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Abstract

Gas-liquid-solid fluidized beds have been widely applied in wastewater treatment, however,
the current method of wastewater process has several limitations. Hence, an improved
method is in demand. A 3.5 height and 0.1534m inner diameter column was used to study the
hydrodynamic characteristics of a bubble-induced three-phase inverse fluidized bed. Air,

water and three types of low-density particles were employed as gas, liquid and solid phases.

The hydrodynamic properties in the bubble-induced three-phase fluidized bed were
investigated to provide the basic information for the industrial process, such as flow regime,
bed expansion ratio and phase holdups. A flow regime map containing fixed bed, initial
expansion, transition regime, complete fluidization and freeboard regime is presented. The
bed expansion ratio behaves like the conventional fluidized bed. The axial profiles of the
phase holdups show that with increasing gas velocity, liquid holdup has a downward trend,
while gas holdup has an upward trend. Solids holdup is irrelevant with the gas velocity.
Based on the Richardson-Zaki equation, a preliminary model between the solids holdup and

superficial gas velocity was built.
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Chapter 1

1 General Introduction

1.1 Introduction

Fluidization is solid particles are kept under suspension supported by the flow of fluid
phase. At first, when the fluid is introduced into the static bed at a low velocity, fluid
transits through the void between solid particles and particles remain as a static bed
known as a fixed bed. The displacement of particles happens as increasing the fluid
velocity, and it is known as an expanded bed. Now, particles are suspended with a higher
velocity in the fluid and the drag force acts as a balancing force between the buoyancy
and gravity. At a specific fluid velocity, the minimum fluidization velocity (Umf), the
pressure drop through the bed is equal to the weight of the particles, which is a dynamic
equilibrium. Under this situation, the bed is considered as a fluidized bed [Khan et al.,

2014]. The phenomenon can be described as a mathematic equation [Yang, 2003]:
AP=Hb(l—£)(ps—pf)g (1.1)

Fluidized beds have been used in many areas, especially in chemical and biochemical
processing, like wastewater treatment. The efficient mixing and high mass/ heat transfer

are the crucial factors in the fluidized bed [Bello et al., 2017].

Three-phase (Gas-liquid-solid) fluidized bed (TPFB) has been studied and it has many
applications in chemical, petrochemical, pharmaceutical and biochemical industries
[Fan,1989]. After employing particles, which density is lower than the liquid phase, as
the solids phase, the fluidization system is known as an inverse three-phase fluidized bed
(ITPFB). Compared to the conventional TPFB, the advantages of inverse fluidization
contain simple reactor structure, convenient operation [Fan,1989], good fluidization at
low fluid velocity, high rate of mass transfer [Fahim et al., 2013], high rate of heat
transfer [Myre and Macchi, 2010] and effective control of biofilm thickness in
biochemical treatment [Sokot and Woldeyes, 2011; Campos-Diaz et al., 2012]. With the

development of inverse fluidized system, certain hydrodynamic characters have been



investigated with solid experimental results, such as flow regime [Han et al., 2000],
pressure drop, bed expansion [Bendict et al., 1998; Kim and Kang, 2006], minimum
fluidization velocity [Das et al., 2015], phase holdups [Shin et al., 2007;] and bubble
behaviors [Narayanan et al., 2014; Hamdad et al., 2007]. Some other hydrodynamic
characters such as mass and heat transfer coefficient have also been studied [Garcia-

Ochoa and Gomez, 2009; Myre and Macchi, 2010].

A detailed literature review of the hydrodynamic of inverse fluidized bed previous study

has been shown in Chapter 2.

1.2 Objectives

In this thesis, the following objectives should be achieved:

1. Basic concepts of the bubble-induced inverse gas-liquid-solid fluidized bed are first

discussed to give a general background of this new technology.

2. Important hydrodynamic parameters related to reactor design and processes are
discussed. As significant hydrodynamic characters determine the effectiveness of the
fluidization process, flow regimes, bed expansion, and axial phase holdups will be

studied in this thesis.

3. Based on the Richardson-Zaki equation, a preliminary model for the solids holdup

and superficial gas velocity will be built.

1.3 Thesis structure

This thesis is based on the hydrodynamic characters of the bubble-induced inverse gas-

liquid-solid fluidized bed.

Chapter 1 introduces the theoretical basis of fluidization and (inverse) three phase
fluidized bed followed by the detailed literature review of hydrodynamic characters and

applications in Chapter 2.

Schematics diagram of the inverse gas-liquid-solid fluidized bed is presented in Chapter 3.

Moreover, the measurement methods and particle properties are also discussed.



According to different gas flow velocity, flow regimes can be separated as fixed bed
regime, initial expansion regime, transition regime, complete fluidization regime and
freeboard regime. The effects of the particle property and water level on transition gas

velocities are studied in Chapter 4.

Chapter 5 is discussed about the effects of particles property and solids loading on the
bed expansion ratio in the initial expansion regime and transition regime. While in the
complete fluidization regime, the average phase holdups and local phase holdups were

studied in Chapter 6 and Chapter 7, respectively.

Based on the Richardson-Zaki equation, a preliminary model related to the superficial gas
velocity and phase holdup is introduced in Chapter 8. And some assumptions and

discussions also be presented.

The conclusions and recommendations in Chapter 9 are described some main results of

the thesis and some suggestions of the future work.



Chapter 2

2 Literature review

2.1 Introduction

Cleaning up the important source of water is a task of top priority. In Canada, over 150
billion liters of untreated and undertreated wastewater discharge into the waterways every
year. Water is the source of life, in other word, water quality and human health have a
close relationship. The current technology used in wastewater treatment is shown in Fig
2.1 [Lacroix et al., 2014]. However, the drawback of this process is that it requires large
area but has low efficiency and long processing time. In addition, the main parts of this
technique are the primary and secondary process and the aeration part. With the city
development and population growth, this technique could not offer the clean water
requirement in the future. Therefore, a new technology of wastewater treatment is in

demand.

Aum (flocculant) Primary decantation

Screening Biological filtration
Wastewaler [[____1| ! —
_> - -
Degritting and
grease removal Primary sludge
Y Digested sludge '_ ______
/NN <
e { Secondary sludge
\__/
Dumpster - _: )
Dewatering Anaerobic

digestion

Figure 2.1 Simplified layout of wastewater treatment plant (WWTP).

The controlled part affected the wastewater treatment efficiency is the microorganism. In
traditional wastewater treatment plant, bacteria suspend in the wastewater, thus the

movement range is narrow and the reaction area is limited. If the bacteria attach then



grow on the surface of particles, the microorganism will move with the particles, which

means the effective reaction area is larger than the suspended one.

Meanwhile, the sheer stress among particles can control the thickness of the biofilm,
therefore a good mass transfer efficiency is achieved. Since the inverse fluidized bed can
control the biofilm in a narrow range compared with the conventional one, the inverse
fluidized bed reactor is more suitable for the wastewater treatment. Moreover, in the
bubble-induced inverse fluidized bed, particles are fluidized only by an upward gas flow,
which means there’s no liquid flow in the system. Considering all kinds of situation, the
bubble-induced inverse three-phase fluidized bed is employed as the new technology of

wastewater treatment.

In inverse gas-liquid-solid fluidized bed, gas flows up and liquid goes downwards. Air,
tap water and low-density particles are employed as gas phase, liquid phase and solids
phase, respectively. As the density of particles is lower than the liquid, the particles
floated on the top of the bed at first. After achieving the minimum fluidization velocity,
the fixed bed disappears and the particles fluidize. Inverse fluidized bioreactors are
employed in wastewater treatment in various industries [Nikolov and Karamanev, 1987;
Karamanev and Nikolov, 1996]. Furthermore, some hydrodynamic characters in inverse

fluidization have been studied to investigate the effects of different parameters.

2.2 Hydrodynamic characters in inverse fluidization

2.2.1 Flow regimes

There are two types of fluidizations, the liquid is continuous phase and gas is continuous
phase, the former one is known as a fluidized bed, whereas the latter one is known as a
turbulent bed [Fan et al., 1982a]. In inverse three-phase reactor, depending on different
gas and liquid velocities, the flow regimes of larger particles can separate as (a) fixed bed
(with or without local fluidization) with dispersed bubble regime; (b) bubbling fluidized
bed regime; (c) transition regime and (d) slugging fluidized bed regime (Fig 2.2). [Fan et
al., 1982b] When liquid and gas velocity are at a low rate, only a few particles move,
however, most of the particles are stationary, as the drag force of the particles cannot

balance the net gravity, which is known as the fixed bed. In the bubbling fluidized bed



regime, bed expansion ratio is influenced by the liquid velocity and gas velocity. At the
constant liquid velocity, the bubble size and frequency do not change with increasing the
gas velocity, however, the gas holdup through the bed increases while the liquid holdup
decreases. Meanwhile, the sectional area of liquid decreases. On the other hand, at
constant gas flow rate, increasing the liquid flow rate improves the linear liquid velocity,
which encourages the particles to move with the liquid and leads to the initial expansion.
The transition regime is narrow and difficult to control. The specialty in this regime is
that bubbles become coalescence and the bubble size and frequency changes. In slugging
fluidized bed regime, bubble impacts the particles, meanwhile, particles also have an
influence on the bubble size and movement. The interaction effect between bubbles and

particles occurs constantly.

100

T 1rTrrr rlT T LI B A B | lrl T T TrTTTQ
N 5o ]
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o -
E \\ N _'
N oo ®
B N, Turbulent Contacting 7
— ° (N Bed Regime
o Q.. \\\ L
E'OF g% — E
o - _. ® Slugging j
o L Trickle Bed Fluidized Bed
X |} Regime Regime ~
% | 4
>
S .
1 -
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™~ With | Without ]
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Figure 2.2 Flow regime diagram for a countercurrent gas-liquid-solid fluidized bed.
Polyethylene hollow spheres, d=0.01m, p, =388kg/m’; — liquid as a continuous
phase, —— gas as a continuous phase.

In addition, for smaller particles, flow regime can separate three parts: (a) fixed or partial

fluidized bed; (b) bubbling bed; (c) coalescing bubbling flow [Buffiere and Moletta,

1999]. A schematic diagram of flow regimes is shown in Fig 2.3.
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Figure 2.3 Flow regime map of inverse three-phase fluidized bed using small
spherical particles, d=0.175mm, p,=690kg/m’ (A) fixed or partially fluidized bed;
(B) bubbling bed; (C)fluidized bed with the transition to coalescing bubble flow.

2.2.2 Pressure gradient

Pressure gradient is one of the significant parameters to calculate the energy and power
expenditure. Briens et al. reported the minimum fluidization liquid velocity (Ulmf) can be
obtained by measuring the static pressure drop through a three-phase inverse fluidized
bed [Briens et al., 1997]. With the basic principle of inverse fluidization, the pressure
gradient through the bed is equal to the density of bed multiplies gravitational
acceleration. Eq.2.1 expresses the pressure gradient in inverse three-phase (gas-liquid-
solid) fluidized bed; the frictional pressure gradient in inverse two-phase (liquid-solid)

fluidized bed has represented in Eq.2.2.

AP
(_A_) = Ppea8 = (psgs P&+ pggg)g (2.1)
</ bed
AP
-2 -eip-one @2)
Az /s

If it assumes the force of fluidization only by the liquid [Zhang et al., 1995; Zhang et al.,
1998], Eq2.1 and Eq2.2 are combined to obtain Eq2.3.
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However, a different consequence can be acquired by assuming the force on the solid

parts is provided by the liquid-gas mixture [Lee et al., 2000]. For a fixed bed, (—i—P)
2/ fis

can be expressed by the Ergun equation [Ergun, 1952], then applied to the two-phase

interaction. Neglecting the term ¢€,0,¢ in Eq2.3, a final representation of pressure

gradient is given below

_ 1508, uU, 1.75e U}

1 AP
_(__) ==& =703 3 24)
P8\ AZ )y Od,gepg  £Pdg

Buffiére and Moletta found 4 parameters a,b,c,d to fit the experimental data for the

collision frequency and particle pressure under the given equation [Buffiére and Moletta,

( S )
8,0

The optimum values obtained are

Model = a

U;( & ) (2.5)

8s0

a=305700,b=1.01(=1),c=1.02(=1),d =0.99(=1) for collision frequency;

a=423,b=1,c=1.14,d =0.75 for the dimensionless particle pressure.

2.2.3  Minimum fluidization velocity

Minimum fluidization velocity is one of the conclusive parameters for the design of the
three-phase fluidized bed [Zhu et al., 2007]. The definition is when the pressure gradient
through the bed reaches the minimum, the superficial velocity is the minimum liquid
fluidization velocity (Ujne) [Cho et al., 2002]. In addition, the minimum liquid
fluidization velocity also can be measured when the drag force balances the gravity and

buoyancy of the particle [Lee et al., 2000].



Lee reported although Uj,r decreases as gas velocity increases, the patterns sometimes
display concave-downward, sometimes concave-upward and sometimes S-shape behavior.
The difference may be caused by the effects of liquid motion induced by rising bubbles
and solids agglomerates attached to bubbles. Furthermore, Ujns with wetting agent is
lower than Uj,s without wetting agent, this phenomenon is attributed to the wetting agent
that is effective to eliminate the bubble attached to the particles [Lee et al., 2000]. Das
investigated with four different type particles and four different concentration non-
Newtonian liquids and obtained that with increasing the bed weight, the pressure drop
increases, however, the minimum inverse fluidization velocity is almost constant, which
means the Uy is independent of solids loading. Meanwhile, Ujnr has no relevance with
the column diameter. Ultimately, Das summarized that Uy, is only determined by
Reynolds number (Re) and Archimedes number (Ar) and particle properties (such as

particle size, density, and sphericity) [Das, 2010].

2.2.4  Phase holdups

Phase holdup is one of the important hydrodynamic characteristics of the three-phase
fluidized bed, which decides the fluidization efficiency within the fluidized bed. At

present, the measurements of different phase holdups are various.
The well-established method of calculating the solids holdup is given below

e -—M (2.6)

%dﬁpﬁ bed
Fan reported that in the inverse bubbling regime the liquid flow rate on gas holdup (&,)
could be neglected. By comparison, in the conventional three-phase fluidized bed with
large particles, the gas holdup decreases with an increasing liquid flow rate. Additionally,
in the inverse slugging fluidized regime, the gas holdup has an opposite trend compared
with the conventional bed. The empirical equations of the gas holdup in inverse bubbling

regime and inverse slugging regime are given by [Fan et al., 1982a]:

£,=0322e'"(U,, /U, )" (2.7)
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for the inverse bubbling fluidized bed regime and
g, =243U,"Us” (2.8)

for the inverse slugging fluidized bed regime.

Furthermore, Shin et al. suggested that the variation of liquid holdup is complex, gas
holdup and solids holdup decreases with increasing the liquid viscosity. In addition, Shin
et al. summarized that the physical properties and operating conditions then got some
corrected equations of gas holdup and liquid holdup. Meanwhile, an equation related the

solids holdup calculation is also given below [Shin et al., 2007]

£, = 55 17U§.383U10.426Ml-0.o71 (%)11.357 (2.9)
]
g = 4.014U§.136U10.155‘u10.056 (%)2.009 (2.10)
)
1- £ = 5 .568U§.158U10.169M10.048 (%)2.762 @.11)
I

Kim and Kang studied the bubble parameters and got gas holdup correlated as [Kim and
Kang, 2006]

£, = 1 .18U§'235U?'335,u?'391(&)3'61 2.12)

1Y,

Bandaru et al. investigated the hydrodynamic of inverse three-phase fluidized bed and
found that at low liquid velocity, the bed is packed at the top and the axial solids holdup
is constant. At higher liquid velocity, the solids holdup gradually decreases from the top
to the bottom of the bed. The axial variation of gas holdup along the height of the column
is almost uniform within the range of liquid and gas velocities studied. Besides, it is
experimentally observed that more solids distributed at the top and some at the bottom of

the bed. Based on this observation, Bandaru et al. suggested considering the actual
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variation of phase holdups in the bed is rather than assuming an average phase holdup of

the entire bed [Bandaru et al., 2007].

Unfortunately, as the local holdup is related with lots of influencing factors, the accurate
value is not easy to measure, thus there are a few related articles written about the local

holdup studies.

2.2.5 Bed expansion

The general definition of fluidized bed expansion ratio is the ratio of bed height after the
expansion and initial bed height. The bed expansion ratio can speculate the
hydrodynamic in fluidized bed after change operating conditions. Bed expansion is a
complex parameter affecting various kind of fluid mechanics. Furthermore, if bed

expansion can be predicted by equations, it would be useful in actual operation design.

Despite bed expansion is important in fluidized bed design, not much of work has been
reported in the literature for the detail experiments. Sau et al. have developed several
empirical equations for bed expansion ratio in gas-solid tapered fluidized bed. The
models for different types of particles were obtained and are given as follows [Sau et al.,

2010].

For spherical particles:

R — 2.81 1(&)0.05 (ﬂ)—0.027 (ﬁ)—o.élé?) (&)—0.236(U - Umf )0.157 (2' 13)
D, D, D, Py Umf
and for non-spherical particles:
R - 10.967(&)0] 19 (&)—0.233 (ﬂ)—0.0QI (&)—O.ZZS(U - Umf )0.26] (2. 14)
D, D, D, Py Umf

Furthermore, the Richardson and Zaki model is the most popular one in the fluidized bed
due to its simplicity and its good agreement with experimental data. The basic R-Z

equation is given by following [Richardson and Zaki, 1954]:
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~=¢ (2.15)

Fan et al. studied the bed expansion of inverse fluidized bed based on R-Z equation and
got the n values equations [Fan et al., 1982a]

d,

n=15Re™*S¢ D (2.16)
for 350 <Re < 1250, and

02 —0.75ﬂ
n=86Re"e P (2.17)
for Re > 1250. The article does not mention about how to determine the superficial fluid

velocity Uj, but supposedly this has been done using the well-known standard drag curve.

2.2.6 Particle property

There’s no author considering the particle property effect on fluidized efficiency.
Therefore, after analyzing the data the articles mentioned, some conclusion can be

obtained.

The particles with a density close to liquid required lower minimum fluidization velocity,
which can be explained that particles move with liquid and smaller density difference
results in less energy required to support the fluidization of particles [Buffiére and

Moletta, 1999].

227 Bubble behaviors

Bubble behaviors are one of the important parameters in three-phase fluidized bed
research and design, which can be used for bed operating regime division and determine
the flow structure. Bubble behavior directly determines the axial-radial phase holdup in

the bed distribution, interaction and interphase heat and mass transfer efficiency.

In inverse three-phase fluidized bed, bubble size increases along with flow superficial

velocity and liquid viscosity; while, decreases with increasing solids loading [Narayanan,
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2014]. Bubble rising velocity increases with increasing superficial gas velocity or
increasing liquid viscosity; decreases when the superficial liquid velocity increases [Kim
and Kang, 2006; Son et al., 2007]. Bubble rising velocity has a positive correlation with
the solids loading [Son et al., 2007]. Bubble frequency has a positive correlation with
flow superficial velocity, while has a negative correlation relationship with liquid
viscosity [Kim and Kang, 2006; Son et al., 2007]. Son et al. studied and found that
bubble size, bubble rising velocity and frequency has been well correlated based on the
concept of gas drift flux by means of dual electrical resistivity probe system. The

equations are given by [Son et al., 2007].

U +U ~
Lb — 0.1 17( 1)0.446 (&) 2.78Ml().l9l (2.18)
l-¢, Y
U, +U
U, =0.108( g l)—0.219(&)—2.98‘u10‘076 (2.19)
l-¢, 1Y
U +U
F, =30.846( 1g + 1)0.404 (&)6.732 Ml-o.ooz (2.20)
& Y

Hamdad et al found that adding surfactants (ethanol) can reduce the minimum superficial
gas velocity, inhibit bubble coalescence and decrease bubble rising velocity,
consequently, increase gas holdup. The principle is same as adding surfactants in a
conventional three-phase bed [Hamdad et al., 2007]. However, different surfactants have
various influences on bubbles. For the larger bubbles, additives like sodium chloride
(NaCl), sodium phosphate dibasic (Na,HPOs3) and benzoic acid reduce the gas holdup. A
possible explanation was given by Briens et al., who stated that the additives stabilize
bubbles surfaces, inhibiting the splitting caused by shear force, as a result, reduce gas
holdup. In conclusion, the surfactant has two main fractions: one is inhibiting bubble split
which reduces gas holdup, while the other one is inhibiting bubble coalescence which

increases gas holdup [Briens et al., 1999].

The reports of the axial and radial local bubble distribution are not too much, however, it

is an important parameter in studying bubble behaviors. Similarly, different structure
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types of gas distributor, column diameter and pressure gradient may affect the bubble

behaviors, while, the articles about this field are not getting much attention recently.

2.2.8 Residence time distribution (RTD)

Residence time distribution can reveal the existing problems on the reactors then improve

the design of the reactor. However, this area doesn’t draw much attention.

Sanchez et al. investigated the fraction influence on residence time distribution and liquid
mixing within a tracer used as a solution of potassium chloride (KCl). RTD curves with
different solids fractions are presented in the dimensionless form E(6) [Sanchez et al.,

2005].

c() c(@)
E@©O)= = 2.21
@ @/V)Y CAr, (Y CAL), 220
where
O=t/t, (2.22)

2.2.9 Mass transfer property

The internal mass transfer between reactor and substance is one of the important
parameters in design and industries application. Inverse three-phase fluidized bed mainly

includes the gas-liquid phase mass transfer and liquid-solid phase mass transfer.

In aerobic bioprocessing, oxygen is the key part as its low solubility in aqueous solutions
but a continuous supply is needed. Mass transfer of gas-liquid interface is a complicated
process, which is strongly influenced by the hydrodynamic conditions in the reactor. The
mass transfer coefficient (k, ) can be estimated by many equations. Some of them are
based on experiments, while others are theoretical. The theoretical model can be divided

into two-film model, penetration model, renewed surface model, and film-penetration

model [Garcia-Ochoa and Gomez, 2009].
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In inverse three-phase fluidized bed, Whitman’s two-film model is used widely (Fig.2.4).
For the low-solubility gas (oxygen) and liquid interface mass transfer, the oxygen mass
transfer rate per unit of reactor volume, No,, is obtained by the product of overall flux
and the gas-liquid interfacial area per unit of liquid volume, a.:
N, =al =ka(C -C) (2.23)
In this equation, due to the oxygen is soluble in water slightly, the Henry constant H is
very high. It is commonly accepted that the resistance on the liquid side of the interface is
more than in the gas side, thus the resistance on the gas side can usually be neglected.

Combined Eq2.19, the overall mass transport coefficient (K;) is equal to the local
coefficient (k).

1_t.1 (2.24)

] | Gas-Liquid Interface I 1
Liquid Phase
k, = DI/ ke = D‘Q/
o) ‘g

Cy

Figure 2.4 Schematic representation of the gas-liquid interface, concentration, mass
transfer coefficients K, k; and kg according to two-film theory.

Meanwhile, because of the difficulty of measuring k; and a separately, the product ka can

be measured instead of two factors called volumetric gas-liquid mass transfer coefficient.
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Hamdad et al. reported that ka has a positive relationship with gas velocity but do not
have a significant change in liquid velocity. Increasing gas velocity enhanced gas holdup
and intensity of turbulence, while liquid velocity has little effect on bubble coalescence
and gas holdup. Moreover, increasing solids loading decreases values of kja at gas
velocities over 20mm/s. This phenomenon is primarily due to decrease the gas holdup

then a decrease in a happens [Hamdad et al., 2007].

Fahim observed that ka is proportional to superficial gas (up to175%) and liquid velocity
(up to 24%) both in a model and real fermentation conditions. Furthermore, the oxygen
transfer in inverse three-phase fluidized bed is higher than in other bioreactors. And

combined different conditions, an empirical equation is given by [Fahim, 2013]

0.526 0.446

1 1 1 1
ka(—=5)> =43454107 |u (Lo | |u Loy | oLy (2.25)
] g u.g we

2.2.10 Heat transfer property

Temperature control is the key part of reactors not only controlled temperature can
maintain the optimal reaction rate, but also temperature can affect the fluid property like
density, viscosity, and diffusivity. In addition, temperature also has an influence on
microorganisms that need a compatible environment to live and grow. In a word, the
understanding of heat transfer phenomenon is necessary for industrial applications. Heat
transfer coefficient (%) is investigated to perform the character of surface-to-bed or wall-

to-bed heat transfer.

The immersed heater-to-bed heat transfer coefficient is measured when flow velocity is
higher than the minimum fluidization velocity. The heat transfer increases with an
increasing gas velocity because increasing gas velocity causes increasing bubble size and
rising velocity, which lead to an increase of turbulence. Liquid velocity has a negative
effect on heat transfer due to the solids holdup decreases at higher liquid velocity resulted
in the contact surface area decreases. For the inverse three-phase fluidized bed, modified
Nusselt number with or without liquid velocity is calculated as follows, respectively [Cho

et al., 2002].
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With liquid velocity inverse three-phase fluidized bed,

1-
Nu="D028) 6 0gaCottty P josu (2.26)

klgs 1 Aulgs
without liquid velocity inverse three-phase fluidized bed,

Nu = M = OOSO(CpAu/ )(dppl(Ug + Uz))o‘glo
klgs 1 MISS

(2.27)

Average surface-to-bed heat transfer coefficient increases with gas velocity, same as the
heater-to-bed heat transfer coefficient. Since bubble size and bubble rising velocity
increases with gas velocity, which enhances the turbulence through the bed. Average heat
transfer coefficient increases at low solids loadings, however, decreases after a point of
solids loading. This trend is related to the probe surface renew frequency. Increasing
solids loading means more contact between particles and fluid, which results in a higher
rate of fluid transfer around the probe. Above that point of concentration, higher solids
loading of the liquid-solid phase causes an apparent viscosity increase, hence, the heat
transfer coefficient decreases. Combined various parameters, Son et al got an
experimental Nusselt number equation which is confirmed by Myre and Macchi ’s

experiment [Myre and Macchi, 2010].

1
L2

I:(l]l + Ug )(Iolgl + pggg + psgx) - (ngg )]g}z
gl

h=C klplel{ (2.28)

hd (1-¢)
k/gs

Nu (2.29)
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2.3 Hydrodynamic characters in bubble-induced inverse
three-phase fluidized bed

Despite bubble-induced inverse three-phase fluidized bed has lots of advantages and
usefulness, not much work has been reported in the literature for understanding certain
important characteristics, especially phase holdups, bed expansion ratio and particle

property effects and so on.
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Chapter 3

3  Experimental apparatus and measurement methods

3.1 The structure of bubble-induced inverse gas-liquid-solid
fluidized bed

A schematic diagram of the bubble induced inverse gas-liquid-solid fluidized bed is
shown in Fig 3.1. A PVC column was employed as the main part with 0.1524m inner
diameter and 3.5m height. Air, tap water and low-density particles were employed as gas,
liquid, and solids phase, respectively. In addition, solids phase included three types of
particles, including 904kg/m’ polypropylene, spheroid; 930kg/m’ polyethylene, cylinder;
and 950kg/m’ polypropylene, cylinder. To reduce the effect of plasticizer, solid particles

were washed with tap water several times and watered before using at least 4 hours.
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Figure 3.1 Schematic diagram of gas-driven inverse gas-liquid-solid fluidized bed.
(1) column, (2) bubble, (3) liquid, (4) solid particles, (5) rotameters, (6) pressure
gauge, (7) gas distributor, (8) liquid inlet/outlet valve, (9) manometer.

3.2 Experimental procedure

To avoid the possibility of air binding which results in the sudden break, the gas velocity

decreases after complete fluidizing at high gas velocity.

Before starting the experiment, equally spaced pressure taps arranged through the column
and connected to the manometers, meanwhile, manometers should be calibrated before
experiments. To avoid the particles entering the pressure measurement lines, a stainless-

steel screen was soldered to the cross surface of each pressure tap.
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At first, the liquid was introduced from the inlet valve to the column until the determined
height. As there’s no water release, the liquid inlet/outlet valve should remain close
during the experiment. Then, premeasured particles were added through the top of the
column. Air was measured with the gas rotameters before being introduced through the
gas distributor. Two different range gas rotameters were used to satisfy various operating

conditions.

The solids concentration also called solids loadings were determined by the ratio of static
bed height (H)) to total height of column (H,y.), varying from 5% to 20% (volume

fraction).

Moreover, gas distributor was made of porous quartz with an 8.7cm outer diameter and a
2.7cm inner diameter (Fig3.2). The bubbles are small by using porous quartz, which can
guarantee the good fluidization in the system. In addition, a pressure gauge was

connected between the rotameters and gas distributor to measure the inlet gas pressure.

Figure 3.2 Picture of gas distributor.
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3.3 Measurement procedures

Main hydrodynamic parameters measured in this study includes superficial gas velocity
(Uyg), pressure drop, average phase holdups (), local solids holdup (e;), bed expansion

ratio (R) and so on. The measuring devices are listed in Table 3.1.

Table 3.1 Measurement methods of main hydrodynamic parameters

Parameters Measuring devices
Superficial gas velocity Gas rotameter, pressure gauge
Pressure drop Pressure taps, manometer
Average phase holdups Pressure taps, manometer
Local solids holdup Pressure taps, manometer
Bed expansion ratio Photography

3.3.1  Measurement of superficial gas velocity

The superficial gas velocity is measured by the gas rotameter combined with the pressure

gauge between rotameter and gas distributor.

After combined the pressure gauge, the calibrated gas flow rate was calculated by the

following equation

PV =nRT 3.1)

ac ~ ac

PV =nRT (3.2)

st st

the term of “nRT” is same in Eq3.1 and Eq3.2, then V,_can be obtained by

Fic (3.3)
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Furthermore, as gas flow rate is related to the column diameter, superficial gas velocity is
used instead of the gas flow rate. Superficial gas velocity is an artificial one, which is
calculated under the hypothesis that gas is the only one flowing in the given cross section

area. Superficial gas velocity is calculated by the following equation.

U,= 9 (3.4)

T D?
4
There’s common that P, is equal to latm, under the circumstance, V, (latm) was shown

in Fig 3.4. Py increases with increasing gas velocity, so, the slope in Fig3.4 has an

upward bend.

Calibrated Superficial gas velocity(mm/s)

0 10 20 30 40 50

Gas rotameter/scth

Figure 3.3 Calibration curve of gas rotameter considering pressure gauge.

3.3.2 Measurement of pressure drop

Pressure drop is measured by the equal mounted pressure taps and manometer.

Photographs are employed for calculating the different height as they can record the
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height within extremely short time to decrease the impact of water level fluctuates.
Besides, the use of image, not only the time differences but also the personal reading

errors are reduced.

Moreover, to minimize the personal reading errors, three images are taken to get the

average pressure drop.

3.3.3 Measurement of average phase holdups

Average phase holdup is studied in the complete fluidization regime. To calculate the
average phase holdups, a pressure balance between the top pressure tap and bottom

pressure tap is given as

pgAh+p,gAH = p gAH (3.5)

—___ Ah

Figure 3.4 Schematic diagram of pressure drop through the column.

Meanwhile, mixture of gas, liquid and solid phase can be calculated by

O, = P&+ PE +PE, (3.6)
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and it is known that the amount of adding three phase holdups is equal to one.

g t+et+e, =1 3.7

Liquid was added when decrease gas velocity to remain the total bed height unchanged
(visually), thus pressure taps are measured the pressure difference in fixed height through
the column. The amount of added liquid is recorded to calculate the average liquid
holdup.

g, = Yo (3.8)

‘/bed

Therefore, with four equations and four unknown variables, column mixture density can
be expressed by pressure drop, while gas holdup (&,) and solid holdup (&;) can use liquid

holdup (&;) and column mixture density to calculate.

g, = (ps _pm)_(ps —pl)gl (3_9)
(0,-p,)

£S=(pm_pg)+(pg_p1)gl (310)
(b, - P,)

3.3.4 Measurement of local phase holdups

For the local phase holdups, the main assumption of this model is that the axial liquid
distribution in the column is uniform, which means the local liquid holdup is equal to the

average liquid holdup.
81,10('(11 = gl,tutal (3 . 1 1)

Gas holdup (&,) and solids holdup (&) can be obtained by the same equation of average

phase holdups.
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3.4 Particle properties

The physical properties of the 3 types of particles employed in bubble-induced ITPFB are
shown in Table 3.2. The density of particles is determined by the average of 50 samples.
The appearance of particles shown in Fig 3.6. The terminal particle velocity is

determined by the following equation (Karamanev, 1996):

y _ [#e,=p0sd,
l 30, (3.12)

for free rising particles,

c, =%(1+0.0470A1’%+L71

1+154Ar> (3.13)
rop Ar<1.18%10°d; (3.14)
C,=095 (3.15)
cop Ar>1.18%10°d; (3.16)

— gd;pl(pl _pp)
2

u (3.17)

Ar
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P1 ® P2 e P3 .

Figure 3.5 The appearance of three types of particles.

Table 3.2 Physical properties of particles used in bubble-induced ITPFB.

Particles Shape p, (kg/m’) € Sphere ®  d, (mm) U, (cm/s)

Pl Spheroid 904 0.359 0.988 3.5 6.74
P2 Cylinder 930 0.353 0.841 3.5 5.73

P3 Cylinder 950 0.365 0.874 4.6 5.53
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Chapter 4

4  Experimental investigation of flow regimes

In an inverse three-phase fluidized system, the liquid is considered as continuous phase

while gas is the dispersed phase, generally. Based on the experimental phenomenon and
some literature about the gas velocity definition [Fan et al., 1982b, Buffiére and Moletta,
1999], three transitional gas velocities have been recorded as initial fluidization velocity

(Ug1), full expansion velocity (Uy2) and complete fluidization velocity (Ugs).

Based on the experimental phenomenon, different flow regimes are presented depending
on different gas velocities. The main method to analyze the flow regimes was visual
observation. A schematic representation of the flow regimes with different gas velocities
is shown in Fig 4.1. At first, particles, which densities are lower than liquid’s density,
were fixed at the top of the column when there’s no gas flow rate. After the gas was
introduced through the gas distributor, the lowest fixed particles began to fluidize. This
gas velocity is called as initial fluidization velocity (Ug;). When superficial gas velocity
was beyond Uy, packed bed was gradually broken from the bottom to the top. The
transform was too fast to control, therefore an initial fluidization velocity was used to
instead of the minimum fluidization velocity that was the minimum superficial gas
velocity required to keep all particles in action. With continuing increasing the gas
velocity, particles were full distributed through the whole column. However, the solids
distribution was not uniform in this regime. Some particles can reach the bottom, while
most particles were fluidized at the top. In other words, solids concentration was
diminishing from the top to the bottom through the column gradually. In this regime, full
expansion velocity (Uy,2) was achieved when some particles reached the bottom of the
column. With further increasing the gas velocity, the difference of the solids
concentration was reduced then disappeared, which means solid particles were uniformly
distributed through the column with higher gas velocities, while the minimum gas
velocity to maintain this situation is known as complete fluidization velocity (Uss3).
Based on the experimental phenomenon, the particles were moved into the lower position

with a further increased gas velocity. In other words, particles were not uniformly
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distributed through the bed again, while only gas and liquid still existed at the top of the
column when superficial gas velocity was beyond top freeboard velocity (Uyy). As the

value of Ug4 was higher than the velocity range in this project, the detailed investigation
will be studied in the future.

The effects of particle properties and solids loadings on three specific gas velocities were
discussed in the following parts.

. Transition
Fixed bed regime
regim ‘,
| Freeboard
| regime
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i Complete \
Bed expansion NS \
regime fIU|(;I|zat|on |||
regime ‘
\‘
|
|
}
II
|
|
1
\
\
\
\
\
\
\
|
|
|
1
II
Ug<Ug, Ug;<Ug<Ug, Ug,<Ug<Ug; Ugs<Ug<Ug,  Ug>Ug,
Increase Ug g

Figure 4.1 Flow regimes map in bubble-induced inverse three-phase fluidized bed

4.1 Initial fluidization velocity (Ug1)

Initial fluidization velocity is the minimum superficial gas velocity required to break the

fixed bed, while the particles in the lower position begin to fluidize. The variations of the
initial fluidization velocity (Ug;) with solids loadings for 3 types of particles are shown in
Fig 4.2. Initial fluidization velocity (U,;) decreases with increasing the solids loading for
P2 (930 kg/m’) and P3 (950 kg/m®) because particles fluidization is controlled by the
liquid as particles density is closed to liquid density, while liquid pattern is determined by

the gas flow rate because no liquid goes in or out during the experiment. In this situation,
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particle fluidization is indirectly controlled by gas flow rate. With increasing the solids
loadings, more particles immerse into the water and the lowest particles are more closed
to the gas distributor, which means easier to begin to fluidize. However, Uy, for P1 (904
kg/m’) doesn’t decrease with increasing solids loadings, the reason is that P1 is easy to
form an aggregation. Aggregation begins serious with increasing solids loading, which
means P1 requires higher gas flow rate to break the aggregation. The required gas flow

rate is higher than the diminished one caused by increasing solids loading.

Uy for P2 is lower than U,; for P3 though the density of P3 is closer to liquid density
than P2. Because the diameter of P3 is larger than the diameter of P2, the gas velocity of
P3 required to fluidized is higher than P2 requirement, which means, at a same gas flow

rate, P2 is easier to fluidize than P3.

5
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4 4
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g 3
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Solids loading (%)

Figure 4.2 Initial fluidization velocity (Ug;) as a function of solids loading for three
types of particles.
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4.2 Full expansion velocity (Ugy)

Full expansion velocity is the superficial gas velocity when some particles have reached
the bottom of the column, however, the distribution of solids concentration is not
uniform. The variations of the full expansion velocity (Ug,) with solids loadings for 3
types of particles are shown in Fig 4.3. For all particles, full expansion velocity (Us»)
decreases then keeps constant with increasing solids loadings, because gas flow rate
drives liquid movement which actuates particles fluidization indirectly. With increasing
solids loading, more particles immerse into the water, which means the low-position
particles are closer to the gas distributor. At same gas velocity, the particles begin to
fluidize then reach the bottom, whereas, some particles still fix at the top of the bed. The
drag force for each particle to reach the bottom is same, so, the U, keeps constant with

increasing solids loadings when the required gas flow rate is obtained.

U, for P2 is lower than U, for P3 though the density of P3 is closer to liquid density
than P2. Because the diameter of P3 is larger than the diameter of P2, the required
fluidization velocity of P3 is higher than P2, which means, at a same gas flow rate, P2 is

easier to fluidize than P3.
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Figure 4.3 Full expansion velocity (U,;) as a function of solids loading for three types
of particles.

4.3 Complete fluidization velocity (Ugs)

Complete fluidization velocity is the superficial gas velocity required when the fixed bed
is broken. The variations of the complete fluidization velocity (U,s) with solids loadings
for 3 types of particles are shown in Fig 4.4. For all particles, complete fluidization
velocity decreases with an increase solids loading, because higher solids loading means
more particles immerse into the water and the lowest particles are closed to the gas
distributor. As mentioned in Ug; and U,,, gas flow rate drives particles fluidization
indirectly. At the same solids loading, particles which density is closed to liquid require
lower superficial gas velocity to fluidize. For this reason, the complete fluidization

velocity for P1 is much higher than P2 and P3.

Uys for P2 is lower than U,; for P3 though the density of P3 is closer to liquid density
than P2. As mentioned in U,; and U,,, P3 is larger than P2, which means P3 requires
higher fluidization velocity than P2. Furthermore, the degree of the size influence on Uy,

and Ug; is different.
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Figure 4.4 Complete fluidization velocity (U,) as a function of solids loading for
three types of particles.

4.4 Flow regimes

In bubble-induced inverse gas-liquid-solid fluidized bed, depending on the superficial gas
velocity and water level, flow regimes can separate into fixed bed regime, initial
expansion regime, transition regime and complete fluidization regime, and freeboard
regime. Based on the experimental phenomenon, the value of Uy, is equal or greater than

50mm/s.

The superficial gas velocity varied with particle densities are shown in Fig 4.5. With
increasing the density of particle, all three superficial fluidization velocities decrease

because the particles whose density is close to the density of liquid are easier to fluidize.
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Figure 4.5 Superficial gas velocity varied with particle’s densities.

The superficial gas velocity varied with particle densities are shown in Fig 4.6. For three
particles, initial fluidization velocity (Uyg;) is lower than full expansion velocity (U,.) that
is lower than complete fluidization velocity (Uy3). With increasing solids loadings, initial
fluidization velocity and complete fluidization velocity decrease because more particles
immerse into water and the lowest position particles are close to the gas distributor. The
full expansion velocity decreases at first then remains constant, thus the possible reason is

that the required superficial gas velocity is obtained.
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Figure 4.6 Superficial gas velocity varied with solids loadings.

The superficial gas velocity varied with water level for 3 types of particles are shown in
Fig 4.7. For three particles, initial fluidization velocity (Uy,) is less than full expansion
velocity (Uy») that is less than complete fluidization velocity (Uss). At same solids
loading (5%), with increasing particles density, all three special gas velocities (Ug;, Ug?
and Uys) decrease because particles whose density is close to the liquid are easy to
fluidize. Meanwhile, the size of particles also affects the fluidization velocity. At the
same solids loading (5%), bigger particles require higher gas flow rate. In addition, with
increasing water level, three special superficial fluidization velocities increase because

bubble coalescence results in fluid density decrease.
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Figure 4.7 Superficial gas velocity varied with water level for three types of
particles: (a) 904kg/m’, (b) 930kg/m’> and (c) 950kg/m’.
The superficial gas velocity varied with water level for 3 solids loadings are shown in Fig
4.8. For three solids loadings, initial fluidization velocity (Uy;) is lower than full
expansion velocity (Uy») that is lower than uniform fluidization velocity (Uys). For
particle P2 (930 kg/m’), with increasing solids loading, all three special gas velocities
(Ugi, Ugz and Uysz) decrease because more particles immerse into water with higher solids

loading.
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Figure 4.8 Superficial gas velocity varied with water level for three solids loadings:
(a) 5%, (b) 10% and (c) 15%.
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Chapter 5

5 Experimental investigation on bed expansion

Bed expansion in the inverse fluidization is a critical factor that assists in scaling up

fluidized bed and the design of reactors for industrial applications.
The general definition of bed expansion ratio is using the following equation:

R=H,,/H,

total

Initial bed height (Hy) is the fixed bed height after full fluidization, in case some particles
attach to the wall. Total bed height (Ho1) 1s measured as the distance between the
highest and lowest particle positions. In addition, the lowest layer doesn’t behavior like a
horizontal lane (Fig5.1). The lowest particle position is determined by the average

position between the top and bottom particles in Fig5.1.

Figure 5.1 The selection of lowest layer of the expansion bed.
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5.1 The effect of particle property on bed expansion ratio

Three different particles are employed to investigate the bed expansion ratio, including
904kg/m’, 3.5mm; 930kg/m’, 3.5mm and 950kg/m’, 4.6mm. The variations of bed
expansion ratio as a function of superficial gas velocity for three different particles are
shown in Fig 5.2. It is observed that the bed remains fixed until a certain gas flow rate
(Ug1), subsequently increases with gas flow rate for different solid densities and initial
water level. Since at lower gas flow rate, drag force caused by the downward flow cannot
balance the net buoyancy of the particles acting in the opposite direction. Therefore, the
particles keep as the packed bed at the top of the column. With increasing the gas flow
rate, a condition (downward drag force=upward net buoyancy) is obtained where the
lowest position of the particles begin to fluidize. The velocity corresponding to the flow
rate is referred as initial fluidization velocity (Ug;). With further increasing the gas flow
rate, more and more particles separate from the packed bed then fluidize, meanwhile, bed
expansion ratio increases as drag force increases with increasing gas flow rate. When
some particles reach the bottom of the bed, the velocity corresponding to this gas flow
rate is termed as the full expansion velocity (Uy). As the limit of the column height, the
bed expansion ratio keeps constant after the full expansion velocity. Furthermore, in three
initial water levels (130cm, 190cm and 250cm), the patterns of the bed expansion ratio

are like each other, which means the influence of the initial water level can be neglected.

In addition, P1 (904kg/m’) has the highest initial fluidization velocity and full expansion
velocity as the difference between the density of P1 and liquid is the biggest among three
particles. Also, P2 and P3 have almost same initial fluidization velocity and full
expansion velocity, the reason is that the difference between the density of P2 and liquid
is higher than the P3, however, P3 has larger size than P2. Combined the effect of the

density and size, the trend of the bed expansion ratio of P2 and P3 is similar.
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Figure 5.2 The variations of bed expansion ratio as a function of superficial gas
velocity for three different particles: (a) 130cm, (b) 190cm and (c) 250cm.

5.2 The effect of water level on bed expansion ratio

Three different particles are employed to investigate the effect of water level on bed
expansion ratio, including 904kg/m’, 3.5mm; 930kg/m’, 3.5mm and 950kg/m’, 4.6mm.
The variations of bed expansion ratio as a function of superficial gas velocity for three
water levels with three different particles are shown in Fig 5.3. It is observed from the
figure that the bed remains as fixed until a certain gas flow rate, which is termed as the
initial fluidization velocity. Thus, with further increasing the gas flow rate, bed expansion
increases as more and more particles begin to fluidize. After some of the particles reach
the bottom, this gas flow rate corresponding to the gas velocity is referred as the full
expansion velocity. When the gas flow rate is higher than the full expansion velocity, as
the limit of the total column height, the bed expansion ratio remains constant. The

particles have the same trends as the trend in Fig 5.2.
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With increasing the initial water level, the initial fluidization velocity and full expansion
velocity is almost same, which verifies the view that got in Fig 5.2. In addition, compared
with the effect of water level on P1, P2 and P3, a general conclusion can be obtained that

the effect of the initial water level can be neglected.
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Figure 5.3 The variations of bed expansion ratio as a function of superficial gas

velocity for three water levels with th
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ng on bed expansion ratio

P2 (930kg/m’) has been employed to investigate the effect of solids loading on bed

expansion ratio. The variations of bed expansion ratio as a function of superficial gas

velocity for three solids loadings are shown in Fig 5.4. It is observed from the figure that

with increasing the gas flow rate to the initi

al fluidization velocity, the fixed bed begins

to fluidize; because when the gas velocity reaches the initial fluidization velocity, the

upward force equals to the downward force

. With further increasing the gas flow rate, the

bed expansion ratio increases as more and more particles keep in motion. Due to the limit

of the total height of the column, the maximum bed expansion ratio is achieved. This gas

flow rate is referred as the full expansion velocity.
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Figure 5.4 The variations of bed expansion ratio as a function of superficial gas
velocity for three solids loadings: (a) 130cm, (b) 190cm and (¢) 250cm.

However, the limit of the column height is not an important parameter, to avoid the effect
of column height limitation, bed expansion percentage should be used. The bed
Hbed
. . H, . .
expansion percentage is calculated as ————— . The variations of bed expansion

H bed
HO max

percentage as a function of superficial gas velocity for three solids loadings are shown in

Fig 5.5.
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Figure 5.5 The variations of bed expansion percentage as a function of superficial
gas velocity for three solids loadings: (a) 130cm, (b) 190cm and (c) 250cm.

Combined the Fig 5.4 and Fig 5.5, some results can be concluded. With increasing the
solids loading, initial fluidization velocity is almost same, however, the full expansion
velocity decreases. This phenomenon is caused by increasing the solids loading, more
particles immerse into the water, which means the lowest layer particles are close to the
gas distributor and are easier to fluidize. In three different initial water levels, the trends
are similar with different solids loadings. As a result, initial fluidization velocity is not
related to the solids loading, while full expansion velocity has a negative growth with

solids loading.
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Chapter 6

6 Experimental investigation on average phase holdups

Average phase holdups are important in the inverse operation since phase holdup is an
essential parameter that is related to the fluidization efficiency. Lots of methods are used

in the average phase holdups measurement.

In this project, the average phase holdups are investigated in the complete fluidization
regime. Pressure probes mounted through the column are employed to record the changes
between the highest and lowest pressure drop along the column. As mentioned in Chapter
3, to calculate the average phase holdups, a pressure balance equation between the top

and bottom pressure taps is given based on Fig 6.1.

PgAh+p,gAH = p,gAH (6.1)

—___ Ah

Figure 6.1 Schematic diagram of pressure drop through the column.
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Meanwhile, the density of the mixture in the column including gas, liquid and solid phase

can be calculated by

P = P&+ PE +PE, (6.2)
and it is known that the amount of three terms is equal to 1.

g t+e+e, =1 (6.3)

The total height of bed is constant during the experiment, as the pressure taps can
measure the pressure drop at same positions, also the pressure drop can be compared with
different gas velocities. Meanwhile, to avoid the air binding among the packed bed,

decreasing gas flow rate after the full fluidization is the optimal operating method.

Liquid added when decreasing gas velocity to remain the total bed height unchanged. The

amount of added liquid is recorded to calculate the average liquid holdup.

g, = Yoaer (6.4)

Vbed

Therefore, with four equations and four unknown variables, column mixture density can

be expressed with pressure drop, while gas holdup (¢, ) and solid holdup (&) can use

liquid holdup (¢, ) and column mixture density to obtain.

gg — (ps_pm)_(px_pl)gl (65)
(o, -p,)

. = (0, =PI+ (P, = P)E (6.6)
(0, -p,)

6.1 Compare average phase holdups in two-phase and
three-phase system

Before three-phase fluidization, two-phase (gas-liquid) inverse fluidization has been

finished as a blank experiment compared with three-phase system. The variations of
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average phase holdups as a function of superficial gas velocity are shown in Fig 6.2. It is
obvious that when gas flow rate is zero, there’s no gas holdup, while liquid holdup is one.
With increasing the gas velocity, liquid holdup decreases while gas holdup increases,
because with increasing the gas flow rate, the bubbles become coalescence, then the
bubble velocity decreases which results in gas holdup increasing. Meanwhile, as more
and more bubbles are introduced into the two-phase system, liquid is replaced by the

bubbles to keep the balance of the system, which causes liquid holdup decreases.

1 :W
\o'; 0.8 -
o | Two-phase
§ B oas
Q i
= 0.6 ® liquid
2
<
=
(D) 04 -
en
s
2
< 02-
0 T T T T T T T T T
0 10 20 30 40 50

Superficial gas velocity U, (mm/s)

Figure 6.2 The variations of average phase holdups as a function of superficial gas
velocity in two-phase (gas-liquid) system.
To examine the accuracy of the equation, the variations of calculated average liquid
holdup as a function of actual average liquid holdup are shown in Fig 6.3. It is observed
from the figure that the calculated liquid holdup is almost equal to the actual one, which

means the equations are valid.
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Figure 6.3 The variations of calculated average liquid holdup as a function of actual
average liquid holdup in two-phase (gas-liquid) system.
Compared the phase holdups in two-phase and three-phase system (Fig 6.4), gas holdup
remains constant, while liquid holdup of the three-phase system is lower than the two-
phase system. The reason is that particles replace some positions of the liquid since the
density of particles is close to the liquid. Gas holdup is only related to the gas flow rate
regardless the presence of solids. The gas holdup increases and liquid holdup decreases
both in two-phase and three-phase system because with increasing the gas velocity, more
and more bubbles are introduced into the system and replace the position of liquid. Solids
holdup in three-phase system remains constant when the gas velocity is higher than the
complete fluidization velocity because all the particles are immersed in the three-phase

system.
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Figure 6.4 Compare the average phase holdup in two-phase (gas-liquid) system and
three-phase (gas-liquid-solid) system, p.=930kg/m’, solids loading=15%.

6.2 The effect of particle property on average phase
holdups

The variations of average phase holdup as a function of superficial gas velocity for three
different particles at solids loading = 15% are shown in Fig 6.5. For all three particles,
gas holdup increases, liquid holdup decreases and solids holdup remains constant with
increasing gas velocity. Because with increasing gas velocity, more and more bubbles
become coalescence, which results in the bubble velocity decreases, therefore, gas holdup
increases. To remain the total bed height constant, water should be removed from the
system with increasing the gas flow rate, which leads liquid holdup decreases.
Meanwhile, some bubbles replace the position of liquid, which also cause liquid holdup
decreases. Solids holdup remains constant as all the particles are immersed in the system
after the complete fluidization velocity. As the phase holdup among three types of
particles does not have a big difference, the effect of the particle property can be

neglected.



It is observed from the Fig 6.5 that the particles whose density is close to the liquid
density require lower complete fluidization velocity. Moreover, particle size is also a
parameter affecting the complete fluidization velocity. In addition, bigger particles

require higher complete fluidization velocity.
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Figure 6.5 The variations of average phase holdup as a function of superficial gas
velocity for three different particles at solids loading = 15%: (a) gas holdup, (b)
liquid holdup and (c¢) solids holdup.

6.3 The effect of solids loading on average phase holdups

To investigate the effect of solids loading on average phase holdups, three particles are
employed into the three-phase system, respectively. The variations of average phase
holdups as a function of superficial gas velocity for different loadings of P2 (930kg/m”)
are shown in Fig 6.6. For all solids loadings, average gas holdup increases and liquid
holdup decreases while solids holdup remains constant. The average phase holdups have
the same trends as different solids loadings. With increasing solids loading, gas holdup is
almost constant and liquid holdup decreases whereas solids holdup increases. With
increasing solids loading, more particles are introduced into the three-phase system,
therefore, solids holdup increases. In addition, the density of particles is close to the
liquid, thus, the increasing particles replace part of the position of liquid, thereafter liquid
holdup decreases. Gas holdup is only related to the gas flow rate, so the solids loadings

have little effect on average gas holdup.
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Figure 6.6 The variation of average phase holdups as a function of superficial gas
velocity for different loadings, ps=930kg/m’: (a) gas holdup, (b) liquid holdup and
(c) solids holdup.
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Chapter 7

/  Experimental investigation on local phase holdups

Local phase holdups, especially local solids holdup, is the most direct parameter to
investigate solids concentration. In another word, local phase holdups are one of the
important arguments in inverse fluidization operation. However, due to the difficulty of

measuring, little has been done in the literature regarding local phase holdups.

The effective height of the column is 2.1m, separated into four sections: 10-70cm, 70-

130cm, 130-190cm and 190-210cm depending on the positions of pressure taps.

The equations of average phase holdups can be used in calculating local phase holdups.
Based on the main assumption that liquid is uniformly distributed through the column as
liquid is the continuous phase, thus the liquid holdup of each section is same as the

average liquid holdup.

Based on the pressure balance equation in each section (Fig 7.1), some equations can be

used in calculating the local phase holdups.

P,8Ah+p, 8AH = p,gAH (7.1)

Meanwhile, the density of the mixture in the column including gas, liquid and solid phase

can be calculated by
pm = psgs,loc'al + plgl,lucul + pggg,l()cal (72)

and it is known that the amount of three terms is equal to 1.

glocal = 1 (7.3)

gs,loc'al + gl,local +&

Therefore, local phase holdups can be calculated by the following equations

__ _ water
E=—-

Viua (7.4)
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€l tocal = €1 (7.5)

(0, = 0,) = (O = PE jocas
o, -p,) (7.6)

£

g.local =

_ (pm _pg)+(pg _pl)gl,local

s,local —

&

(ps _pg) (77)

7.1 Compare local phase holdups in two-phase and three-
phase system

Compared with two-phase (gas-liquid) system, the local phase holdups in three-phase
system from 130cm to 190cm are shown in Fig 7.1. With increasing the gas velocity, the
local gas holdup increases whereas local liquid holdup decreases both in two-phase and
three-phase system. In addition, local solids holdup remains constant after the gas
velocity is over complete fluidization velocity. The local gas holdup of two-phase and
three-phase system is almost same because gas holdup is only related with gas flow rate.
After adding solids into the system, local liquid holdup reduces as the density of particles
is close to the liquid and particles replace part positions of the liquid. Moreover, solids
holdup remains constant after complete fluidization velocity, the reason is that all

particles are introduced into the system after the complete fluidization.
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Figure 7.1 Compare the local phase holdup in two-phase (gas-liquid) system and
three-phase (gas-liquid-solid) system, p;=930kg/m3, solids loading=15%, from
130cm to 190cm.

7.2 The effect of particle property on local solids holdup

As the solids holdup is the direct parameter associating with the solids concentration, the
variations of local solids holdup as a function of superficial gas velocity for three
different particles are shown in Fig7.2. For all particles, local solids holdup is around
solids loading because after complete fluidization velocity all particles are immersed into
three-phase system. For P3 (950kg/m3), the local solids holdup in the lowest section is
lower than the upper ones, while one possible reason is that some particles are removed
from the system since the particles are packed under the gas distributor at higher gas
velocity. In addition, the complete fluidization velocity decreases with increasing the

density of particles or decreasing the size of particles.
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Figure 7.2 The variations of local phase holdup as a function of superficial gas
velocity for three different particles at solids loading = 15%: (a) 904kg/m3, (b)
930kg/m’ and (c) 950kg/m’.

Obviously, when superficial gas velocity is in range from 0 to 21.8mm/s, the local solids

holdup increases from top to bottom through the column, which means the particles are
fluidized from top to bottom. However, from 24 to 62mm/s, the local solids holdup
decreases from 40 cm to 160 cm, while the value of the lowest position is much higher
than the upper. It maybe that at higher gas flow rate, the turbulence enhances around the
gas distributor, which leads to a higher mass transfer between this region and its adjacent

area increase. Hence, the local solids holdup of the lowest one is much higher than the

upper one.
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Figure 7.3 The variations of height as a function of local solids holdup at different
superficial gas velocity, solids loading = 15%, p,=930kg/m".

The variations of local solids holdup as a function of superficial gas velocity for different
sections are shown in Fig 7.4. For the top three sections, local solids holdup of P3 is
higher than P1 and P2, however, for the lowest section, the local solids holdup of P3 is
much lower than the others. The most probable reason for this phenomenon is that P3 is
much bigger than P1 and P2 and easier to stack under the gas distributor then remove
from the system. Besides, the complete fluidization velocity of P1 is higher than P2 and
P3 as the density of P1 is lower than P2 and P3. Also, particle size affects the complete
fluidization velocity, therefore, the Ug3 of P2 and P3 is close.
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Figure 7.4 The variations of local solids holdup as a function of superficial gas
velocity for three different particles, solids loading = 15%: (a) 10-70c¢m, (b) 70-
130cm, (c) 130-190cm, (d) 190-210cm.
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In addition, it is obvious that from Fig 7.5, under the average local solids holdup in each
section, the local solids holdup of P1 (904kg/m3) and P2 (930kg/m3) increases through
the column, which means the solids concentration increases from top to the bottom of the
column. However, the local solids holdup of P3 (950kg/m3) is almost same in the top
section, but very small in the lowest one. The most likely reason is that with particles
fluidizing to the lower position, some particles are stacked under the gas distributor then

remove from the system.

200 - A T'
= A
150 -
=
2
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fﬂ 100 - mA . d
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50 -
- 4 ©930-3.5
0 Solids loading=15% 4950-4.6
0.1 0.125 0.15 0.175 0.2

Local solids holdup & (-)

Figure 7.5 The variations of height as a function of local solids holdup for three
different particles at solids loading = 15%: 904kg/m’, 930kg/m’ and 950kg/m".

Comparing the calculated local solids holdup and the actual solids holdup, the trends of
them are almost same. The most likely error is the limit of assumption and the human

€Iror.
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Figure 7.6 Compare the calculated local solids holdup and actual solids holdup

- - - calculated local solids holdup, —— actual solids holdup.

7.3 The effect of solids loading on local solids holdup

The variations of local solids holdup as a function of the superficial gas velocity are
shown in Fig 7.7. It is observed from the Fig 7.7 (a)-(c) that with increasing the solids
loading, the local solids holdup increases, while with increasing the superficial gas
velocity, the local solids holdup remains constant after the complete fluidization velocity.
For the lowest position, the local solids holdup at solids loading=5% decreases because
there are lots of bubbles in the lowest region which is near the gas distributor. However,

the effect of bubbles disappears with increasing solids loadings. In addition, the complete

fluidization velocity decreases with increasing solids loading.
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Figure 7.7 The variations of local solids holdup as a function of superficial gas
velocity for different solids loadings, ps=930kg/m3: (a) 10-70cm, (b) 70-130cm, (c)
130-190cm, (d) 190-210cm.
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From the Fig 7.8, it is observed that the local solids holdups from the 40cm to 160cm are
almost same, however, the local solids holdups are lower at solids loading=5%, whereas
higher for the other loadings. The most likely reason is that at lower solids loadings, as
the lowest position is near the gas distributor, the bubbles affect the solids distribution,

while this effect disappears with increasing solids loadings.
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Figure 7.8 The variations of height as a function of local solids holdup for five
different solids loadings, ps=930kg/m".
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Chapter 8

8  Preliminary modeling

In the above analysis, the basic concept of the flow regimes is found. Meanwhile, the
effects of particle property and solids loadings have been studied. Among all the present
models, the Richardson and Zaki model is the most acceptable one as its simplicity and
good agreement with most experimental data. This model is based on the following

equation:

n

Ll
E =—
i (8.1)

where the exponent n is determined by the correlated equations [Karamanev and

Nikolov,1992].

n= (4.4+18£)Re,‘°“
D (8.2)

for 1 <Ret <200;

_ 0,1
n=44Re, (8.3)

for 200 < Ret < 500;
n= 2.4 (8.4)
for Ret > 500.

In addition, Ui is the extrapolated value of Ul as € approaches one [Karamanev and

Nikolov,1992],

dﬁ
U,=U, /107 (8.5)
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However, R-Z equation is widely used in liquid-solid system, for the three-phase system,
R-Z equation has some limitations. Based on the R-Z equation, a primary model for

inverse three-phase system has been built.
Some assumptions including:
Each bubble has a wake and the ratio of the wake to bubble is same.

All the bubbles go upwards with their wake, while the solids only go downward with the

downward liquid.
The downward liquid volume flow rate is equal to the upward liquid volume flow rate.

A schematic diagram for this model is shown in Fig 8.1. Phase 1 is bubble phase, with
upward bubbles, and the gas flow rate is measured by the rotameter. Phase 2 is the wake
phase, which is the upward liquid regarding to the bubble phase. In addition, phase 3 and

4 are the liquid-solid region that the R-Z equation can be applied in this region.

Liquid-solid region Wake region
Solids phase i Liquid phase | Bubble
| Wake |
o + T
v oo l L
€s | € f Elw | &g
< Area A >

Figure 8.1 A schematic diagram of the bubble-induced three-phase system.

Based on the assumptions, some equations can be achieved. The ratio of the bubble to the
wake is assumed as k, the upward liquid volume flow rate can be calculated by the

following equation:
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0, =kQ, (8.6)

9

a A(e, +£,’f)

(8.7)
QI (Eq.8.5) can be substituted into the Eq.8.6. Therefore, Ul can be expressed as

kQ,

1= Alg, +¢,,) (8.8)

In addition, the volume gas flow rate can be calculated with the superficial gas velocity

Q, =AU, (8.9)
Combined the Eq.8.7 and Eq.8.8, the common A can be canceled.
- kU,
& +&.,) (8.10)
Furthermore, applying Eq8.9 to Eq8.1, the R-Z equation can be transferred as
. kU,
(e,+¢& U, (8.11)
The porosity in the left can be presented as
g1
Erp & (8.12)
as the porosity in the downward liquid phase is
g,=1-¢e-¢,-¢,=1-€-¢,-ke, =1-¢ —(k+1g, (8.13)

Therefore, Eq8.11 can be calculated as



77

l-¢ —(k+1e,
E =
1-(k+1)e,

(8.14)
Finally, the expression of R-Z equation is shown as
[1-55-(k+1)gg]”_ kU,
1-(k+1)e, [1-(k+De,|U, (8.15)

The coefficients of three types particles are presented in Table 8.1.

Table 8.1 The coefficients of three types particles

Particle U; (cm/s) Re; n k
P1(904kg/m’) 6.40 251.04 2.53 0.7
P2(930kg/m’) 5.44 234.07 2.55 0.7
P3(950kg/m’) 5.16 384.93 2.43 0.7

Based on the photograph of the bubbles, most of the wake ratio is from 0.6 to 0.8. In

order to fit the experimental results, the wake ratio is determined as 0.7 in this model.

Combined the experimental results, a preliminary model has been built based on the R-Z

equations and some assumptions.

8.1 The accuracy of model

To validate the proposed model, data from the experiments are used. Compared the
average solids holdup of the experiment and the model with different particles is shown
in Fig8.3. For all particles, compared with the experimental data, the max deviation of the
model is about 1.81% and 4.67% for the P1 and P2, respectively. The deviation error is

acceptable, in another word, this model is available for different kind of particles.
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Figure 8.2 Compare the average solids holdup in experiment and model system for
different kind of particles: (a)904kg/m’, (b) 930kg/m’.
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The average solids holdup with different solids loadings are investigated in Fig 8.4. For
lower solids loadings, such as 5% and 10%, the max deviation is 4.67% and 3.10%,

respectively, which means the model can be applied for different solids loadings.
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Superficial gas velocity U, (mm/s)

Figure 8.3 Compare the average solids holdup in experiment and model system for
different solids loadings.

To exam the effect of the water level, the solids holdup with water level in 130cm and
190cm is shown in Fig8.5. As the max deviation of the 130cm and 190cm is 4.67% and

3.29%, this model also can be used for different water level.
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Figure 8.4 Compare the average solids holdup in experiment and model system for
different water level: (a) 130cm, (b) 190cm.
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In a word, a preliminary model based on the R-Z equation is achieved.

[l—q—{k+lkgr_ kU,
)

1-(k+1De, 1-(k+1)g, U, (8.16)

where

k=0.7 in this thesis.
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Chapter 9

9 Conclusion and recommendations

9.1 Conclusion

The flow regimes in bubble-induced inverse three-phase fluidized bed have been defined
and a basic concept of the effect of particle density, particle size, solids loadings and
water levels on superficial gas velocities is discussed. Based on the experimental
phenomenon, four special superficial gas velocities including initial fluidization velocity,
full expansion velocity, complete fluidization velocity have been studied. Three
fluidization velocities decrease with increasing the particle density to the fluid density;
whereas, superficial gas velocities increase with decreasing the particle size. For all
particles, initial fluidization velocity is less than full expansion velocity, which is also
lower than the complete fluidization velocity. With increasing the solids loading, three
fluidization velocities decrease. In addition, water level has a positive relationship with

fluidization velocities.

Moreover, based on the flow regimes map, the operating gas velocities range in a
processing operation is higher than the full expansion velocity (4-7mm/s) or complete
fluidization velocity (6-9mm/s) depending on the demand. Because the particles reach the
bottom but not uniform distribution in full expansion velocity, the operating range is the
whole column, but the efficiency of particle is not very high. In complete fluidization
velocity, particles are distributed through the whole column, which means the reaction
area is larger than the initial expansion regime. A concept of higher superficial gas

velocity called top freeboard velocity (>50mm/s) has been given.

In the bed expansion regime, the bed expansion characteristics of bubble-induced inverse
gas-liquid-solid fluidized bed have been studied and are similar to that of the
conventional fluidization. The initial fluidization velocity and full expansion velocity
decrease with increasing the particle density or decreasing the particle size. The effect of

water level on the bed expansion can be neglected. In addition, there is a negative
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correlation between the full expansion velocity and solids loadings, while the initial

fluidization velocity is almost same with increasing the solids loadings.

In the complete fluidization regime, the average phase holdups in the bubble-induced
inverse three-phase fluidized bed have been studied. For all particles, with increasing gas
velocity, average gas holdup increases, liquid holdup decreases and solids holdup
remains constant. Compared to the two-phase (gas-liquid) system, gas holdup is almost
same, liquid holdup decreases as particles replace the part position of the liquid. The
density and size of particles have little effect on the average phase holdups. In addition,
with increasing solids loading, solids holdup increases while liquid holdup decreases as
more particles are introduced into the three-phase system. However, gas holdup doesn’t
change much with increasing solids loading. In a word, gas holdup is only related to the

gas flow rate.

Also, the local phase holdups are studied in the complete fluidization regime. For all
particles, with increasing gas velocity, local gas holdup increases, local liquid holdup
decreases and local solids holdup are same. Compared with gas-liquid system, gas holdup
remains constant, liquid holdup decreases. For the effect of density and size of the
particles, it is obvious that the superficial gas velocity from 0 to 21.8mm/s, the local
solids holdup increases from top to bottom through the column, however, from 24 to
62mm/s, the local solids holdup decreases from 40 cm to 160 cm, while the value of the
lowest position is much higher than the upper. In addition, local solids holdup increases
with increasing the solids loadings. The bubbles near the gas distributor influence the
local solids holdup at low solids loading, whereas, with higher solids loading (great or
equal to 10%), this effect disappears. Compared with average phase holdups, the local

phase holdups have the same trends.

Combined all the parameters, a preliminary model based on Richardson-Zaki equation
has been built. From this model, the solids holdup can be calculated by the superficial gas

velocity and the deviation error is acceptable.

The basic information offers some perspectives on future research interest in industrial

applications. After realizing the effects of the hydrodynamic parameters, the theory
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should be applied to practice and the application of new technique in industrial will be

examined in the future work.

9.2 Recommendations

In this research, only three types of particles were employed. Therefore, it is necessary to
exam more kinds of particles sharing common properties for accurate the effects of each
property. In addition, the model should be exanimated with more experimental data for
an improved one. Besides, bubble behaviors including bubble size and bubble velocity
may be needed for the future work. Moreover, to confirm the effect of different
parameter, real waste water should be used to instead of the tap water. In brief, more
work is essential to complete for understanding the hydrodynamic characters and

potential applications of this novel fluidization bed.
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Nomenclature

Specific interfacial area (m™)

Sectional area (m”)

Archimedes number, dimensionless

Bed expansion ratio, dimensionless
Empirical constant, dimensionless

Drag coefficient

Tracer concentration (mg/L)

Heat capacity of the liquid phase, J/(kg*K)
Oxygen concentration (mg/L)

Bottom diameter of tapped bed (m)

Top diameter of tapered bed (m)

Particle diameter (m)

Exit age distribution, dimensionless
Bubble frequency (m/s)

Gravitational acceleration on earth (m/s%)
Henry constant, mol/(m’*atm)

Heat transfer coefficient, W/(m**K)
Height difference between pressure taps (m)
Height difference of pressure drop (m)
Bed height (m)

Initial static height of the particle bed (m)
Water level (m)

Flux density molar, mol O**m™>*s

Gas mass transfer coefficient (m/s)

Liquid mass transfer coefficient (m/s)



Ugs

Ui
Unnf
U

v
Vbed
Vwater
Az

)

Wake ratio, dimensionless

Bubble length (m)

The amount of substance of gas (mol)
Nusselt number, dimensionless
Absolute pressure drop (Pa)
Volumatic flow rate (m?/s)
Volumatic gas flow rate (m’/s)
Volumatic liquid flow rate (m’/s)
Ideal, or universal, gas constant
Temperature (K)

Average detention time (s)

Time (s)

Bubble rising velocity (m/s)
Superficial gas velocity (m/s)

Initial gas velocity (m/s)

Initial fluidization velocity (mm/s)
Full expansion velocity (mm/s)
Complete fluidization velocity (mm/s)
Liquid velocity (mm/s)

Initial liquid velocity (m/s)
Minimum fluidization velocity (m/s)
Terminal velocity (m/s)

Volume (m?)

Bed volume (m?)

Water volume (m?)

Height difference (m)

Surface tension (mN/m)
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Abbreviations

BIITPFB

Bubble-induced inverse three-phase fluidized bed

Greek letters

&

€

€50
Ps
Pt
Pbed
p1
Pe
Pm
()
W
Hg

Subscripts

ac

st

- o

f,ls

Phase holdup, dimensionless
Solids holdup, dimensionless
Liquid holdup, dimensionless
Gas holdup, dimensionless
Initial solids holdup, dimensionless
Particle density (kg/m®)
Fluid density (kg/m’)

Bed density (kg/m’)

Liquid density (kg/m®)

Gas density (kg/m’)

Mix fluid density (kg/m®)

Particle sphericity

Liquid viscosity being 1.002x10-3 Pa.s at 20°C (Pa.s)

Gas viscosity

Actual

Standard

Gas

Liquid

Particle

Bed

Fluid

Liquid-solid fluidized bed
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Appendices

Appendix A Calibration curve for the gas rotameter

In order to measure the accuracy of the gas rotameter, the calibration of this gas rotameter
is shown in Appendix Al. The actual gas flow rate is almost same as the gas rotameter

scales and the average error is less than 4.7 %, which means the scales of the gas

rotameter can be trusted.

Actual gas flow rate/scth

50

——Standard

—e— Actual

O T T T T T T T T T T

0 10 20 30 40 50

Gas rotameter/scth

Appendix Al The calibration curve for the gas rotameter
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Appendix B Examples of error analysis

To estimate the possible experimental errors associate with the experimental data and to
provide an appropriate analyses for the experimental errors, we have repeated some of the

experiments repeatedly.

For example, the bed expansion ratio with error bars for P1 particles (904kg/m’) at 5%
solids loading is shown in Appendix B1. The average experimental error is less than 8%,

providing good accuracy for the rest of experiments.

12

ps=904kg/m’, d,=3.5mm

Solids loading=5%

Bed expansion ratio BER (-)
(@)

0 T T T T T T T T T T
0 2 4 6 8 10

Superficial gas velocity U, (mm/s)

Appendix B1 The bed expansion ratio versus superficial gas velocity with error bars
for particles with a density of 904 kg/m’, solids loading=5%.

In order to ensure the accuracy of solids holdup, liquid holdup and gas holdup,
preliminary measurements and analyses of standard error were taken for 930kg/m’
particles at 15% solids loading. Appendix B2 shows an example of error bars for average

solid holdup, average liquid holdup and average gas holdup measurements respectively.
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Appendix B2 The average phase holdups versus superficial gas velocity with error
bars for particles with a density of 930 kg/m®, solids loading=15% (a) average solids
holdup; (b) average liquid holdup; (c) average gas holdup.

The local solids holdup with error bars for P2 (930 kg/m®) at 15% solids loading is shown
in Appendix B3. The average error for each position from bottom to top is
0.09%,0.12%,0.12% and 0.13% respectively, which affords good accuracy and reliability

for the remaining experiments.
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Appendix B3 The local solids holdup versus superficial gas velocity with error bars
for particles with a density of 930 kg/m®, solids loading=15%.



Appendix C Initial fluidization velocity, full expansion velocity and complete

fluidization velocity

Solids loading=5%

Superficial gas

Particle density

Water level (cm)

velocity (mm/s) (kg/m*)
130 190 250
Initial 904 2.841 3.203 3.344
fluidization
velocity 930 2.082 2.520 2413
950 1.983 2.548 2.194
Full expansion 904 7.642 8.687 8.384
velocity
930 4.187 4212 3.697
950 5.430 7.300 7.507
Complete 904 8.204 8.872 8.500
fluidization
velocity 930 5.840 6.758 6.922
950 6.476 7.092 8.000
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P2,930-0.35
Superficial gas Water level Solids loading
velocity (mm/s) (cm)
5% 10% 15%
Initial 130 2.082 2.245 2.684
fluidization
velocity 190 2.520 2.123 2254
250 2.413 2.103 2.126
Full expansion 130 4.187 4.226 4.156
velocity
190 4212 4171 3.603
250 3.697 3.705 4.672
Complete 130 5.840 6.143 4.410
fluidization
velocity 190 6.758 5.485 4278
250 6.922 7.145 4.670




Appendix D Bed expansion ratio
P1,904-0.35; Solids loading=5%
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130cm 190cm 250cm
U, Hiotar/Ho U, Hiotar/Ho U, Hiotar/Ho
12.03 11.79 8.40 11.90 7.78 11.66
8.92 11.75 8.31 11.89 7.66 11.66
12.03 11.79 8.20 11.88 7.54 11.66
8.92 11.75 8.05 11.88 7.35 11.66
8.90 11.67 7.90 11.86 7.23 11.66
8.78 11.62 7.79 11.85 7.11 4.50
8.63 11.62 7.68 11.82 6.99 4.58
8.47 11.60 7.59 11.82 6.87 4.37
8.31 11.59 7.57 11.86 6.72 4.26
8.20 11.60 7.51 11.84 6.60 4.37
8.09 8.19 7.42 11.85 6.48 4.32
7.79 7.57 7.06 6.49 6.34 4.33
7.68 7.58 6.87 6.47 6.19 4.18
7.57 7.22 6.64 6.07 6.04 4.32
7.42 7.17 6.53 5.74 5.92 4.23
7.23 6.03 6.42 4.55 5.81 4.00
6.94 7.03 6.27 0.82 5.66 3.94
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6.78 6.20 6.16 0.90 5.55 3.77
6.76 4.99 6.05 0.84 5.40 3.83
6.66 4.26 5.91 0.84 5.26 0.81
6.51 4.90 5.77 0.95 5.15 0.86
6.41 0.79 5.62 0.94 5.03 0.87
6.26 0.77 5.51 0.94 4.92 0.89
6.16 0.81 5.37 0.99 4.78 0.95
6.05 0.81 5.27 0.95 4.64 0.95
5.91 0.81 5.05 0.97 4.53 0.94
5.81 0.79 4.77 0.97 4.28 0.94
5.62 0.85 4.56 0.99 4.05 0.94
543 0.92 4.34 0.97 3.83 0.95
5.19 0.85 3.74 0.94 3.60 0.93
4.08 0.88 3.20 0.99 3.34 0.95
3.06 0.90 2.62 0.97 2.76 0.95
2.04 0.88 2.09 0.95 2.19 0.91
1.02 0.88 1.04 0.97 1.08 0.91
0.00 0.88 0.00 0.90 0.00 0.93




P2,930-0.35; Solids loading=5%
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130cm 190cm 250cm
U, Hiotar/Ho U, Hiotar/Ho U, Hiotar/Ho
5.73 11.82 9.53 11.75 4.67 7.51
5.46 11.79 8.09 11.69 4.62 6.29
5.46 11.79 6.76 11.63 4.51 5.40
5.30 6.82 5.54 7.90 4.37 4.60
5.19 6.88 4.94 4.52 4.26 4.15
5.09 6.63 4.64 7.56 4.18 4.17
4.98 7.58 4.56 6.68 4.15 4.16
493 8.02 4.48 491 4.07 3.89
4.65 3.33 443 4.56 4.01 4.05
4.57 4.82 4.32 4.52 3.88 3.87
431 2.59 4.21 3.99 3.79 3.85
4.18 2.75 4.08 3.75 3.69 3.58
4.08 2.56 4.03 3.75 3.58 3.20
3.98 2.55 3.97 3.83 3.53 2.80
3.88 2.25 3.97 3.48 3.47 2.63
3.75 2.07 3.90 3.29 3.42 2.68
3.65 2.30 3.84 2.98 3.31 2.79
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3.55 1.87 3.79 2.44 3.20 3.03
343 1.91 3.74 2.65 3.09 2.44
3.33 1.56 3.68 2.62 3.02 1.68
3.23 1.34 3.63 2.10 2.96 1.81
3.11 1.26 3.47 2.37 2.85 1.88
3.01 1.40 3.42 1.93 2.80 1.84
291 1.42 3.31 1.93 2.74 1.85
2.81 1.42 3.20 1.69 2.58 1.71
2.69 1.18 2.99 1.97 2.47 1.63
2.59 1.00 2.87 1.78 241 1.49
2.49 1.18 2.75 1.55 2.30 1.24
2.39 0.99 2.64 1.48 2.16 0.92
2.28 1.00 2.52 0.96 1.08 0.92
2.18 1.00 2.35 0.96 0.86 0.91
2.08 0.96 2.24 0.96 0.70 0.93
1.97 1.00 2.09 0.96 0.54 0.95
0.98 0.96 1.04 0.90 0.27 0.93
0.00 0.96 0.00 0.90 0.00 0.91




P3,950-0.46; Solids loading=5%
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130cm 190cm 250cm
U, Hiotar/Ho U, Hiotar/Ho U, Hiotar/Ho
5.26 9.03 12.67 12.25 5.92 11.57
5.09 8.60 11.09 12.19 5.81 11.58
5.01 2.22 9.53 12.10 5.69 11.58
4.83 3.47 8.17 12.09 5.55 11.57
4.78 2.77 8.17 12.09 5.43 11.56
4.72 2.48 8.01 12.08 5.32 11.56
4.67 2.85 7.86 12.09 5.17 11.55
4.59 2.76 7.74 12.07 5.03 11.56
4.54 2.07 7.59 12.06 4.92 8.19
4.49 2.95 7.47 12.06 4.78 8.89
4.44 3.48 7.28 12.09 4.67 7.57
4.39 2.32 7.13 12.03 4.53 7.58
4.34 2.38 7.09 12.07 4.39 7.22
4.28 2.00 6.94 12.05 4.28 7.17
4.21 2.24 6.83 12.06 4.17 6.03
4.11 1.98 6.76 12.03 3.94 7.03
3.98 1.89 6.71 12.05 3.83 6.20
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3.88 1.86 6.53 9.12 3.72 4.99
3.78 1.75 5.97 8.53 3.60 4.26
3.65 1.56 4.72 6.45 3.47 4.90
3.55 1.26 4.61 6.29 3.36 0.79
3.45 1.07 4.50 5.71 3.25 0.77
3.35 1.07 4.39 5.60 3.12 0.81
3.25 1.02 4.26 4.84 3.01 0.81
3.13 1.06 4.10 4.66 2.90 0.81
3.01 1.12 3.99 3.52 2.77 0.79
2.81 1.01 3.20 0.96 2.66 0.85
2.59 1.04 2.97 0.99 2.52 0.92
2.44 1.06 2.76 0.98 241 0.85
2.29 1.01 2.60 0.94 2.30 0.88
2.19 0.99 2.32 0.93 2.19 0.90
1.98 0.98 2.10 0.94 1.09 0.88
0.98 0.93 1.04 0.90 0.54 0.88
0.00 0.90 0.00 0.89 0.00 0.88




P2,930-0.35, water level=130cm
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5% 10% 15%

U, Hiotar/Ho U, Hiotar/Ho U, Hiotar/Ho
5.46 11.79 6.58 5.94 11.85 4.27
5.46 11.79 6.36 5.94 10.40 4.26
5.30 6.82 6.14 5.94 9.01 4.25
5.19 6.88 5.86 5.93 7.68 4.22
5.09 6.63 5.61 5.92 6.44 4.20
4.98 7.58 5.37 5.92 5.28 4.19
493 8.02 5.15 5.91 5.04 4.18
4.65 3.33 491 5.91 4.83 4.18
4.57 4.82 4.70 5.90 4.59 4.18
431 2.59 4.46 4.21 441 4.18
4.18 2.75 4.22 4.18 4.15 4.17
4.08 2.56 4.01 4.26 3.95 4.17
3.98 2.55 3.78 3.64 3.74 4.16
3.88 2.25 3.57 3.24 3.53 4.16
3.75 2.07 3.34 2.49 3.32 4.16
2.49 1.18 3.08 1.76 3.08 1.57
2.39 0.99 2.87 1.77 2.87 1.42
2.28 1.00 2.67 1.65 2.68 1.03
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2.18 1.00 2.46 1.62 2.46 0.93
2.08 0.96 2.25 1.25 2.25 0.93
1.97 1.00 2.03 0.98 2.03 0.94
0.98 0.96 1.00 0.90 1.01 0.91
0.00 0.96 0.00 0.90 0.00 0.88
P2,930-0.35, water level=190cm
5% 10% 15%
U, Hiota/Ho U, Hiotar/Ho U, Hiotar/Ho
8.09 11.69 5.48 5.95 13.08 4.24
6.76 11.63 4.99 5.95 11.25 4.22
5.54 7.90 4.88 5.94 9.67 4.20
4.32 4.52 4.77 5.94 8.25 4.18
4.21 3.99 4.66 5.94 6.86 4.17
4.08 3.75 4.52 5.94 5.63 4.15
4.03 3.75 4.39 5.93 441 4.13
3.97 3.83 4.28 5.93 4.28 4.13
3.97 3.48 4.17 3.97 4.17 4.12
3.90 3.29 4.04 3.83 4.06 4.12
3.84 2.98 3.93 3.88 3.95 2.88
3.79 2.44 3.82 3.65 3.84 2.46
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3.74 2.65 3.69 2.39 3.73 2.32
3.68 2.62 3.58 2.15 3.60 2.07
3.63 2.10 3.47 2.21 3.49 2.06
3.47 2.37 3.36 2.05 3.38 1.87
3.42 1.93 3.24 2.00 3.27 1.83
3.31 1.93 3.11 1.93 3.16 1.80
3.20 1.69 3.01 1.80 3.04 1.69
2.99 1.97 2.90 1.67 2.93 1.67
2.87 1.78 2.78 1.82 2.82 1.70
2.75 1.55 2.67 1.72 2.68 1.57
2.64 1.48 2.56 1.42 2.58 1.50
2.52 0.96 2.46 1.35 2.47 1.42
2.35 0.96 2.35 1.27 2.36 1.47
2.24 0.96 2.24 1.18 2.25 1.26
2.09 0.96 2.12 0.89 2.14 0.90
1.04 0.90 1.05 0.89 1.06 0.90
0.00 0.90 0.00 0.89 0.00 0.89




P2,930-0.35, water level=250cm
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5% 10% 15%

U, Hiotar/Ho U, Hiotar/Ho U, Hiotar/Ho
5.75 11.80 8.62 5.94 13.32 4.23
5.20 11.80 6.99 591 11.72 4.22
4.79 7.93 5.87 5.89 10.09 4.19
4.73 7.69 5.60 5.86 8.62 4.18
4.67 7.51 5.37 5.85 6.98 4.16
4.62 6.29 5.08 5.84 592 4.14
4.51 5.40 4.85 5.85 4.67 4.12
4.37 4.60 4.58 5.85 441 4.12
4.26 4.15 4.58 5.84 4.20 3.29
4.18 4.17 4.46 3.98 4.25 2.44
3.31 2.79 4.35 3.61 4.04 2.44
3.20 3.03 423 2.69 3.91 2.08
3.09 2.44 4.10 2.77 3.79 2.02
3.02 1.68 3.96 2.49 3.70 1.99
2.47 1.63 3.85 2.77 3.54 1.92
2.41 1.49 3.38 2.31 3.38 1.88
2.30 1.24 3.15 2.22 3.33 1.85
2.16 0.92 2.93 2.12 3.17 1.81
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1.08 0.92 2.70 1.81 2.93 1.74
0.86 0.91 2.46 1.65 2.70 1.65
0.70 0.93 2.35 1.32 248 1.50
0.54 0.95 2.22 1.45 2.25 1.76
0.27 0.93 1.10 1.21 1.13 0.93
0.00 0.91 0.00 0.94 0.00 0.95




Appendix E Average phase holdups

P1,904-0.35
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Ug 5% 10% 15% 20%
(mm/s) [ ¢ & & & & & & & & & &g &
62.0 0.047 | 0.151 | 0.802 | 0.099 | 0.151 | 0.751 | 0.138 | 0.140 | 0.723 | 0.202 | 0.122 | 0.676
52.5 0.048 | 0.146 | 0.807 | 0.096 | 0.138 | 0.766 | 0.140 | 0.134 | 0.726 | 0.195 | 0.129 | 0.676
46.6 0.046 | 0.143 | 0.811 | 0.096 | 0.138 | 0.766 | 0.142 | 0.129 | 0.729 | 0.199 | 0.125 | 0.676
43.7 0.047 | 0.133 | 0.820 | 0.098 | 0.130 | 0.772 | 0.142 | 0.124 | 0.734 | 0.201 | 0.119 | 0.679
41.0 0.044 | 0.130 | 0.826 | 0.094 | 0.126 | 0.780 | 0.144 | 0.117 | 0.739 | 0.200 | 0.117 | 0.683
38.1 0.046 | 0.124 | 0.830 | 0.096 | 0.120 | 0.784 | 0.145 | 0.111 | 0.744 | 0.201 | 0.111 | 0.688
359 0.049 | 0.117 | 0.834 | 0.098 | 0.114 | 0.788 | 0.144 | 0.107 | 0.748 | 0.206 | 0.106 | 0.688
33.5 0.048 | 0.113 | 0.839 | 0.099 | 0.109 | 0.793 | 0.143 | 0.103 | 0.754 | 0.203 | 0.103 | 0.694
31.0 0.050 | 0.101 | 0.849 | 0.096 | 0.105 | 0.799 | 0.146 | 0.097 | 0.758 | 0.205 | 0.097 | 0.699
28.5 0.050 | 0.096 | 0.854 | 0.096 | 0.098 | 0.806 | 0.144 | 0.092 | 0.764 | 0.203 | 0.093 | 0.703
26.3 0.051 | 0.091 | 0.859 | 0.098 | 0.090 | 0.812 | 0.147 | 0.085 | 0.768 | 0.202 | 0.089 | 0.709
24.0 0.051 | 0.085 | 0.863 | 0.098 | 0.084 | 0.818 | 0.147 | 0.078 | 0.775 | 0.200 | 0.084 | 0.716
21.8 0.052 | 0.078 | 0.871 | 0.097 | 0.079 | 0.824 | 0.148 | 0.073 | 0.779 | 0.204 | 0.076 | 0.720
19.8 0.054 | 0.069 | 0.877 | 0.097 | 0.072 | 0.831 | 0.149 | 0.067 | 0.784 | 0.203 | 0.072 | 0.726
17.8 0.055 | 0.063 | 0.882 | 0.099 | 0.065 | 0.836 | 0.149 | 0.060 | 0.790 | 0.204 | 0.066 | 0.731
16.0 0.056 | 0.055 | 0.890 | 0.100 | 0.058 | 0.841 | 0.152 | 0.053 | 0.795 | 0.202 | 0.062 | 0.736
14.2 0.055 | 0.049 | 0.896 | 0.099 | 0.054 | 0.847 | 0.151 | 0.049 | 0.800 | 0.205 | 0.054 | 0.741
12.6 0.055 | 0.044 | 0.900 | 0.100 | 0.047 | 0.852 | 0.152 | 0.044 | 0.804 | 0.203 | 0.051 | 0.746
11.0 0.053 | 0.039 | 0.907 | 0.101 | 0.042 | 0.857 | 0.155 | 0.037 | 0.808 | 0.205 | 0.044 | 0.750
9.5 0.052 | 0.035 | 0.913 | 0.101 | 0.037 | 0.862 | 0.156 | 0.031 | 0.814 | 0.205 | 0.040 | 0.755
8.1 0.053 | 0.028 | 0.918 | 0.105 | 0.028 | 0.867 | 0.156 | 0.028 | 0.817 | 0.207 | 0.033 | 0.760
6.8 0.053 | 0.024 | 0.923 | 0.120 | 9,012 | 0.867 | 0.156 | 0.021 | 0.822 | 0.213 | 0.027 | 0.760
5.6 0.057 | 0.018 | 0.926 | 0.127 | 0.005 | 0.867 | 0.183 | 0.013 | 0.822 | 0.244 | 0.021 | 0.760
4.4 0.062 | 0.013 | 0.926 | 0.135 | 0.012 | 0.867
3.2 0.065 | 0.008 | 0.928
2.1 0.078 | 0.006 | 0.929
0 0.064 | 0 0.942 | 0.128 | 0 0.884 | 0.196 | 0.000 | 0.822 | 0.265 | 0 0.760




P2,904-0.35
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Ug 5% 10% 15% 20%
(mm/s) | ¢ &g & € &g & € &g & € &g €
62.0 0.043 | 0.151 | 0.806 | 0.095 | 0.143 | 0.763 | 0.135 | 0.129 | 0.736 | 0.205 | 0.110 | 0.685
52.5 0.047 | 0.142 | 0.811 | 0.094 | 0.142 | 0.765 | 0.137 | 0.125 | 0.738 | 0.197 | 0.118 | 0.685
46.6 0.046 | 0.136 | 0.819 | 0.097 | 0.135 | 0.769 | 0.139 | 0.119 | 0.742 | 0.197 | 0.119 | 0.685
43.7 0.045 | 0.129 | 0.826 | 0.098 | 0.128 | 0.774 | 0.140 | 0.115 | 0.745 | 0.197 | 0.114 | 0.688
41.0 0.047 | 0.123 | 0.831 | 0.099 | 0.121 | 0.779 | 0.142 | 0.109 | 0.749 | 0.196 | 0.112 | 0.692
38.1 0.045 | 0.118 | 0.837 | 0.098 | 0.117 | 0.785 | 0.140 | 0.105 | 0.755 | 0.196 | 0.107 | 0.697
35.9 0.046 | 0.112 | 0.842 | 0.099 | 0.110 | 0.791 | 0.141 | 0.100 | 0.759 | 0.196 | 0.103 | 0.701
33.5 0.048 | 0.106 | 0.845 | 0.101 | 0.105 | 0.794 | 0.141 | 0.095 | 0.764 | 0.197 | 0.097 | 0.706
31.0 0.047 | 0.103 | 0.850 | 0.101 | 0.097 | 0.802 | 0.147 | 0.084 | 0.769 | 0.196 | 0.097 | 0.707
28.5 0.050 | 0.095 | 0.855 | 0.102 | 0.093 | 0.805 | 0.144 | 0.081 | 0.775 | 0.201 | 0.088 | 0.711
26.3 0.051 | 0.091 | 0.859 | 0.102 | 0.086 | 0.812 | 0.144 | 0.076 | 0.781 | 0.201 | 0.081 | 0.719
24.0 0.049 | 0.083 | 0.868 | 0.102 | 0.081 | 0.817 | 0.146 | 0.070 | 0.784 | 0.197 | 0.079 | 0.724
21.8 0.049 | 0.078 | 0.873 | 0.102 | 0.075 | 0.823 | 0.146 | 0.064 | 0.790 | 0.201 | 0.072 | 0.727
19.8 0.050 | 0.070 | 0.880 | 0.103 | 0.068 | 0.829 | 0.146 | 0.058 | 0.796 | 0.200 | 0.067 | 0.733
17.8 0.050 | 0.063 | 0.887 | 0.103 | 0.061 | 0.835 | 0.147 | 0.052 | 0.801 | 0.201 | 0.061 | 0.738
16.0 0.051 | 0.058 | 0.891 | 0.104 | 0.054 | 0.842 | 0.148 | 0.046 | 0.806 | 0.196 | 0.061 | 0.744
14.2 0.052 | 0.052 | 0.897 | 0.106 | 0.049 | 0.845 | 0.148 | 0.040 | 0.812 | 0.202 | 0.049 | 0.748
12.6 0.052 | 0.047 | 0.901 | 0.104 | 0.043 | 0.852 | 0.148 | 0.036 | 0.816 | 0.202 | 0.044 | 0.754
11.0 0.053 | 0.042 | 0.905 | 0.106 | 0.038 | 0.856 | 0.149 | 0.030 | 0.821 | 0.201 | 0.040 | 0.759
9.5 0.054 | 0.037 | 0.910 | 0.106 | 0.035 | 0.860 | 0.150 | 0.025 | 0.825 | 0.203 | 0.035 | 0.763
8.1 0.054 | 0.031 | 0.915 | 0.106 | 0.029 | 0.865 | 0.150 | 0.020 | 0.830 | 0.204 | 0.029 | 0.767
6.8 0.055 | 0.024 | 0921 | 0.107 | 0.023 | 0.870 | 0.151 | 0.014 | 0.834 | 0.203 | 0.024 | 0.773
5.6 0.060 | 0.019 | 0.921 | 0.107 | 0.018 | 0.875 | 0.152 | 0.011 | 0.837 | 0.204 | 0.020 | 0.776
4.4 0.062 | 0.015 | 0.923 | 0.108 | 0.014 | 0.878 | 0.154 | 0.006 | 0.840 | 0.204 | 0.014 | 0.782
3.2 0.063 | 0.014 | 0.927 | 0.115 | 0.014 | 0.880 | 0.170 | 0.002 | 0.840 | 0.224 | 0.010 | 0.782
0 0.067 | 0 0.938 | 0.129 | 0 0.880 | 0.172 | 0 0.840 | 0234 | 0 0.782




P3,950-0.46
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Ug 5% 10% 15% 20%
(mm/s) | ¢ &g & € &g & € &g & € &g €
62.0 0.044 | 0.162 | 0.794 | 0.099 | 0.144 | 0.757 | 0.150 | 0.124 | 0.727 | 0.208 | 0.114 | 0.678
52.5 0.051 | 0.150 | 0.799 | 0.095 | 0.148 | 0.757 | 0.143 | 0.130 | 0.727 | 0.198 | 0.123 | 0.678
46.6 0.050 | 0.140 | 0.810 | 0.103 | 0.138 | 0.759 | 0.146 | 0.127 | 0.727 | 0.199 | 0.122 | 0.678
43.7 0.045 | 0.135 | 0.820 | 0.103 | 0.133 | 0.764 | 0.143 | 0.131 | 0.727 | 0.195 | 0.121 | 0.683
41.0 0.046 | 0.129 | 0.825 | 0.104 | 0.127 | 0.769 | 0.150 | 0.123 | 0.727 | 0.196 | 0.116 | 0.688
38.1 0.045 | 0.126 | 0.830 | 0.105 | 0.122 | 0.773 | 0.149 | 0.119 | 0.732 | 0.198 | 0.111 | 0.691
35.9 0.048 | 0.118 | 0.834 | 0.105 | 0.115 | 0.780 | 0.148 | 0.115 | 0.737 | 0.195 | 0.107 | 0.698
33.5 0.049 | 0.112 | 0.839 | 0.104 | 0.109 | 0.787 | 0.149 | 0.109 | 0.742 | 0.197 | 0.101 | 0.702
31.0 0.048 | 0.106 | 0.846 | 0.106 | 0.102 | 0.793 | 0.152 | 0.101 | 0.747 | 0.197 | 0.097 | 0.706
28.5 0.049 | 0.098 | 0.853 | 0.107 | 0.096 | 0.797 | 0.153 | 0.096 | 0.751 | 0.199 | 0.092 | 0.710
26.3 0.048 | 0.093 | 0.859 | 0.105 | 0.092 | 0.803 | 0.154 | 0.091 | 0.756 | 0.199 | 0.087 | 0.714
24.0 0.050 | 0.085 | 0.865 | 0.107 | 0.085 | 0.808 | 0.154 | 0.083 | 0.762 | 0.200 | 0.082 | 0.718
21.8 0.050 | 0.079 | 0.871 | 0.106 | 0.080 | 0.814 | 0.154 | 0.078 | 0.768 | 0.201 | 0.074 | 0.725
19.8 0.050 | 0.073 | 0.878 | 0.107 | 0.072 | 0.820 | 0.156 | 0.070 | 0.773 | 0.201 | 0.069 | 0.730
17.8 0.050 | 0.066 | 0.884 | 0.107 | 0.068 | 0.825 | 0.155 | 0.063 | 0.782 | 0.201 | 0.064 | 0.735
16.0 0.053 | 0.059 | 0.889 | 0.109 | 0.060 | 0.830 | 0.152 | 0.061 | 0.787 | 0.202 | 0.058 | 0.740
14.2 0.053 | 0.053 | 0.894 | 0.109 | 0.054 | 0.837 | 0.157 | 0.052 | 0.790 | 0.202 | 0.053 | 0.745
12.6 0.054 | 0.047 | 0.899 | 0.110 | 0.048 | 0.842 | 0.158 | 0.048 | 0.795 | 0.202 | 0.049 | 0.749
11.0 0.054 | 0.041 | 0.904 | 0.111 | 0.042 | 0.847 | 0.159 | 0.040 | 0.801 | 0.202 | 0.043 | 0.755
9.5 0.054 | 0.036 | 0.910 | 0.110 | 0.037 | 0.853 | 0.158 | 0.035 | 0.806 | 0.200 | 0.040 | 0.760
8.1 0.054 | 0.031 | 0.915 | 0.112 | 0.033 | 0.855 | 0.159 | 0.030 | 0.811 | 0.201 | 0.034 | 0.765
6.8 0.063 | 0.023 | 0.915 | 0.113 | 0.028 | 0.859 | 0.159 | 0.025 | 0.816 | 0.202 | 0.029 | 0.770
5.6 0.063 | 0.018 | 0.919 | 0.118 | 0.022 | 0.859 | 0.160 | 0.020 | 0.820 | 0.202 | 0.024 | 0.774
4.4 0.066 | 0.003 | 0.924 | 0.121 | 0.021 | 0.865 | 0.162 | 0.016 | 0.823 | 0.202 | 0.021 | 0.778
3.2 0.159 | 0.011 | 0.829 | 0.203 | 0.015 | 0.782
2.1 0.165 | 0.008 | 0.836 | 0.217 | 0.011 | 0.782
0 0.070 | 0 0.933 | 0.135 | 0 0.871 | 0.173 | 0 0.836 | 0228 | 0 0.782




Appendix B4. Local solids holdup
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Ug 904-0.35 930-0.35 950-0.46
(mm/s) | 10-70 [ 70-130 [ 130- [ 190- [10-70 [70-130 [130- [190- [10-70 [70-130 [ 130- [ 190-
190 210 190 210 190 210

62.0 0.124 |0.143 ]o0.127 |o0152 0127 [o0.131 [o0.127 |o0168 |0.150 [o0.148 |o0.145 |o0.116
52.5 0.127 |0.140 ]0.133 |o151 0132 [0.133 [o0.128 |o0.165 0135 [0.137 |o0.145 |0.130
46.6 0.130 | 0149 |o0.124 |o0.160 [0.137 [o0.134 ]o0.131 |015 [0.139 [o0.140 |0.151 |o0.121
43.7 0.135 | 0145 ]o0.126 [0.153 [0.138 [o0.136 [0.128 |0.163 0127 [o0.147 ]0.135 |o0.146
41.0 0.136 | 0.148 |0.132 |0.144 |0.142 |0.136 |0.135 |0.153 |0.143 |0.149 |0.149 |0.128
38.1 0.137 |0.148 |o0.131 |0152 [0.139 [0.138 |0.128 |0.153 |0.143 [0.149 |0.144 |o0.128
35.9 0.133 | 0149 ]0.127 |0157 0141 [o0.141 [o0.131 |0.148 |0.142 [0.148 |o0.146 |0.119
33.5 0.137 | 0142 ]o0.131 |0145 0144 [o0.140 [0.130 |0.142 [0.145 [o0.151 |o0.142 |o0.124
31.0 0.140 |0.147 ]o0.134 [o0.140 [0.147 [o0.147 ]0.137 |o0.145 Jo0.151 [0.153 [o0.149 [o.112
28.5 0.139 |0.142 ]0.132 [0147 0144 [o0.140 [o0.134 |o0.146 |0.151 [o0.156 |0.148 |0.113
26.3 0.135 | 0154 ]0.136 |0138 |o0.146 [0.138 |0.136 |0.142 |o0.151 [0.153 ]0.150 |0.126
24.0 0.136 | 0150 ]0.139 |0.134 [o0.144 [o0.144 [0.135 |0.147 |0.152 [o0.158 |0.147 |o0.124
21.8 0.140 |0.147 ]0.136 |0.145 [0.143 [0.143 ]0.138 |0.144 |0.152 [0.155 |0.147 |0.132
19.8 0.135 | 0153 ]0.138 [0.144 [o0.146 [o0.142 [o0.134 [0.147 [0.154 [o0.155 [o0.154 |o0.125
17.8 0.139 | 0151 ]0.138 |0.143 [o0.144 [o0.140 |o0.141 |0.145 |0.155 [o0.153 |o0.150 |o0.127
16.0 0.140 |0.154 |o0.141 |0.143 [o0.144 [0.143 [0.139 |0.149 |o0.154 [o0.146 |0.149 |o0.127
14.2 0139 | 0147 ]0.143 [0149 [0.143 [o0.142 [o0.142 |0.143 |o0.156 [0.153 |o0.152 |o0.144
12.6 0.136 [ 0152 |o0.144 |0.151 0143 [o0.142 [0.143 |o0.146 |0.154 [0.153 ]0.155 |0.143
11.0 0.139 |0.153 ]0.148 |0.154 [0.144 [o0.142 [o0.144 |0.147 |0.158 [o0.154 ]0.155 |0.140
9.5 0.139 0149 ]0.150 |0.158 0142 [0.143 [0.143 |0.149 |0.156 |0.153 |0.155 |o0.145
8.1 0.133 | 0150 ]0.153 |0.160 |0.141 [0.143 [o0.146 |0.148 |0.152 [0.153 [0.156 |0.155
6.8 0.134 0153 |o0.151 |0160 |0.143 [0.143 [0.147 |0.149 |0.154 [o0.152 ]0.157 |0.154
5.6 0.174 [o0.180 |o0.171 |o0.166 |o0.141 [0.147 [o0.148 |0.150 [o0.156 [0.152 ]0.156 |0.159
4.4 0.142 |0.144 |0.152 ]0.156 |0.150 |0.161 |0.160 | 0.154
32 0.161 |0.164 |0.159 |0.169 |0.136 |0.157 [o0.166 |0.168
2.1 0.156 |0.162 |o0.162 |o0.162
0 0.186 | 0.186 |0.186 |0.186 |0.164 |o0.164 |o0.164 |0.164 0169 [0.169 |0.169 |0.169
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