1999) correlation has been used here:

a s
5ol YsPs (pJ
gg _ o g psl
(1- &, ) [cosh(MOO‘O54 )]4‘1 '

sl

(5-5)

Therefore, the cross-sectional averaged bubble velocity can be correlated in terms of the same

u} 4
dimensionless groups as -1t} , Lo , and Mo= Oty

+—— . Based on the bubble velocity
o g psl o psl

results obtained by four-point optical probe in this study, a correlation was developed to

predict Uy, as:
4 0.071 -0.076 0.0026
o —osYsPe | [Pa) [ 9Ha (5-6)
g o g p sl 0-3 p sl

Figure 5-20 shows the comparison between the experimental data and predicted values,

and the AARE is less than 8%.
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Figure 5-20. Comparison between the experimental bubble velocity in this work and the
predicted values from Equation 5-6
Accordingly, to facilitate the use of the mechanistic Equation 2-9 to predict heat transfer
coefficients, correlations for film thickness (Equation 5-1), cross-sectional averaged
bubble chord length (Equation 5-3) and bubble velocity (Equation 5-6) were developed.
By applying the correlations developed in this work and Equation 2-9, at our studied
conditions the predicted heat transfer coefficients are comparable to the measured values

by our heat transfer probe and the AARE is only 6%.
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Figure 5-21. Comparison between the measured heat transfer coefficients in this work

and the predicted values
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5.5 Summary

In this Chapter, bubble dynamics in the air-CoC;-solid systems were investigated. The
gas holdup profiles obtained by the four-point optical probe techniques in the air-CoCy;
system was compared with those acquired by the CT technique, and they match well at
the same operating condition under both ambient pressure and high pressure. Bubble
dynamics in the air-water system and the air-CoC;; system were compared, and the
differences are mainly caused by the disparities in physical properties (density, viscosity,
and surface tension). At the same solids loading (9.1 v.%), both catalysts and glass beads
at same mean diameter (75um) were employed, and the bubble dynamics in the slurry
bubble column are comparable. The differences are caused by the particle shape,
porosity, and the size distribution. With an increase in pressure, the local gas holdup,
bubble frequency, and specific interfacial area increase substantially, while bubble chord
length decreases. The bubble velocity radial profile becomes more parabolic with an
increasing pressure. The bubble chord length distribution in both two-phase and three-
phase systems fit well with lognormal distribution function, especially in a churn
turbulent flow regime. The findings in bubble direction angle distribution are consistent
with the flow regime theory (Chen et al., 1994). The connection between bubble

dynamics and heat transfer coefficients was evaluated quantitatively.
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Chapter 6

Conclusions and recommendations

6.1 Summary of conclusions

In this work, heat transfer coefficients and bubble dynamics were investigated in slurry
bubble columns and especially three-phase systems that mimic the properties of real FT
operations employed in these experiments. The objectives were accomplished by
applying a heat transfer probe and the four-point optical probe techniques. The

accomplishments and conclusions are listed as follows.

6.1.1 Heat transfer coefficient investigation

Heat transfer coefficient measurement technique was developed and applied ina 0.16 m
ID high-pressure column. This technique was first verified in an air-water system under
elevated pressure, and the results were comparable to the published data. To mimic
physical properties of FT synthesis, the air-CqC;1-FT catalyst was employed in the study,

and the effects of superficial gas velocity, pressure, and solids loading on the heat transfer

150



coefficients were investigated. The heat transfer coefficient increases with superficial gas
velocity and at high velocities the increasing rate slows down. When the operating
conditions are maintained constant, the heat transfer coefficients in the center of the
column are larger than those near the wall region, and the differences at low superficial
gas velocities are smaller than those at low superficial gas velocities. With the increase in
pressure, the heat transfer coefficients decrease, whereas, the differences at low
superficial gas velocities are larger than those at high superficial gas velocities. At low
solids loading, the heat transfer in the slurry bubble column behaves similar to that in a
two-phase system. However, with the further increase in solids loading, an obvious
increase of heat transfer coefficients was observed. The radial profile of heat transfer
coefficients becomes flat with increasing pressure, while it changes slightly with

increasing solids loading.

To assess the effect of internals on the heat transfer coefficient, mimicked heat
exchanging internals with advanced heat transfer probes were constructed. The heat
transfer coefficient at low tube cross area (5%) internals increased slightly, which was
probably caused by the changes in bubble dynamics and hydrodynamics. The heat
transfer coefficients in the distributor region are smaller than those obtained in the fully
developed region at the same operating conditions. Further studies on the bubble
dynamics and hydrodynamics in slurry bubble columns with internals are strongly
recommended for better understanding of the commercial operations. Instantaneous
signals of the probe surface temperature were analyzed, and FFT analysis was also

performed. The findings are consistent with the heat transfer coefficient study.
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6.1.2 Bubble dynamics study

To evaluate the applicability of the four point optical probe technique in a slurry bubble
column, the air-water-FT catalyst system was employed in this study. Bubble dynamics
(local gas holdup, bubble chord length, bubble frequency, specific interfacial area, and

bubble velocity) were investigated under ambient pressure.

As superficial gas velocity increases, the local gas holdup, bubble chord length, bubble
frequency, specific interfacial area, and bubble velocity increased in both the center and
wall regions of the column. Local gas holdup, specific interfacial area, and bubble
frequency decreased with the increase in solids loading. With the increase in solids
loading, average bubble chord length increased, while bubble velocity changed slightly.
Based on bubble chord length distribution in the column center, we found that bubble
chord length distribution spread wider with increasing solids loading. Bubble velocity
distribution was analyzed in the center and wall regions of the column. The ratio of
bubbles moving downward in the center and wall region increased with increasing
superficial gas velocity, and the phenomenon was even apparent in the wall region at low
solids loadings. Measurements with the probe pointing both upward and downward are
necessary for the bubble dynamic study, especially in the wall region at high superficial

velocities.

To further understand bubble dynamics at mimicked FT conditions, the air-CyCy;-solid

systems were investigated in the latter study. The gas holdup profiles obtained by the
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four-point optical probe techniques in the air-CyC;; system was compared with those
acquired by the CT technique, and they match well at the same operating condition under
both ambient pressure and high pressure. Bubble dynamics in the air-water system and
the air-CoCy; system were compared, and the differences are mainly caused by the
disparities in physical properties (density, viscosity, and surface tension). At the same
solids loading (9.1 v.%), both catalysts and glass beads at same mean diameter (75um)
were employed, and the bubble dynamics in the slurry bubble column are comparable.
The differences are caused by the particle shape, porosity, and the size distribution. With
an increase in pressure, the local gas holdup, bubble frequency, and specific interfacial
area increase substantially, while bubble chord length decreases. The bubble velocity
radial profile becomes more parabolic with an increasing pressure. The bubble chord
length distribution in both two-phase and three-phase systems fit well with lognormal
distribution function, especially in a churn turbulent flow regime. The findings in bubble
direction angle distribution are consistent with the flow regime theory (Chen et al., 1994).
The connection between bubble dynamics and heat transfer coefficients was evaluated

quantitatively.

6.2 Recommendations

To achieve further understanding of the hydrodynamics, bubble dynamics, and transport
characteristics in slurry bubble column, recommendations for future studies are provided

as follows.
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1. Most heat transfer and bubble dynamics studies were conducted in hollow
columns, while in the commercial applications, heat exchanging internals are
installed for large scale reactors. Based on the CFD simulation done by Larachi et
al. (2006), it is clear that internals can affect the performance of the bubble
column/slurry bubble columns in different manners. Therefore, the pattern, the
size, and the number of tubes of the internals and their effects on hydrodynamics,

bubble dynamics, and transport characteristics are strongly recommended.

2. The maximum column diameter used in this work was 0.16 m, and according to
Wilkinson et al. (1992), such size is acceptable for a scale-up study. However, the
effect of the wall on the hydrodynamics and other parameters might be much
stronger than those in the commercial columns, which have diameters in several
meters. For a reliable scale up, studies using larger diameter columns with

mimicked FT slurry systems are still suggested.

3. Bubble chord lengths measured by optical probes depend strongly on the contact
location between the probe and the moving bubble. Sometimes the apparent small
bubble chord lengths measured by the probe may represent large bubbles which
are pierced by the probe at their edge. In our experiments, each tip of the 4-point
optical probe provides a bubble chord length value for a measured bubble. To
reduce the aforementioned error in measuring the chord length of a large bubble,
among the four bubble chord length values provided by the tips, the largest one

was accepted as the measured bubble chord length (Xue, 2004), which reduces the
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error associated with the measurements. However, validations in a transparent 2D
column, applying both the probe and photographic techniques simultaneously, are
recommended. By a statistic study, the ratio of large bubble pierced by the probe

at the edge can be obtained.

. Junli (2004) validated the bubble dynamics obtained by the four-point optical
probe by comparing it with a photographic technique in an air-water system under
ambient pressure. Due to the small dimension of the probe, the effect of the probe
on the flow field in the liquid phase is negligible. However, during the
measurement, bubbles smaller than the diameter of the probe tips cannot be
counted for the bubble velocity, bubble chord length, and specific interfacial area
calculation. In a high pressure system or in some liquids, the amount of such
bubbles increases dramatically, which can cause a large error in the
measurements. To be more reliable for the studies in a high pressure system, the

development of a smaller optical probe is needed.

In the previous study (Han, 2007), mass transfer coefficients were predicted using
bubble velocity and bubble size obtained from the correlations, due to the lack of
the needed results obtained in this study. Hence, the findings of this work can be

combined with Han’s (2007) proposed methodology to evaluate the mass transfer

coefficients.
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Appendix A

Additional results of the heat transfer coefficients

In the air-water system

In Chapter 3, only part of the heat transfer coefficient results were discussed; in this
section, additional data in the 0.16 m ID column using the air-water system were added.
The effect of pressure on the heat transfer in the air-water system are similar to that in the
air-CoCy1 system: with increasing pressure, heat transfer coefficients decrease due to the

decreased bubble size and shrinking bubble size distribution.
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Figure A-1. Effect of pressure on the heat transfer coefficients in the air-water system

To learn how the radial profile changes with the superficial gas velocity and pressure, the
heat transfer coefficients were normalized by taking the ratio of the heat transfer
coefficients at different radial positions to the values obtained in the center of the column
at the same operating conditions. As shown in Figure A-2, the radial profiles of heat

transfer coefficients and their normalized values become flat with the increase in

pressure.
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Figure A-2. Radial profiles of the heat transfer coefficients in the air-water system
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Appendix B

Operating procedure for the heat transfer

coefficient measurement technique

In this work, a heat transfer coefficient measurement technique was developed in CREL
to investigate the heat transfer coefficient in slurry bubble columns. In the following part,

the technical information and operating procedures for this technique are provided.

B.1 Components of the heat transfer coefficient measurement technique

1. Heat transfer probe

The detailed structure of the heat transfer probe is available in Chapter 3, and the
sensitivity, thermal resistance, and heat capacity values of the micro-foil heat flux sensor
(No. 20453-1) are provided on the information sheet. This sensor is designed for heat
flow levels up to 50 BTU/ft>-sec., and operating temperature ranges from -300F to

+500F, with an accuracy of +3%.
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2. Thermocouple probe

The thermocouple probe contains three thermocouples (TMTSS-125U-12) purchased
from Omega Engineering. Inc.. Each thermocouple is a subminiature transition joint
probe (type T, 0.125" O.D. stainless steel sheath, 12" length, ungrounded junction), and
the work temperature can be up to 260 °C.

3. Amplifier

The amplifier used in this work is JH4300-AC from JH Technilocy, Inc.. The guaranteed
operating temperature is -10~+60 °C, and the temperature stability is +(0.02% span +1.3
microvolts) per °C, or better. Since the signal of the heat flux sensor is in the range of
microvolts, the data acquisition process is suggested to be no longer than 60 minutes due

to the effect of the operating temperature on the amplifier.

4. DC power supply
The DC power supply used in the experiments is a HY 5003 model produced by RSR
Electronics, Inc.. The regulated output voltage is 0-50V, and the regulated output current

is 0-3A. The voltage indication accuracy is +1%+2 digits, and the current indication

accuracy is +2%-+2 digits.

5. Data acquisition instruments
The data acquisition instruments are produced by National Instruments Corporation,
including a SCXI-1000 chassis, SCXI1-1102 module kit, SCXI-1303 terminal block,

SCXI-1349 w/2m cable, and NI PCI-6052E multifunction 1/0 board. All the components
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were connected after the purchase, and the data acquisition program was also developed

using Labview software.

B.2 Operating procedures of heat transfer probe technique

During the experiments using the heat transfer probe technique, the following procedures

were followed:

1.

Mount the heat transfer probe and thermocouple probe to the ports of the slurry
bubble column at the desired axial locations, and adjust the radial locations of the
probes.

Tighten the fittings to prevent the liquid from leaking through the connections.
Properly connect the power input lines of the heater in the heat transfer probe to
the DC power supply.

Connect the thermocouple wires (blue-Pos. (+), red-Neg.(-)) of the microfilm
sensor to one of the channels numbered from 0 to 7 in the SCXI1-1303 terminal
block.

Connect the heat flux sensor wires (white-Pos.(+), red-Neg.(-)) to the input of the
amplifier, and then connect the output of the amplifier to one of the channels
numbered from 8 to 32 in the SCXI-1303 terminal block.

Connect the thermocouple wires of the thermocouple probe to one of the channels
numbered from 0 to 7 in the SCXI-1303 terminal block.

Load the designed amount of liquid and solid into the slurry bubble column.
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8. Operate the slurry bubble column at the designed condition for 20 minutes, and
then switch on the power of the chassis (SCXI-1000) and start the temperature
measurement program on the PC.

9. When the system reaches steady state, collect the temperature data several (3-5)
times to obtain the average the temperature difference between the probe surface
and the bulk.

10. Switch on the DC power supply of the heater and the power of the amplifier, and
then start the heat flux measurement program on the PC.

11. After 20-30 minutes, when the signal of heat flux becomes stable, collect both the
heat flux data and temperature data simultaneously using the heat flux

measurement program. The measurement is complete.
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Appendix C

The heat transfer coefficients obtained by

horizontal and vertical probes

As mentioned in Chapter 3, to test the heat transfer coefficient measurement technique,
the developed heat transfer probe was horizontally installed in the air-water bubble
column. However, in the studies conducted in the air-CyCs; and the air-CoCy1-solids
systems, the probe was vertically installed. To compare the heat transfer coefficients
obtained by the horizontal probe and vertical probe, a simple test was performed in the
air-Cq9Cy; system under ambient pressure. It is noteworthy that in the comparison, the
orientation of the sensor on the horizontal probe is lateral (which is described in section
3.4.1.4). As shown in Figure C-1, the values measured by both the horizontal probe and
vertical probe are comparable, and the average absolute relative error (AARE) is less than
8% based at studied conditions. However, the results obtained by the horizontal probe are
a little larger than those measured by the vertical probe. The differences might be caused

by mainly the changes in the film thickness between the flow and the probe surface.
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Appendix D

Development of empirical correlations for the heat

transfer coefficient in SBCR

Previous correlations for the prediction of heat transfer coefficients have been collected
in Chapter 2. However, these correlations can predict well only at their own studied
conditions. To facilitate the design and scale-up of bubble column and slurry bubble
column reactors, there is a need for a correlation that can predict heat transfer coefficients
over a wide range of operating conditions, physical properties of gas, liquid, and solid
phases, and column dimensions. In this work, two empirical correlations, Artificial

Neural Networks (ANN) correlation and power law correlation, were developed.

D.1 Collection of data

In order to develop the empirical correlations of heat transfer coefficient in bubble and
slurry bubble columns, more than 300 reported heat transfer coefficients in such reactors
have been collected from the reported literatures over the last 30 years (Hart, 1976;

Hikita et al., 1981; Saxena, et al., 1990, 1991; Li and Prakash, 1997; Yang, 2000, etc.). In
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this work, we only used the data obtained in bubble and slurry bubble columns with
liquid in batch mode input and gas in continuous mode input in the fully developed
region, in which the hydrodynamics are similar along the axial direction. The ranges of
the collected parameters such as column diameter, pressure, gas properties, and liquid-

solid suspension properties are listed in Table D-1.

Table D-1. Ranges of the parameters in the collected database

Parameters Range

Column diameter 0.076-0.305m
Pressure 0.1-4.2MPa
Superficial gas velocity 0.008-0.356m/s
Gas density 1.05-45.9 kg/m®
Density of liquid-solid suspension 800-3006 kg/m®
Viscosity of liquid-solid suspension 0.0005-0.0587 Pa.S
Heat capacity of liquid-solid suspension 880-4200 J/kg.K
Thermal conductivity of liquid-solid suspension 0.12-0.896 w/(m.K)
Surface tension of liquid 0.022-0.075 N/m

To reduce the input number, dimensionless groups, related to the hydrodynamics and heat

transfer characteristics, are collected for further analysis, and they are listed in Table D-2.

166



Table D-2. Lists of dimensionless groups
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D.2 Development of ANN correlation

Artificial Neural Networks has been applied in many chemical engineering studies (e.g.,
Bhat et al., 1990; Shaikh and Al-Dahhan, 2003). The neural network method and the
software NNFit developed by Cloutier et al., (1996) were employed in this work. NNFit
is a nonlinear regression software, and a sample architecture of the three-layerneural
network, including an input layer (Ui), hidden layer (H;), and output layer (Sk), is shown
in Figure D-1. The input and output are usually normalized values, and they can be

obtained as follows:

l0g(X,/ X,)
I Iog(xmaxlxmin)1 (D_l)
_10g0Y, /Y,) 02

k — '
Iog(Ymax /Ymin)
where X;and Yy are raw input and output variables. The fitted parameters (wij, wjx) are
employed to connect the adjacent layers, and the sigmoid functions are shown as:

_ 1 (D-3)
- J+1
1+ exp[—_leijj]
J:

Sk
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1 (D-4)
Hj = 141
1+ exp[- > wU,]
i-1

I1+1, J+1, and K are the total numbers of the nodes in the input, hidden, and output layers,
respectively, and Hj+1 and U+ are the bias constants with a value: one. w;; and wj are
weighting parameters which are fitted by the NNFit regression model, more details can

be found in Cloutier et al.(1996) or Shaikh and Al-Dahhan (2003).

1INP LT HIDDEM OUTPUT
LAY ER LAY ER LAYER

Figure D-1: Architecture of the three-layer neural network (Cloutier et al., 1996)

To generate an ANN correlation, different sets of combination of the dimensionless
groups were tested. All of the parameters expected to be important in describing heat
transfer, such as superficial gas velocity, density, viscosity, heat capacity, thermal
conductivity, and surface tension, are included in the dimensionless groups in each
combination. St, which contains heat transfer coefficient (h), was set to be the target
group. Trial and error tests following the procedure reported by Larachi et al. (1998) or
Shaikh and Al-Dahhan (2003) were performed. For each test, 70% of the input data was

randomly chosen to generate the weight parameters to fit the target group, and the
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number of the hidden nodes varied from 5 to 20. In order to choose the best combination
of the dimensionless groups to predict of the heat transfer coefficient, all the input data
from each file were used in the validation. Based on the average absolute relative error
(AARE) and the standard deviation of the validation, Combination of the dimensionless

groups Dr, Pr, Reg, We, and Ga was selected for ANN correlation.

18 |ypredicted - yexperimental
AARE = — (D-5)
N ;‘ yexperimental ‘
_ \/ZN: [‘(ypredicted(i) - yexperimentall:;))/1yexpefime"ta'(i) ‘ — AAREY’ (D-6)
- _

Figure D-2 provides the comparison between the predicted heat transfer coefficients and
the values in the database. The AARE value in this case was less than 20%, which is
much smaller than those predictions using previous correlations (46% by Deckwer et al.

(1980), 47.6% by Saxena et al. (1990)).
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Figure D-2.Comparison between the predicted heat transfer coefficients from ANN

correlation and the values in the database
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ANN correlation is suitable to predict parameters having a large database. However, the
total number and the range of each parameter are insufficient in this case, so ANN
correlation can be used as reference when the values of dimensionless groups are in the

provided range.
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Table D-3 Weight numbers for ANN correlation

Wij 1 2 3 4 5 6 7 8 9 10 11 12 13 14 j+1
1 -0.056 0.657 3.437 3.343 -3.21 1847 -055 -16.01 2.389 5.223 -3.13 13.061 2.203 2.540
2 1.931 28.21 3.155 21.076 -1.06 -0.81 1.278 27.224 3.362 3.773 -3.96 14.959 2.418 -0.763
3 1.012 -14.86 -2.777 -6.963 5530 -9.26 3.739 -2.248 -3.87 0.067 -6.06 -5.763 3.379 -6.100
4 1.574 9.49 1.307 4846 4.004 2.211 3.378 2.110 -1.07 -3.94 6.677 3.479 -0.715 -0.408
S -2.219 -26.94 -4.607 -12.50 -3.56 4.106 -446 -21.60 3.182 -1.02 -2.79 -5.539 -0.735 -0.137
I+1 1.344 14.285 -3.928 5759 -0.965 0.615 -493 12464 2.263 -4.33 1791 -0.971 2.016 -3.231

Wik 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

-1.88 7.063 -2.56 7.848 1453 6.618 -6.20 -952 3368 -1.69 4.632 -6.359 -4.15 3.718 0.411
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D.3 Power law correlation

Since the database of heat transfer coefficient has been established, a power law
correlation was also developed. The best power law correlation was selected based on the
least square regression method. The final correlation is listed as follows,

St = 0.0323Dr %% pr 01276 g% p 07t (D-7)
Figure D-3 shows a plot of the predicted Stanton number vs. data, and the AARE is 26%.
Even though the AARE in the power law correlation is lager than in the ANN correlation,

it is still better than the published correlations in fitting the database.
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Figure D-3.Comparison between the predicted Stanton numbers from the power law

correlation and the values from the experiments

Since the correlations are developed based on the collected heat transfer coefficients, the

predictions are susceptible to the database. The more data obtained by advanced method

in the database, the more accurate it is to predict the heat transfer coefficient.
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Appendix E

Additional bubble dynamics data in the mimicked

FT SBCR

In Chapter 5, parts of the bubble dynamics results obtained in 0.16 m ID column using
the air-CyCy; and the air-CoqCi1-glass beads systems were discussed, and the main purpose
was to determine the effects of liquid properties, solids properties, and pressure on the
bubble dynamics in the high pressure slurry bubble column. In Appendix E, additional
data obtained in the air-CoCy1 and the air-CyC11-glass beads systems are provided with

brief discussions.

E.1 Local gas holdup

The effect of superficial gas velocity on the gas holdup profile in the air-CoCj; system
under ambient pressure is shown in Figure E-1. With the increase in superficial gas
velocity, the gas holdup profiles become more parabolic, and the difference in gas holdup
between the center and wall shift from 0.08 (Uyg=0.03 m/s) to 0.30 (Uy=0.30 m/s). The

phenomena are consistent with the previous study in the air-water system (Xue, 2004).
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The effects of pressure on local gas holdup at low solids loading (no solid and 9.1 V.%)

are shown in Figure E-2. With the increase in pressure, local gas holdups increase

significantly.
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Figure E-2. Effect of pressure on local gas holdup (Us=0.30 m/s)

174



E.2 Bubble chord length

As shown in Figure E-3, the average bubble chord lengths in the center are larger than
those in the wall region, and the values in the core region increase more than those in the
wall region with increasing superficial gas velocity. At high superficial gas velocity, the
increase slows down. In Figure E-4, bubble size in the wall region is relatively small,

while more and more large bubbles appear when measuring from the wall to the center.

0.6
¢ 0.30m/s

—~ ® 0.20 m/s
€ o5 | 0.14 m/s
= 0.08 m/s
< % 0.03 m/s
(@]
5 04 | = I E oy
o E X x I
-g = X X o
03t == X %
o kX
Sos | :
2 02 |
m

0.1

1 -0.5 0 0.5 1

r'IR

Figure E-3. Bubble chord length profiles in the air-CqC;; system (1bar)
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system (1bar, Ug=0.30 m/s)
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As shown in Figure E-5 and Figure E-6, the effects of solids loading and pressure on
bubble chord length distribution are clear. The bubble chord length distributions in the
center are lower and wider than those in the wall region at all studied solids loading and
pressures, which means that the averaged bubble chord lengths in the center are larger
than those in the wall region. With the increase of solids loading, the chord length
distributions both in the center and wall regions shift to the right side of the figures.
Therefore, the addition of fine particles enhances the formation of large bubbles. With
increasing pressure, the bubble chord length distribution narrows both in the center and
wall region, and it implies shrinkage of the bubble chord length range. These findings are

consistent with those discussed in Chapter 4 and Chapter 5.
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Figure E-5. Effect of solids loading on bubble chord length distribution (Ug=0.30 m/s)
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Figure E-6. Effect of pressure on bubble chord length distribution (Ug=0.30 m/s)

E.3 Bubble frequency

Findings in bubble frequency are consistent with those discussed in Chapter 4 and
Chapter 5. Bubble frequency increases with the increase of both superficial gas velocity

and pressure.
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Figure E-7. Bubble frequency profiles in the air-CqCy; system under ambient pressure
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Figure E-8. Effect of pressure on bubble frequency (Ug=0.30 m/s)
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E.4 Specific interfacial area

Findings in specific interfacial area are consistent with those discussed in Chapter 4 and

Chapter 5. With an increase in superficial gas velocity and pressure, specific interfacial

area increases across the column.
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Figure E-9. Specific interfacial area profiles in air-C9C;1 system under ambient pressure
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Figure E-10. Effect of pressure on specific interfacial area (Ug=0.30 m/s)
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E.5 Bubble velocity

The effects of superficial gas velocity, pressure and solids loading on bubble velocity are
consistent with those discussed in Chapter 4 and Chapter 5. With increases in superficial
gas velocity and pressure, bubble velocity profile becomes more parabolic, while there is

no significant change in bubble velocity distribution with an increasing solids loading.
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Figure E-11. Bubble velocity profiles in the air-CqC;1 system under ambient pressure
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