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ABSTRACT

A STUDY ON HYDRODYNAMICS AND HEAT TRANSFER IN A
’ BUBBLE COLUMN REACTOR

A bubble column reactor was designed and the accessory equipments were fixed in
order to carry out hydrodynamics and heat transfer measurements. The experiments were
initiated with two-phase air-water system and extended to three-phase systems by the
addition of various solid phases. The solid packings utilized were: Glass beads of 10 per
cent by volume concentration, yeast cells (Saccharomyces cerevisiae) and bacteria cells
(Escherichia coli) at concentrations 0.1 and 0.4 per cent by weight for both. The two
important hydrodynamic parameters invesﬁgated were the gas holdup and bubble
properties, namely the bubble population- and their rise velocities. The bubble
characteristics were analyzed by the widely utilized dynamic gas disengagement technique.
The possible flow regimes encoﬁntered in the column during operation and regime
transition properties were also analyzed by using the methods proposed in literature. The
variations of gas holdup and bubble characteristics with: superficial gas velocity, the slurry
phase properties and bed temperature changes are investigated. Heat transfer
measurements were carried out at various axial and radial locations in the column, by the
help of the fast response heat transfer probe designed in this study, so as to study the axial
and radial average heat transfer coefficient profiles. The effects of superficial gas velocity,
axial-radial location of the probe in the column, the slurry phase properties and the bed
- temperature on heat transfer were investigated. Both the results of the hydrodynamics and
heat transfer measurements were compared with literature correlations and previously
published experimental studies and the agreement was found to be satisfactory. An
empirical equation was developed for predicting the heat transfer coefficient in bubble
columns composed of air-water system, based on the experimental results.
MATHEMATICA was used as the package program for estimation of the best fit
parameters of the model. The model prediction of the experimental data was obtained to be

within five per cent confidence interval.



OZET

KABARCIKLI KOLON REAKTORUNDE HiDRODINAMIK VE ISI
TRANSFERI CALISMALARI

Hidrodinamik incelemeler ve 1st transfer olgiimleri amaciyla bir kabarcikh kolon
reaktor sisteminin kurulmasi ve gerekli olgim  aletlerinin sisteme yerlestirilmesi
gergeklestirildi. Deneysel gahigmalar, iki fazh hava-su sistemi ile baglatidd: ve gesitli kat:
fazlarin eklenmesi ile birlikte iig fazh sistemlere ilerletildi. Kati dolgu maddeleri olarak,
yuzde 10 hacim konsantrasyonunda cam boncuk; vyizde 0.1 ve 04 agwhk
konsantrasyonunda maya hiicreleri ve bakteri hiicreleri kullanildi. Incelen iki 6nemli
hidrodinamik parametre: gaz tutma ve gaz kabarcik ozellikleri olmakla beraber gaz
kabarcik ozellikleri; kabarcik Yyogunlugu ve ﬁhelme hizlar: olarak adlandinlabilir. Gaz
kabarcik ozellikleri, olduk¢a sik kullanilan “Dinamik Gaz Kurtulma™ metodu ile analiz
edildi. Kolonun galismas: sirasinda gozlemlenen olasi akig rejimleri ve bu rejimler arasi
gecis ozelhklen yayunlanmg ¢alismalarda yer alan metodlar kullanslarak incelendi. Gaz
tutma ve gaz kabarcik ozelliklerinin, yiizeysel gaz hizi, ortam ozellikleri ve kolon ici
sicaklik degisimleri agisindan incelenmesi yapidi. Kolonun eksenel ve radyal isi transfer
katsayist profilinin ¢ikanimas amactyla, bu galismada tasanmm yapilan hizh tepkili 1s1
akim 6lgme gubugu kullaniimak suretiyle kolonun degisik eksenel ve radyal bolgelerinde
151 transfer olgiimleri gergeklestirildi. Yiizeysel gaz hizinm, 1s1 transfer gubugunun kolon
igindeki eksenel ve radyal yerinin, ortam ozelliklerinin ve kolon i¢i sicakliginin 1s1 transfer
katsayisina etkileri incelendi. Biitin hidrodinamik ve 1st transfer deney sonuglan
yayimlanmis bagintilar ve deneysel galiymalarla kargilagtinldi ve yeterli uyum elde edildi.
Deneysel verilere dayanarak, hava-su sistemi iceren kabarcikh kolonlarda 1s1 transfer
katsaylsmm hesaplanmas i¢in deneyimsel bir model denklemi gelistirildi. Model icin en
lyi uyum parametrelerinin belirlenmesinde MATHEMATICA paket programi kullamlds.
Geligtirilen modelin deneysel verileri yizde bes giivenilirlik arahg iginde belirledigi
gosterildi.
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1. INTRODUCTION

Bubble columns belong to the general class of multiphase reactors which consists of

three main categories namely, the trickle bed reactor (fixed or packed bed), fluidized bed
| reactor, and the bubble column reactor. Bubble columns are cylindrical vessels wherein gas
is sparged via a distributor, in the form of bubbles, into liquid-solid suspension. In the
- presence of a solid phase, these reactors are commonly referred to as slurry bubble
columns (Krishna et al, 1997). Bubble columns are iritensively utilized in chemical,
petrochemical, biochemical and metallurgical industries where they serve as multiphase
contactors and reactors. As reactors, bubble columns are used for chemical processes
involving oxidation, chlorination, alkylation, polymerization and hydrogenation reactions
and also for a variety of gas conversion processes involving the production of liquid fuels
from synthesis gas. Typical examples are the famous Fischer-Tropsch process, which is the
indirect coal liquefaction route to produce transportation fuels, synthesis of methanol, and
manufacture of other synthetic fuels that offer environmental advantages over petroleum-
derived fuels (Dagaleesan and Dudukovic, 2001).

The reason behind the wide application area of bubble columns is that, they provide
many advantages both in design and operation. Excellent heat and mass  transfer
characteristics, lack of moving parts and hence requirement of little maintenance, higher
durability of catalyst or other packing material, ease of operation, compactness, as a result
low operating and maintenance costs are the advantages that render bubble columns as an

attractive reactor choice for 'various multiphase processes (Degaleesan and Dudukovic,
2001). Knowledge about hydrodynamics of bubble columns is neceSsary for design
purposes. Although many articles are found in the literature, bubble columns are still not
well understood and the work is often oriented on only one phase, i.e. liquid or gas.
Because the hydrodynamics of each phase are intimately linked, the study of their
interaction is of interest (Lefebvre and Guy, 1999).

The fluid dynamics characterization of slurry bubble columns has fundamental
importance in the study of the performance of slurry reactors. This has motivated

experimental work as found in the recent literature directed towards the quantiﬁcation of



the effects that operating conditions, physical properties of the phases and the dimensions
of the column have on bubble column performance (Pino ef al., 1992). A literature survey
on bubble column reactors showed that the design, operation, and modeling of these
reactors, are the basic topics of concern due to their industrial application and importance
in recent years. Important parameters, that researchers working with bubble columns
mainly interested, are gas holdup measurements, solid type and concentration effects,
bubble characteristics, flow regimes observed, column dimensions and operating condition
- effects like pressure and temperature, local heat transfer coefficient measurements that
give idea about the column heat transfer characteristics, suberﬁcial gas velocity effects and
velocity distributions. Among these, the gas holdup can be regardéd as the key parameter
that characterizes transport phenomena of bubble column systems. All studies examine gas
holdup because it plays an important role in design and analysis of bubble columns.
Dynamic Gas Disengagement (DGD) technique is a procedure used to measure gas holdup
by studying bubble groups and their rise velocities.

If several literature studies on bubble columns are analyzed from the earlier studies
to recent ones, it is observed that a tremendous number of experimental and computational
studies exist. Deckwer ef al. (1980) examined the Fischer-Tropsch synthesis in bubble
column reactors. Their studies showed that operation of Fischer-Tropsch synthesis in the
slurry phase is the most promising of the newer process techniques. Schumpe and Grund
(1986) analyzed the gas holdup and bubble characteristics by Dynamic Gas
Disengagement technique in a bubble column system, which was composed of air and
water as the gas and liquid phases, respectively. Kawase and Kumagai (1991) performed

- analysis in bubble columns mostly in terms of heat transfer characteristics of the system,
ie. by measuring the heat transfer coefficients at various locations. Daly et al. (1992)
worked with molten wax and air system. Pino et al. (1992) extended the gas holdup studies
by introducing solid phase into the column. Their system was composed of kerosene and
air as liquid phase and gas phases respectively. They worked with solid packing of
different sizes and studied their effects on gas holdup as well as compared batch wise
operated and continuously operated columns. Hyndman et al. (1997) proposed a kinetic
model to "describe the possible flow regimes in bubble columns that satisfied his
experimental results. Li and Prakash.(1997) dealt with air-water- glass bead system and

studied the effects of solid concentration on gas holdup and heat transfer properties. Luo et



al. (1999) has reported a theoretical study governing bubble characteristics and holdup
- measurements for high-pressure bubble columns. They have provided many empirical
correlations useful for bubble column studies. Degaleesan and Dudukovic (2001) has
- reported another experimental study on liquid-flow structures in bubble columns in which
they have used computer-automated radioactive- particle tracking technique to investigate
liquid recirculation and turbulence in bubble columns. Lapin et al. (2002) has investigated
the bubble column fluid dynamics and flow structures. Still most recent studies focus on
model development based on regimes and regime transitions prevailing in bubble columns,
computational fluid dynamics (CFD) simulations and flow pattern analysis by novel
techniques (Michele and Hempel, 2002; Buwa and Ranade, 2002; Ruzicka etal., 2001).

A wide application area of bubble columns is their use as bioreactors in which
microorganisms are utilized in order to produce industrially valuable products such as
enzymes, proteins, antibiotics, etc. Several recent biochemical studies utilizing bubble
column as bioreactors ére presented in Table 1.1. As summarized in this table, Arcuri e al.
(1986) using Streptomyces cattleya, inspected the production of thienamycin with
continuously operated bubble column bioreactor. Federici ef al. (1990) performed the
production of glucoamylase by Aureobasidium pullulans. Rodrigues et al. (1999) reported
that the cultivation of hybridoma cells in a bubble column reactor resulted in a high
monoclonal antibody productivity of 503 ug/l.day. Bordonaro and Curtis (2000) designed a
15-L bubble column reactor to produce root cultures of Hyoscyamus muticus which in turn
produces plant secondary metabolites. Son et al. (2000) developed a novel bubble column
bioreactor to produce taxol by Taxus cuspidate. Chang et al. (2001) cultivated
Eubacterium limosum on carbon monoxide to produce organic acids in a bubble column
reactor. Shiao ef al. (2002) investigated the tolerance of Arabidopsis thaliana hairy roots to

low oxygen condition in a bubble column reactor.

A recent study that was not'aimed to produce a bioproduct but instead, investigate
the hydrodynamic and heat transfer characteristics of the bubble column in the presence of
microorganisms has been carried out by Prakash er al. (2001). Their study utilized
suspén_sion of yeast cells (Saccharomyces cerevisiae) as the solid phase in an air-water
sysfem. The study of Ogbonna et al. (2001) was baséd on the potential of producing fuel

ethanol from sugar beet juice in bubble column. In this study again the yeast cells



(Saccharomyces cerevisiae) were used in order to investigate the feasibility of scaling up

the process.
Table 1.1. Biochemical applications of bubble columns
Bioproduct Biocatalyst Reference
Thienamycin Streptomyces cattleya Arcuri et al., 1986
Glucoamylase Aureobasidium pullulans Federici ef al., 1990
Monoclonal antibody Hybridoma cells Rodrigues et al., 1999
Plant secondary Hyoscyamus muticus Bordonaro and Curtis,
metabolites 2000
Taxol Taxus cuspidate Son et al., 2000
Organic acids (acetic, Eubacterium limosum Chang et al., 2001
butyric) |
Low oxygen condition. Arabidopsis thaliana Shiao et al., 2002
tolerance analyzed

This work is an experimental study aimed to investigate the hydrodynamics and heat
transfer characteristics of a slurry bubble column. The studies initially were targeted to
design a laboratory scale bubble column and maintenance of the necessary accessory
equipments to carry out the desired measurements. The parameters investigated in this
study are the gas holdup, the bubble characteristics and the heat transfer coeﬂicients.
Effects of superficial gas velocity, the operating conditions, i.e. temperature, the solid type
and concentration on the above parameters were analyzed. The experiments were initiated
with two phase air-water system and extended to three-phase slurry bubble column studies
with the introduction of glass beads as the solid phase. Regarding the importance of bubble
columns in their use as bioreactors, experiments were further carried out in the presence of
yeast cells (Saccharomyces cerevisiae) and bacteria cells (Escherichia Coli) as solid
phases. Finally, an empirical model is developed to predict the heat transfer coefficient in

the air-water system, based on a wide range of experimental data of the present work.

Necessary information related to design and operation of bubble columns, fluid

dynamics and regime analysis and parameters characterizing the operation of bubble



~columns, can be found in Chapter 2. A detailed literature survey covering various selected
experimental studies on the investigatioxi of bubble column parameters is presented in
Chapterﬂ 3. The design and construction details of the experimental setup are given in
Chapter 4. The experimental results and discussion on hydrodynamics and heat transfer

measurements of four slurry systems investigated are presented in Chapter 5, followed by

the conclusions and recommendations given in Chapter 6.



2. BUBBLE COLUMN REACTORS

Bubble column reactor is basically, a vertical cylinder with a gas distributor at the
bottom. The gas sparged into the column may contact a liquid phase or a liquid-solid
suspension. Slurry bubble column reactors provide benefits which made them attractive for
many industrial processes such as syngas conversion to fuel and chemicals, heavy oil
ﬁpgrading, environmental pollution control, biotechnology, oxidation, chlorination,

alkylation and hydrogenation reactions.

In this chapter, bubble columns are analyzed in detail. The design and operation of
bubble columns, the fluid dynamics and regime analysis encountered during operation, the
parameters characterizing their operation such as gas holdup, superficial gas velocity,
bubble populations and rise velocities, sdlid type, heat and mass transfer coefficients. The
~ measurement techniques used in investigating these parameters, together with correlations

proposed in literature are also presented.
2.1. Design and Operation of Bubble Columns

Although simple in construction, due to complex hydrodynamics and its influence on
transpbrt characteristics, the design and scale-up of bubble columns has involved
considerable empiricism, and has been the subject of extensive ongoing research. Reported
studies indicate that thé accurate and successful design and scale-up of bubble column
reactors requires an improved understanding of the multiphase fluid dynamics and its
influence on phase holdup distribution, mixing, and transport characteristics (Degaleesan
and Dudukovic, 2001). ‘

As discussed in‘Chapter 1, bubble columns are frequently preferred and studied due
to their attractive advantages. However, the present status of their design is still closer to
art than science. This is basically because of the complexity of fluid dynamics. During the
past 20 years, the're. has been considerable attention on studying the flow patterns and
related design parameters in bubble columns (Kulkamni ef al., 2001).



_ Bubble columns usually operate with a length-to-diameter ratio, or aspect ratio of at
least ﬁv)e. In biochemical applications this value can vary between two and five, Bubble
columns are usually operated in either semibatch or continuous mode (Degaleesan and
Dudukovic, 2001). In the continuous operation, the gas and suspension flow concurrently
upward into the column, while in the semibatch mode the suspension is stationary,
meaning zero liquid throughputs, and the gas flow upward. In continuous mode, the
suspension that leaves the column is recycled to the feed tank and the liquid superficial
velocity is maintained to be lower than the gas superficial velocity by at least an order of
magnitude (Pino et aZ, 1992). As a result, it is the flow of gas that controls the
hydrodynamics of the individual phases in these systems. As mentioned before, in presence
of a solid phase, these reactors are referred to as slurry bubble columns. The size of
particles used in the slurry bubble columns are typically in the range of 5 to 300 pum, with a
solids loading of up to 50% by weight. Heat exchangef tubes can be inserted into the
reactor for cooling the system and maintéining isothermal conditions, especially for highly
exothermic reactions. In addition, in some cases the column may be sectionalized using

| baffles to inhibit liquid back mixing (Degaleesan and Dudukovic, 2001).

In general, the design and scale-up of bubble column reactors depend on the
quantification of three main phenomena:

= Heat and mass transfer characteristics
® Mixing characteristics
* Chemical kinetics of the reacting system

The first two are system dependent and intimately linked with the fluid dynamics of bubble
columns. In order to model bubble column reactors, the following hydrodynamic
parameters are required: specific gas-liquid interfacial area, axial solids dispersion
coefficients, sauter-mean bubble diameter, axial dispersion coefficients of the gas and
liquid, overall heat transfer coefficient between slurry and immersed heat transfer internals,
mass transfer coefﬁclents for all the species, gas holdups, physicochemical propertles of

the liquid medium.



The recent experimental studies include similar accessories inserted in the bubble
column in order to estimate the parameters of concern. The gas flow into the column is
controlled via rotameter and the superficial gas velocity is arranged. The gas is distributed
by a gas distributor of various types such as ring type, perforated plate or arm distributor.
An electric heater can be installed to maintain constant temperature in the column. The
pressure measurement system may contain liquid manometers or pressure transducers
(pressure transmitters). The pressure measurements are used to obtain gas holdup data in
the system. Thermocouples are used wherever temperature variation is needed to be
. recorded. Heat flux sensors may be used to estimate the heat flux and to measure the
corresponding heat transfer coefficients between the heated immersed object and slurry or
the slurry and wall. For better control and adjustment, all the equipments are usually
accompanied by PID controllers usually. Data acquisition systems may be utilized for
instantaneous parameter investigations, for instance for recording the pressure fluctuations
and estimation of gas holdups and bubble properties. The above mentioned instruments
_ and measurement techniques for the calculation of the related parameters are presented in
the experimental section in detail.

2.2. Fluid Dynamics and Regime Analysis in Bubble Columns

The fluid dynamic characterization of bubble column reactors has significant effect
on the operation and performance of bubble columns. According to literature, the
experimental results obtained in parameter investigations, strictly depend on the regime
prevailing in the colurﬁn. The flow regimes in bubble columns are classified and
maintained according to the superficial gas velocity employed in the column. Three types
of flow regimes are commonly observed in bubble columns which are the homogeneous
(bubbly flow) regime; the heterogeneous (churn-turbulent) regime and slug flow regime.
Other than these three types of regimes, there also exists the so called foaming regime

which is not so commonly encountered in bubble columns.
2.2.1. Bubbly Flow (_Hdmogeneous) Regime

The bubbly flow regime, sometimes called the homogeneous flow regime is obtained
at low superficial gas velocities, less than 5 cm/s in batch columns (Hills, 1974; Fan,



'1989). This flow regime is characterized by bubbles of relatively uniform size which are
distributed over the entire cross sectional area of the column. Kawagoe ef al. (1976) found
that the gas holdup in the bubbly flow regime increases linearly with increasing superficial
gas velocity. According to Hyndman et al. (1997), the bubbly flow regime is characterized
by small bubbles and with relatively gentle mixing in the column. Several authors also
stated quantitative determinations regarding the flow regimes in bubble columns. In this
regime, the bubbles have almost uniform small sizes and rise velocities. These values were,
however for only two-phase and more specifically air-water systems. It becomes more

difficult to make a generalization for three-phase systems.
2.2.2. Churn Turbulent (Heterogeneous) Regime

At higher superficial gas velocities (greater than 5 cm/s in batch columns), the
homogeneous gas-liquid system is disturbed due to enhanced turbulent motion of gas
_ bubbles in the system. Unsteady flow patterns are attained. At higher gas throughputs also
large bubbles with short residence times are formed by coalescence. This flow regime is
thus referred as heterogeneous, also sometimes as coalesced bubble flow regime,
indicating the much different sizes of the bubbles. As a matter of fact, by bubble
coalescence and break up, a wide bubble size distribution is attained. Matsuura and Fan
(1974) reported that this regime consisted of a mixture of small and larger bubbles with
diametérs ranging from a few millimeters to a few centimeters. This regime is frequently
observed in industrial-size, large diameter column. Hyndman ef al. (1997) stated that the
churn-turbulent flow reéime is characterized by vigorous mixing and a range of bubble
sizes. The authors claimed that, larger bubbles rise quickly through the dispersion complex
patterns, entraining smaller bubbles and liquid in their wake. Bubbles also tend to rise in
clusters through the column. It has been shown that gas-liquid mass transfer is carried out
more effectively at homogeneous flow. In chemical industry, however, bubble columns are
mostly operated at heterogeneous flow conditions. In this flow regime the interpretations
of effective interfacial area measurements by chemical methods and reactor modeling have
been based on the 'assumption of two distinct bubble classes. For these models, information
on the holdup fractions, the velocities and the contributions to the overall flow are required
for the small and large bubbles (Schumpe and Grund, 1986).
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2.2.3. Slug Flow Regime

This regime has been observed in small diameter columns, at high gas flow rates
when larger bubbles are stabilized by the column wall leading to the formation of bubble
slugs. Bubble slugs have been observed in the column diameter up to 15 cm (Hills, 1976;
Miller, 1980). Hyndman et al. (1997) stated that the slug flow regime is only observed in
small diameter laboratory columns at high velocities. Figure 2.1 best illustrates the
differences between the possible regimes discussed.

perfect bubbly  mperfect bubbly  chum-turbulent shug flow
(or bad bubbly)

Homogeneous Heterogeneous |

Figure 2.1. Schematic of possible flow regimes in bubble columns

According to the literature, it is not possible to give definite quantitative ranges for
superficial velocities in order to characterize the flow regimes. Different studies performed
with different systems and operating conditions provide different results in determination
of regimes and regime transitions. For instance Hyndman ez al (1997) proposed that below
4 cm/s superficial velocity bubbly flow regime prevails. Pino et al. (1992) also reported
, abproximately the same velocity for bubbly flow regime. Schumpe and Grund ('1986)
proposed that for superficial veloéities lower than 5 cm/s, homogeneous (bubbly) flow
prevails. Bukur and Daly (1987) observed the coalesced bubble regime for gas superficial
velocities between 2 and 5 cmy/s. For this purpose, several flow regime charts have been
preseﬁted in literature to identify the boundaries of various flow regimes (Shah et al., 1982;
Fan et al., 1985; Deckwer et al., 1980). In Figure 2.2, the flow regime map presented by
Deckwer et al. (1980) is shown.
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Figure 2.2. Flow regime map for bubble columns (Deckwer et al., 1980)

The map quantitatively describes the dependence of flow regimes on column
diameter and superficial gas velocity. This flow map is valid for both bubble and slurry
bubble columns with a batch (stationary) liquid phase operated with a low viscosity liquid
phase. The shaded regions in the figure indicate the transition regions between various
flow regimes. However, the exact boundaries associated with the transition regions would

vary with the system studied.

The ranges and transitions between these three regimes depend on operating
conditions, particle size and density, gas and liquid flowrates, column diameter and liquid
properties. For instance, Wilkinson e# al. (1992) reported that the bubble coalescence was
promoted in highly viscous liquid and thus transition to the coalesced bubbly regime was
observed at lower gas velocities. Higher gas density or higher pressure extended the
dispersed bubble regime to higher gas velocity due to the promotion of bubble breakup
(Clark, 1990; Wilkinson and Dierendonck, 1990; Krishna et al., 1991). Kara ef al. (1982)
observed that transition to churn-turbulent regime was earlier with an increase in solids

concentration, particle size and slurry velocity.
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2.2.4. Foaming Regime

Deckwer et al. (1980) concluded that, the flow regimes described above are
associated with nonfoaming systems. For foaming systems, Shah e al. (1985) included an
additional flow regime called the foaming (or foamy) regime. Pino ef al. (1992) reported
that among the possible flow regimes that can be encountered in bubble columns, the
foaming regime can also be included. This regime results from the low bubble coalescence
rates due to the presence of surface-active substances present in the liquid phase.
According to the authors, this regime is not studied very extensively in literature and this
regime is characteristic of foam reactors and processes that involve hydrocarbon mixtures
at high temperatures and pressures, such as Fischer-Tropsch process. Guitian and Joseph
(1997) reported that applications of foaming reactors are found in many industries like the
flotation of minerals, enhanced oil recovery drlling in oil reservoirs, insulation,
construction, and refining processes such as vacuum distillation. It is important that foams
trap gases and this is not wanted in many applications. The authors also stated that, there
exists a critical condition for the foam formation in bubble columns. The Equation (2.1)
expresses this criterion. In the equation, V,; and V) are superficial velocities of gas and
liquid phases, respectively and a and b are empirical constants independent of these
velocities. If V; is less than critical value, for a given Vi, there will be no foam in the
reactor; the reactor will be filled to the top with bubbly mixture. When V reaches the
critical value, foam appears at the top of the reactor. The foam is separated from the bubbly
mixture by a sharp interface; as V, is increased past the critical value, more and more of
the bubbly mixture is consumed by foam.

V, =a+bV, @2.1)

In hydrocracking and other foaming reactors, the foam rises to the top, because it has a
higher gas fraction than the bubbly mixture from which it comes. The high gas hold up in
foams is undesirable in chemical reactors, because it strongly decreases the liquid
residence time, and in hydrocracking reactors also promotes the formation of coke (Guitian
and Joseph, 1997). '
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| Summarizing so far, the literature studies conclude that, at low gas velocities,
regardless of the column diameter, the homogeneous (bubbling) regime prevails. This
regime is characterized by a uniform bubble size distribution in which there is very little
attraction between neighboring bubbles. As the gas velocity increases, bubble coalescence
and breakup occur. Thus, there exists a transition velocity (Vgans) between bubbly flow
and chumn-turbulent flow regimes. Below this superficial velocity, bubbly flow regime and
above it, churn-turbulent regime prevails. Deckwer et al. (1980) also stated that in columns
less than 0.1 m in diameter, the large bubbles may fill the entire column diameter forming
slugs, and this is known as the slug flow regime. In larger diameter columns, large bubbles
are formed without producing slugs. As these large bubbles rise through the column, there
is an increase in turbulence; hence, this is called the churn-turbulent flow. Finally foaming
regime is also encountered in literature, though not frequently observed, in processes
where hydrocarbon mixtures at high temperature and pressure are utilized; foaming regime

may also be observed.
2.3. Important Parameters Characterizing the Operation of Bubble Columns

In this section, important parameters characterizing the operation of bubble columns
are introduced in detail. Actually there exists large number of parameters that are
investigated in the literature, however here, the 'parameters that are more or less related to
this work are defined and analyzed.

2.3.1. Gas Holdup

Gas holdup is a dimensionless key parameter that characterizes transport phenomena
of bubble column systems. It is basically defined as the volume fraction of gas phase
occupied by the gas bubbles. Likewise it is possible to characterize the liquid phése and “
solid phase holdups as the volume fraction of liquid and solid phases respectively. All
studies examine gas holdup because it plays an impbrtant role in design and analysis of

bubble columns. Mathematical expression of gas holdup is expressed by Equation (2.2).

_ Volume of bubbles

Gas Holdup =
o'cup Total slurry volume

2.2)
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| In a three-phase sturry bubble column, the static pressure drop along the bed height is
given by:

AP = (ogsg +piE] +pgts JgAH (2.3)
where, &, € and & are the volume fractions of gas, liquid and solid phases, respectively. €
is also named as the gas holdup and g , p and AH are the gravitational acceleration, the
density and height difference between the transducers, respectively. The subscripts g, I and

‘s stands for gas, liquid and solid phases. Moreover, the volume fraction of individual
phases must equal to unity.

€, +€1+&5 =1 24)
g s ,

Liquid and solid phase volume fractions in three-phase suspension can be identified in

. terms of volume fractions in two-phase, liquid-solid slurry:

g =¢1(€1 +8s)=¢1(1—8g) 2.5)
&g =d’s(al +8s)=¢s(1"8g) 4 (2.6)

where; s is the volume fraction of solids in the two-phase slurry and can be obtained by

Equation (2.7).

g =PsL—PL @7
Ps —P1

Here, slurry density, pg, can be measured by weighing samples of known volume.
Substitution of Equations (2.4) - (2.6) into Equation (2.3) results in Equation (2.8).

—EA“II_’,I":gG)gsg +Pl¢1(1‘5g)+Ps¢s(l_sg)) (28)
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= g(ogsg +(p10) +Ds¢;)(1—8g )
Since p; is negligibly small, the above equation can be expressed by Equation (2.9).
AP = g(p1y +psds N~ AH | 2.9)
Therefore gas holdup can be obtained by Equation (2.10).

1 AP
2(p191 +pgds) AH

gg =1 - (2.10)

This equation is directly applied for estimation of gas holdup in slurry bubble
column. For bubble columns where a solid phase does not exist, the equation can be

| simplified as:

=1-

(2.11)

where, AP denotes the pressure drop along the bed. It may be measured by means of a
manometer or pressure transducers may be utilized. AH is the corresponding height
difference between transducers along the bed.

In the following subsections, various techniques that have been used for measuring

gas holdup are reviewed.

23.1.1. Gas Holdup Measurement Techniques. Various techniques are discussed in

literature for measuring the gas holdup. Among the most common techniques, Pressure
Profile Method, Dynamic Gas Disengagement technique (DGD), Bed Height Method,
Gamma Ray Attenuation, Shutter Plate Technique can be given. Besides, the frequently
utilized methods are the Pressure Profile Method, Bed Height Method and the Dynamic
Gas Disengagement (DGD) T echnique:
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| Pressure Profile Method is the most widely used technique in measuring gas holdup
is the pressure profile method (Hikita ez al,, 1980; Miller, 1980; Fan et al., 1985; Reilly ef
al., 1986). This technique is based on measuring the static pressure at two or more points

along the column by using manometers or more recently pressure transducers and thus

obtalmng the pressure profile along the column height.

Bed Height Method is relatively simple and able to provide a wide range of
information about bubble column hydrodynamics. The gas holdup via this method is
determined by height measurements over the column. The bed height is measured during
continuous gas flow into the column (Hy) and also after stopping the gas flow (H;). Thus
by simultaneous measurement of bed height before and after gas escape. Hence, the
volume of the gas present is equal to the difference between the dispersion height (Hj) and
the static bed height (H;). The relation canvbe expressed as:

HgAceq =(Hy -Hg)A, (2.12)
H, -H, .
Sg = -d:H:“d (213)

where, A. is the cross sectional area of the column. A nurnber of researchers have used this
technique to measure gas holdup in two and three phase systems (Akita and Yashida, 1973;
Kato et al., 1973; Grover et al., 1986; Oztiirk et al., 1987).

Dynamic Gas Diséngagement Technique (DGD) is a method used to study bubble
groups, their holdup structures and rise velocities. It involves tracingv the drop in dispersion
height after gas flow has been shut off (Schumpe and Grund, 1986). The technique was
first introduced by Stiram and Mann (1977). More specifically it requires an accurate
measurement of the rate at which the level of gas-liquid dispersion drops after the gas flow
to the bubble column is shut off (Daly ef al., 1992). The resulting disengagement profile
can be used to separate the contributions of small and large bubbles to the total gas hdldup
(Schumpe and Grund, | 1986). Krishna et al. (1991) have suggested ‘a2 model for
characterizing the hydrodynamic behavior of bubbles in the slurry. The model is simply
expressed by the existence of two bubble classes in a bubble column pperating in churn-

turbulent regime: large, fast moving bubbles and small, slower bubbles. Thus, all two-
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| bubble-group models, i.e. concerning small and large bubble groups, require knowledge of
the small and large bubble fractions of the gas holdup. Generally, these have been obtained
by Dynamic AGas Disengagement (DGD) Technique. More details on the two-bubble class
model proposed by Krishna et al. (1991 and 1994) are given in Section 2.3.5.

Previously video cameras were used to observe the drop in dispersion height. This
was however a visual observation and there always existed an uncertainty involved in
estimating the rate at which the liquid level drops during the disengagement process.
Recent studies have used pressure transducers placed below the static liquid height before
 fluidization, to follow gas disengagement and measure gas holdup (Li and Prakash, 2000).
After the gas flow into the column is stopped the pressuré transducers are used to measure

the pressure variation in the bed. The pressure gradients are then used to estimate the

holdup variations in the bed.

Because of the dependence of bubble rise velocity on the bubble size, the rate of
change of the holdup provides information on the bubble size distribution (Schumpe and
Grund, 1986). The method based on pressure transducer allows the automation of data
acquisition, permits measurements in nontransparent systems and has the potential for
applications at high temperatures and pressures. The relation that can be used to obtain
instantaneous holdup can be expressed by Equaﬁon (2.14).
' 1 dP(t)
P19y +psps dH

gg(t)=1- (2.14)

Equation (2.14) is based on the assumption that volume fraction of solids in two-
phase slurry (¢s) remains uniform throughout the disengagement process (Li and Prakash,
2000).

The DGD technique is based on the principle that different bubble classes in
dispersion can be distinguished if there are significant differences between their rise
velocities. The rate at which the instantaneous gas holdup drops would depend on the
fraétion and rise velocities of different bubble classes. Initially, when the fast rising larger

bubbles are escaping, the drop of the instantaneous gas holdup would be fast. The rate of
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drop would; however, slow down when only small bubbles are escaping (Li and Prakash,
2000).

According to the two-bubble class model, the overall gas holdup at steady state is the
sum of the holdups due to small bubbles and large bubbles. The holdups of larger and
small bubbles are identified by observing instantaneous gas holdup during gas
disengagement. At high superficial gas velocities, the instantaneous gas holdup has higher
fluctuations and drops at a fast rate as the gas is shut off This indicates larger bubbles
escaping from the bed. At the rear end of the larger bubbles leaving out from the bed
smaller bubbles disengage and the gas holdup drops slowly (Li and Prakash, 2000). Details
for the DGD technique in estimation of bubble holdups and rise velocities are presented in
Section 2.3.5.

2.3.1.2. Correlations for Gas Holdup. There exist various correlations in literature in order
to predict the gas holdup in both two-phase bubble columns and three-phase slurry bubble
columns. In Tables and 2.1 and 2.2, the gas holdup correlations are given separately for
bubble and slurry bubble columns. It can be noted that the correlations for proposed for
three-phase systems may also be used in two-phase system by evaluation of liquid phase
physical properties instead of three-phase sturry physical properties.

2.3.2. Superficial Gas Velocity

The superficial velocity is the average velocity of the gas that is sparged into the
column. It is simply the volumetric flowrate divided by the cross-sectional area of the
column and the arrangement of the superficial velocity employed in the system is

controlled via gas flow meters (rotameters).
According to the two-bubble class model proposed by Krishna and coworkers (1994,

1995, and 1996), the superficial velocity is split into two parts for large and small bubble
superficial velocities. This model is discussed in Section 2.3.5 in detail.

Vg =Vgig + Veom (2.15)
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Table 2.1. Gas holdup correlations for gas-liquid bubble columns

Nm CORRELATION REFERENCE
Joshi c Ve Joshi and
£ 03+2v, Sharma (1979)
Schugerl 119 i
chuger sg = 091Vg /‘\/-gd—b Winkler (1981)
Lockett v, (1 - Gg) +Vigg = Vbsg(l _ 8g)z.39(1 +2. 558g3) Lockett and
, Kirkpatrick
(1975)
Koide . = Vv, Koide et al.
! 31+B(-e),V, (1979)
B=45-35en| 0.064DT1-3)
e=-0.18V,%/p
Kulkarni 5/3 Kulkarni et al.
Ve, Vi _ 3Vb(1‘8g)/(1'5g ) “a
gg 1-85 1+(2+3v/pl1-0.628/vRe) (1987)
Re =p1Vpdp /1y
Sadaetal. gg = 0.32(1 _ 8g)43 0().21(}1.510.0861%(og / pl)o.oss | Saxena et al.
(1984) (1990)
Kumar et g, = 0.728U'-0.485U'2 +0.0975U" Saxena et al.
al. (1976) (1990)
b 2 1/4
u -_ngl 11 - el
Grover et al. 0.76 ~0.27 Saxena et al.
1956 (1B, )(Vgul) m'g (1990)
5 \ bPy o1 p10'13
10.09 0.35
P1 ) K1 '
a=11x10" and b=5x107"
Zou et al. (1988) -0.15 0.58 Saxena et al.
( v T Vg ) (P +P, !
e, =0.17283 ——= == — {1990
24 3 ( )
Pio 1 O] P
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Table 2.1. Gas holdup correlations for gas-liquid bubble columns (continued)

NAME CORRELATION REFERENCE
Hughmark (1967) _ 1 Shimizu (2000)
24 035 [ 3
V., \72
Kawase et al. e v. |14 Shimizu (2000)
(1992) & =0.0625 -—g
1+¢ g vIg
Akita and Yoshida - . U8, 3 ,\l/12 - | Deckwer and
®g _ 1drpLg| |8dRPL Vg
(1973) (1 )4 = o 5 o Schumpe
& ML (1993)
1* term: Bond #, 2™ term: Galilei #, 3 term:
Froude #
0=0.2 for pure liquids and non-electrolyte
solutions
0=0.25 for salt solutions
Kawase and gg = 1.07F 13 Kawase and
Moo-Young MooYoung
(1987) |(1987)
Hikita and o005y, 047 ( 0_0.,2)2/3 0.001)0.05 Ozturk et al.
Kikukawa (1974) | &8 8 c B (1987)
Deckwer and ) —0.13¢ . 5011 0.54 Deckwer and
chumpe & ¢ Pczﬁ' \/_g_(iE ump
(1993)
used for highly viscous media and groups vary in
the following ranges:
1.4x103 < Bo < 1.4x105
1.2x107 £ Ga < 6.5x1010
3x10-3 <Fr<2.2x10-1
' . -0. D
Godbole et al. 8g = 0-239Vg0 6344, -0 eckwer and
(1982) ’ Schumpe

for viscous media in slug flow regime

(1993)
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Table 2.1. Gas holdup correlations for gas-liquid bubble columns (continued)

NAME CORRELATION REFERENCE

Hikita et al.(19_80) u 0578/ 4 \~0.131 0.062 Deckwer and
e = o,mf[_sﬂi] (ﬂg} (e_g_J

Schumpe
c p103 ] P
0.107
1]

=1 for pure liquids and non-electrolyte solutions

(1993)

for ionic solutions fis a function of ionic strength

2.3.3. Bubble Rise Velocity

This is regarded as the velocities of individual bubbles. The definition of rise
velocity for large or small bubbles is 'sixﬁply the ratio of superficial gas velocity of
small/large bubbles to the corresponding gas holdups of small/large bubbles. And in

| notation form the rise velocities of small and large bubbles can be expressed by Equations
(2.16) and (2.17).

Vg 1

Up 1 = —20 (2.16)
Ep,lg
\'/

Up e =2 (2.17)
€hsm ‘,

2.3.4. Terminal Rise Velocity

Terminal rise velocity can be defined simply as the velocity of bubbles rising freely
in a stagnant liquid without external stress effects.

Several literature studies have successfully modeled the gas holdup using the concept
of terminal rise velocity of bubbles. On the basis of the approach of Nicklin (1962) the gas
holdup in a three-phase system can be expressed in terms of superficial gas velocity, the

superficial slurry velocity and the drift velocity with Equation (2.18).




= Ve

Vg + Vg +Vp
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(2.18)

Here, Vg, Vi, and Vo are the superficial gas velocity, the superficial slurry velocity and the
drift velocities, respectively and &, stands for the three-phase system gas holdup value. For
‘ ‘the churn-turbulent regime, O’Dowd ef al. (1987) assumed the drift velocity to be the sum

of the superficial gas velocity and the characteristic terminal bubble rise velocity.

Vo = Vg + Vo (2.19)
Table 2.2. Gas holdup correlations for three-phase slurry bubble columns
NAME CORRELATION REFERENCE
i 44 -0.98 —016 0.19 tal
Reilley et al. gg =0.009+ 296V§ 44(P10fps1) Y Saxena et a
(1986) | (1990)
Smith et al. (1984) 031 ~1| Saxena ef al.
0.379( pyo )
gg =|2.25+ v (pl _;;s‘) (111011151)0’016:| (1990)
g
(5/3)o
PR )
Sada eral (1986) | ¢ 016 Sada et dl.
(1986) B 0019V, /16y, Ty o5t
(1 -t g)3
Roy et al. (1963) &g =388 103 Re (o, / 0'1)1/ 3(1 _ °s)3l 044 |Saxenaetal.
forRep >500 (1990)
(W, /p.)
~W.0)+Wiip)
i : 918 Koide et al.
Koide ez al. (1984) ey _ kl(Vglll / 0.1)0 ) 918 :)e
(1 - Sg)4 1+ 4-35\’50'748 [os —p1)/ S
0.252
3
(3”1 ("l"l )T
(D v,/ pl)—o 168
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In Equation (2.19), Vi, stands for the terminal rise velocity of bubbles. Substituting
Vointo Equation (2.18) results in Equation (2.20).

Ve

€g = m (2.20)

This derivation assumes the terminal rise velocity in the fully developed chum-
turbulent regime to be independent of the gas supe}ﬁcial velocity for a fixed set of
conditions (i.e. solids type, loading, liquid properties, and column configuration). The fully
developed churn-turbulent regime is usually attained above the gas velocity of about 8
cm/s in bubble columns (Shah er al., 1982). By obtaining terminal rise velocities and
substituting into the Equation (2.20) enables the estimation of the gas holdup. As pointed
out by O’Dowd et al. (1987), the terminal rise velocity essentially reflects the bubble size

distribution and higher terminal rise velocities indicate the presence of larger bubbles.

In one correlation by Fan and Tsuchiya (1990), small and large bubble terminal rise

velocities are given as:

Mo~ V4 ‘Ap 514 —n |
’ Ky \Psl
. 2 A d ' -n/2
cf Ap
VbOO,laIge = [ET(—‘—)——) —-28—1\ : (2.22)
- e \Psl

where constants Ky ,n, ¢ and are given as: Ky = max (14.7Mo'°"°38,12), n=0.8, ¢=1.2. Mo is
the Morton number and d.is the dimensionless bubble diameter as expressed below.

. 4
Mo = g‘;ﬂ‘%& | (2.29)
pslc
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1/2
de = de(Ps’—g) (2.30)

2.3.5. Bubble Characteristics

Bubble populations, their holdup contributions and rise velocities have significant
impact on altering the hydrodynamics, as well as heat and mass transfer coefficients in a
bubble column. For this reason it is important to obtain information on bubble properties of
the slurry. In Section 2.3.5.1, the methods of estimation of bubble holdups and their rise

velocities are reviewed. In Section 2.3.5.2, estimation of bubble sizes are presented.

2.3.5.1. Estimating Bubble Holdups and Rise Velocities. Various studies have proposed
several methodologies to follow in estimation of bubble properties. In fact, the all the
methods discussed here are based on two-bubble class model proposed by Krishna et al.
. (1991). Hence, bubble holdups and rise velocities are estimated for large and small bubble
groups.

Krishna ef al. (1991) suggested a simple mechanistic model for characterization of
bubble properties. Model is proposed separately for the two common flow regimes
prevailing in bubble columns, namely the homogeneous (bubbly) and heterogeneous

(churn-turbulent) regimes.

Homogeneous bubbly flow prevails for Vg < V gyeans. In homogeneous flow regime,

holdup depends linearly on superficial gas velocity.
€ghom =CVg (2.31)

The constant C is essentially the reciprocal of the rise velocity of the small bubbles in the
swarm (C=1/Vysm).
Vg

€g hom =

(2.32)
Vb,sm



25

Since the rise velocity of the small bubbles has a value of about 25 cmys, Equation (2.32)
can be rewritten in the form of Equation (2.33).

€ g hom =4V 2.33)

| Heterogeneous (churn-turbulent) flow prevails for Vg > V gyrms. In heterogeneous
flow, Krishna ef al. (1991) assume that the small bubble holdup is essentially constant and

corresponds with the end of the homogeneous flow regime (£gtrans).
€g =g trans teglg (2.35)

‘One can calculate the transition holdup or small bubble holdup and large bubble holdup by
Equations (2.36) and (2.37). '

Vs trans
€g trans = 5’ (2:36)
b,sm
Vo — Vo trans
€glg ___._(g—g,_) (237)
” V,
glg

Here, &, €515 ad Egtrans are the total, large bubble and transition holdups respectively, Vy is
the superficial gas velocity, Vbsm and Vi, are the rise velocities of small bubble and large
bubble populations.

According to the model proposed by Krishna et al (1991) small bubble holdup has a
constant value being equal to the transition holdup. Increasing the gas velocity beyond the
transition velocity, Vims, from homogeneous to heterogeneous flow increases only the
large bubble holdup and the following relation is assumed to apply (Deckwer and
Schumpe, 1993). |

¢ Bojazigi Oniversitesi Katdphanesi ©
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€b,1g = A(Vg - Vg,trans)n Vg2V girans (2.38)

Hence the total holdup at heterogeneous flow is expressed as:

€g heter =~ &g trans A(Vg - Vg,trans)n | (2.39)

with A=1, n=0.8 and Vg taken from experiment, Krishna ef al. (1991) could describe
gas holdup data up to 0.5 with striking agreement (Deckwer and Schumpe, 1993).

Recently, Wilkinson et al. (1992), using an extensive data with the Krishna et al.
(1991) model as basis, developed the following correlations for €gtrans, Vhsm, and Vi,
(Krishna et al., 1994).

6 g trans = exp(_ 193 pg-o.sluLo.s c70.11) (2.40)

| ~0.273 '

u 3 0.03

SosmPL _ 505 SPL (p—l) 2.41)
o gul o)1 :

—rlL (2.42)
o c . o guf pg

| 0.757 -.0.077 0
Up,ight _ Ybsml | , 4((Vg —Vg,m),ll) (03 PIJ o 17
Here, 1y and i, are the liquid and gas phase viscosities, respectively, o is the liquid surface

tension and pr and p, are the liquid and gas phase densities, respectively.

Krishna ef al. (1994) proposed simplified equations for the calculation of small and
large bubble velocities given the regime transition properties between bubbly flow -and
churn-turbulent flow, namely the transition superficial velocity, Vgeams and transition

holdup &g trans.
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Vg trans
Up,gm =—2 (2.43)
€g trans
V, -V,
up g = ——E0 £.T00 (2.44)
g =
g g,trans

In the above equations, V, and &, are the total superficial velocity and holdup, respectively.
As a consequence, the small bubble velocity has somewhat a constant value.

The two-phase model developed by Krishna and coworkers (Krishna et al., 1991 and
1994) describes the bubble classes and behavior in bubble column operating in the churn-
turbulent regime. As pictured in Figure 2.5. There are two distinguished phases, namely
the “dilute phase” and the “dense phase”. The dilute phase is identified with the fast-rising
large bubbles which traverse the column virtually in plug flow. The dense phase is
identified with the liquid phase along with the solid particles and the entrained small
bubbles. The dense phase suffers a considerable degree of backmixing. The entering
superficial velocity V; is split into two parts: a portion of the gas Vi rises through the
column in the form of small bubbles; the remainder (Vg -Va) fises through the column in

the form of large bubbles.

The holdups due to small and large bubbles or holdups of dense and dilute phases
respectively can be given as follows according to Krishna et al. (1997).

edf =8df’0(1— SZ:O SS) (245)
1 . 58

§p = Oy B—N-(Vg “Vg f (2.46)
T

Here, cqr and &, stands for dense-phase (small bubble) and dilute-phase (large bubble)
holdups respectively.k gaso is the dense-phase holdup for gas-liquid system and can be
estimated using Reilley ef al. (1994) correlation. Dr is the column diameter and oz and N

are Krishna-Ellenberger fit parameters.
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dilute IJ‘ _» dense

phase ji

Larg
bubbles

model <

+

(Vg-Vdf) = f | v
Vg

Figure 2.3. Generalized two-phase model applied to a bubble column slurry reactor
operating in the churn-turbulent regime

‘ These are determined to be a=0.268 and N=0.18 up to 10% volume slurry
concentration and for higher slurry concentrations data fit can be established by taking
®=0.3. V; appearing in Equation (2.46) is the gas superficial velocity and Vg is the
transition point superficial velocity (small bubble superficial velocity), which may be
calculated by Equation (2.47), where uym is the small bubble rise velocity.

Vi = Ub,smEdf (2.47)

Method of Dynamic Gas Disengagement (DGD) is a widely applied technique to
estimate bubble populations. Hyndman ef al. (1997) stated that, assuming the gas does not
expand substantially over the height of the column, a volume balance might be performed
for each phase of the disengagement in chum-turbuleht flow. Dividing each term in the
volume balance by the cross-sectional area of the column, the following expression is
obtained for phase I, némely the first phase of the disengagement in churn-turbulent flow

regime in which large bubbles evacuate the column.

hI = h() - Vg t ‘ (2.48)
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Here, h; and hg are the height of clear liquid height above the pressure transducer at phase I
of disengagement and at time zero (before the gas stoppage), respectively. V; is the
superficial velocity and t stands for time. The authors claim that, in developing the above
equation, they have followed a similar procedure with Daly et al. (1992) but have
incorporated the knowledge that the superficial gas velocity of bubbles leaving during

phase I is the same as during steady state operation. In terms of pressure the above

equation is expressed as:
P =Py - Vgpgt | ' : (2.49)

where, P; and P; are the pressure measurements in phase I and before the disengagement
process, i.e. time zero, respectively. If instead the equation is expressed in terms of holdup,
which is defined by:

(2.50)

where, hgao is the non aerated liquid height (total height of clear liquid height) and hpr
represents the height of the pressure transducer connection point center above the

distributor, the expression is expressed by Equation (2.51).

€1 =8g—-—P—rt v (2.51)

Assuming that the small bubbles leave the column at a constant rate throughout the
disengagement process (phase I and II), a similar expression may be developed for phase
I

_ Vg,sm
€1 = €psm h

t ' (2.52)
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The equation indicates that the small bubble holdup €y can be directly read from a

plot of &g vs. t as the intercept of the phase II regression line. The large bubble holdup is
therefore simply calculated by Equation (2.53).

b,lg =€0 ~Eb,sm 2.53)

The Figure 2.4 shows the typical disengagement profile of two different classes of
bubbles during gas disengagement. As seen from the figure, the initial gas holdup to
(before gas stoppage) is defined by &o. | |

After stopping the gas flow, the instantaneous gas holdup drops rapidly, indicating
larger bubbles escaping the dispersion. At time t;, the rear end of the larger bubble swarm
moves above the top transducer. In the following period, smaller bubbles disengage and
the slope of the line as well as fluctuations is reduced significantly. Then at time tz, the rear |
" end of the small bubble swarm moves above the top transducer and the gas holdup reduces

10 zero.

A change in the slope of the regression line through the dynamic gas holdup data
indicates a distinct change in the bubble population. These lines were used to estimate
bubble rise velocities and gas holdup contributions due to different bubble fractions.

Basic assumptions of this technique are: the holdup structure is axially uniform; the
hold up structure during process is not affected by bubble interactions after gas supply is
shut off, and the solid fraction in slurry remains uniform during bubble disengagement (Li
and Prakash, 2000).

Figure 2.4 has illustrated how the disengagement data can be used to estimate
properties of different bubble fractions. If small bubbles disengage at the same rate in both
periods then gas holdup due to small bubble fraction could be obtained by extending the
regression line for small bubbles to the point just before gas cut off (€1). If there is no
disengagement of small bubbles during the first period, then gas holdup is given by €2. The

true value may lie between these two extremes.
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0.4 4

Gas Holdup

, ~ Time (s)
Figure 2.4. Gas disengagement profile (Li and Prakash, 2000)

Schumpe and Grund (1986) accounted for the effects of liquid backflow on the
disengagement rate of the small bubbles during first period and proposed a calculation
procedure to obtain dispersion height due to small bubbles. Based on their iterative
calculation procedure, it was concluded that the small bubbles disengagé at the same rate -
in both periods. Thus, the rise velocities of small bubbles in both periods were essentially

the same and that the gas holdup of small bubbles in the first period was close to €;.

Based on mass balance during second period of disengagement, the amount of gas
Ieaving due to small bubbles from the region between two probes should be equal to that of
liquid flowing back in from the top.

deg (t)

Vgsm =—AH—= (2.54)

Here, Vg is the superficial gas velocity associated with small bubbles; AH is the height
between two probes. Thus, the superficial gas velocity of small bubbles can be obtained
from the slope of the second period of disengagement. The individual gas holdups, the
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superficial gas velocities and the rise velocities for the two bubble classes can be obtained
using the following relations (Li and Prakash, 2000).

EbL =80 8] (2.55)
Ve1=Vg = Vgem | (2.57)
| \}
UpL = (2.58)
€b,L
\"
Upgm = —2o0 (2.59)
€b,sm

The Tables 2.3 and 2.4 summarize the literature correlations proposed for predicting
'small and large bubble gas holdups and bubble rise velocities respectively.

2.3.5.2. Bubble Size Distribution. Extensive work on bubble size measurements in two-
phase systems has been reported in the literature, and has been reviewed by several authors

(Shah et al., 1982) and the majority of these studies pertains air-water systems.

Numerous techniques have been used to measure bubble size distributions. Some of
~ the techniques which are commonly employed are photography, hot wire anémomeny,
electrical conductivity, and light transmission. More ‘recently the dyn:«imic gas
disengagement (DGD) technique originally developed by Stiram and Mann (1977), has
been employed (Krishna ef al., 1981; Bukur ef al., 1987). The upper limit of the bubble
size is set by the maximum bubble Asize, d max, above which the bubble is subjected to
breakup and hence is unstable. Several mechanisms have been proposed to predict the

maximum stable bubble size in gas-liquid systems.

Hinze (1958) proposed that the bubble breakup is caused by the dynamic pressure
and shear stresses on the bubble surface induced by different liquid flow patterns, for

example shear flow and turbulence.
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Table 2.3. Correlations for small and large bubble holdups
NAME CORRELATION - REFERENCE
Krishna et al. Homogeneous regime Krishna et al.
(1991,1994) A (1994)

€ = —
g,hom
Up,sm

Heterogeneous regime
Vg trans
Ub,sm

v, -V
-

€p,sm = €g trans =

Eplg = A(Vg - Vg,tmns)ll

0.7 : Krishna et al.
bg

Krishna &
Ellenberger

€ =g 1-

b,sm0
_ 1 58
Ep,lg = %2 B‘ﬁ"(vg - Vg,trans)o
T

Vg,trans = Up,smEb,sm

with ¢¢= slurry volume concentration,
D1= column diameter, N=O.>1 8,
02=0.268 for $;<10%

0,=0.3 for $>10%

When the maximum hydrodynamic force in the liquid is larger than the surface tension
force, bubble disintegrates into smaller bubbles. This mechanism can be quantified by the

Weber number.

- 2
Weber = P dmax (2.60)
c

When the Weber number is larger than a critical value, the bubble is not stable and
disintegrates. This theory was adopted to predict the breakup of bubbles in gas-liquid

systems.



Table 2.4. Correlations for bubble rise velocity
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NAME CORRELATION REFERENCE
Stoke’s equation Moo-Young and
. Up small = %—-dbz g
H Blanch (1981)
for Re<1
Hadamard- 8P, 2 Moo-Young and
Up = ——db
Rybczynski o 18 Blanch (1981)
equation
Schiigerl a3 1M 0 Moo-Young and
uation wy =| 282 (ﬂ)( i Vpl#mBn | panch (1981)
e
q K X, \3
n. 2-n
Xa= (drag coefficient) (—Eﬁl—’—ig—b——}
X= 24 for Stoke’s regix‘ne'
X= 16 for Hadamard regime
' X= 48 for Levich regime
Wilkinson (1992) " 5 \~0273 0.03 Kirishna et al.
c
—bsml 525 2 PL (—p—‘—) (1994)
c gu (24
Up,1ghtl - Up,sm M1 +
c c
0.757 -0.077
[(Vg ~ Vg, trans )”IJ a’py
2.4 2
' o , gKy
0.077
%)
PE
V. o
Up,sm
Li and Prakash 1 1.073 " Li and Prakash
=u -+
(20 0 0) Ub,Sm b,sm0 ub,smo S (2000)
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Calculations by Lin ef al. (1998) showed that the theory underpredicts the maximum
bubble size and can not predict the observed effect of pressure on bubble size. Maximum

stable bubble size exists for bubbles rising freely in a stagnant liquid without external
stress effects (Luo et al., 1999).

The overall mass transfer rate per unit volume of the dispersion in a bubble column is
governed by the liquid-side mass transfer coefficient, kia assuming that the gas side
resistance is negligible. In a bubble column reactor the variation in kia is primarily due to
variations in the interfacial area (Fan, 1989). Assuming spherical bubbles, the specific gas-
liquid interfacial area is related to the gas holdup, ¢; and the sauter meah bubble diameter,
d; by Equation (2.61).

ag =—— : (2.61)

| “Thus, a precise knowledge of the gas holdup and bubble size distribution is needed to
determine the specific gas-liquid interfacial area (Daly ef al., 1992).

Bubble sizes can be estimated from the terminal rise veldcity by using appropriate
correlations. Once the bubble sizes are known, the Sauter mean bubble diameter may be
calculated. The definition of the Sauter mean bubble diameter assumes spheﬁcal bubbles
and can be expressed by Equation (2.62).

N
3
- Znidbi
dg =b—ro (2.62)
2
Y njdy;

=1

Here a multimodal distribution is assumed meaning a gas-liquid suspension consisting of
N- bubble classes. Thus N in Equation (2.62) is the total number of bubble classes and n; is
the total number of bubbles of size dy;. Bubble sizes or the bubble diameters (dy) can be

estimated from the bubble rise velocities using appropriate correlations.
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For the range of bubble rise velocities not covered by these correlations, bubble

diametersﬂ may be obtained by interpolation. The number of bubbles of size dy may be
estimated with the following procedure.

The overall gas holdup may be defined by Equation (2.63).

N
N Znivi .
- _i=1
Sg —legi =1 Vt (263)
1= ) X

Thus, the number of bubbles in a given class may be written as:

€ ‘Vt
n; = ’i‘,'. : (2.64)
1

where, V; is the volume corresponding to a bubble of size dy; and V; is the total volume of
the dispersion below the pressure transducer. Since the volume of an individual bubble is
nudy /6 and the total volume of the dispersion below the pressure Wucer is 70d% coumn
Hpp/4, the Equation (2.64) may be rewritten. ‘

3g ;2 H
243,

Substituting the expression for n; into the definition of the sauter mean bubble diameter,
ie, Equation (2.65), Equation (2.66) is obtained for the sauter mean bubble diameter.

€
dg=—2 (2.66)

Here, €g is the gas holdup due to bubble class i, g is the overall holdup and dy; is the

diameter of bubble class i.
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2.3.6.Heat Transfer Coefficient

Bubble columns have been widely adopted in many industrial production and
operation, suph as petrochemical, biochemical, and environmental processes (Deckwer et

al., 1992). High heat transfer rate is one of the main characteristics for the wide application
of bubble columns.

The highly mixed hydrodynamic studies dictate the heat transfer between the heating
objectives and the system flow. Hence, to understand the effects of hydrodynamic

structures on the heat transfer is an imperative task for improving the design and operation
of bubble column reactors (Lin and Wang, 2001).

In many chemical and biochemical processes, thermal control in bubble columns is
of importance because the chemical reaction is usually accompanied by heat supply or
rgmoval for the endothermic or exothermic operation. Therefore, turbulent heat transfer
from the reactor wall and inserted coils the liquid has been extensively examined in the
literature.

The turbulent flow regime is of practical interest in real commercial scale bubble
column reactors. Data reported in literature indicate that heat transfer coefficients in bubble
column reactors are several times larger than those for single phase flow and independent
of the column diameter. The enhancement in the heat transfer rate may be attributed to the
relatively strong liquid circulation developed in bubble column reactors. If gas is injected
in the center of the column, the liquid rises with the bubbles in the central portion of the

column and flows downward in the outer annular section (Kawase and Moo-Young, 1987).

A number of literature studies ha\;e been reported heat transfer measurements in two
and three-phase fluidized bed systems. These measurements of heat transfer coefficients
can be divided into: 1) bed-to-wall heat transfer coefficients; and 2) immersed object-to-
bed heat transfer coefficients (Deckwer, 1980).
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Table 2.5. Correlations for the Size of BuBbles Produced at an Orifice

NAME CORRELATION REFERENCE
Miller et al. 60d, 1/3 Moo-Young
(1974) dp = m] for low gas flow rates |14 Blanch
(1981)
| Moo-Young and Blanch dy, = 0.19d00'48 R e8.32 Moo-Young
(1981) . .
Rey is the orifice Reynolds number and and Blanch
Reo = 4Qp, /ndoug (198D)
Leibson dy =0.1 8d01/2 Re(1)/ 3 '|Moo-Young
Re<2000 and Blanch
(1981)
Kumar Ar 13rq 51,Q 3/4 Moo-Young
Vp = (__ fuindad 2 4
3 2plg and Blanch
| (1981)
Bhavaraju q 4010 -0.1 o’ 0.21 Moo-Young
et P B I and Blanch
do muldg dosg
(1981)

Bed-to-wall heat transfer has been investigated by Kato et al. (1981). The
investigations of immersed object-to-bed heat transfer have been reported by a number of

researchers including Deckwer et al. (1980) and Saxena et al. (1990).

The measurements of heat transfer coefficients in general require a heat source and

measurements of surface and bed temperatures. In bed-to-wall heat transfer measurements,

the heat source is mounted on the column wall with heat supply usually by electric power

or steam. The surface temperature is measured by theﬁnocouples mounted on the inside

surface of the heat source equipment. In immersed object-to-bed heat transfer

measurements, the heat transfer probe is localized inside the column. An electric heater is

inserted into the probe as heat source. The surface temperature is measured by

thermocouples mounted on the outside of the probe. In both measurements, the bulk

temperature of the bed is measured by using thermocouples immersed in the bed.
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Presently little data are available for the instantaneous changes in the heat transfer
coefficient due to variations in the hydrodynamic structures in bubble columns. Kumar ef
al. (1992) studied local instantaneous heat transfer coefficients in bubble and three-phase
column. Although, measurements of instantaneous heat transfer coefficients can provide
more insight into bubble dynamics and mechanism of heat transfer, most of the previous
studies in bubble columns concerned the steady-state time-averaged heat transfer of the
object-to-bed and wall-to-bed (Deckwer, 1980; Kato, 1981). In the object-to-bed case, it is |
commonly accepted that the heat transfer coefficient increases with gas and liquid
velocities, the diameter of the column, the thermal conductivity and the heat capacity of the
liquid, but decreases with increasing liquid viscosity. These previoﬁs studies usually
employed a large heat transfer probe to measure steady-state heat transfer coefficient,
thereby, losing the information pertaining to the time-variant hydrodynamic effects on the
heat transfer coefficient. Deckwer (1980) proposed a heat transfer mechanism in bubble
columns based on Higbie’s surface renewal theory combined with Kolmogoroff’s theory of
isotropic turbulence. The concept is that gas-phase induced turbulence is resporisible for
the high heat transfer rate in gas-liquid systems. The turbulence lies in the regions of the
bubble-wake with shear and turbulent flows, the free shear layer at the bubble edge,
chaotic primary wake, vortices shed or in the processes of shedding from the primary
wake, and in areas of the vortex-vortex interaction. Hence, according to these
hydrodynamic studies, the hydrodynamic characteristics are the main dominant factor for
the heat transfer in bubble columns (Lin and Wang, 2001).

In spite of a large number of experimental data on heat transfer in bubble column
reactors, only a few theoretical investigations have been published so far. There are two
fundamental approaches for discussion on this subject. One is based on the usual concepts
for turbulent heat transfer in single-phase flows. For example the proposal of Deckwer
(1980) was a model which combined the surface renewal theory with Kolmogoroff's
isotropic turbulence theory. Kawase and Moo-Young (1987) developed a model based on
Levich’s three-zone concept and Kolmogoroff’s isotropic turbulence theory. The surface
renewal theory and the Levich three-zone concept have been successfully employed to
discuss turbulent heat transfer in single-phase pipe flows. Joshi et al (1980) applied
existing heat transfer correlations for turbulent single-phase flow to heat transfer in a

bubble column reactor. The other approach is based on the similarity between heat transfer
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vin gas-sparged pneumatic reactors and turbulent natural convection. In other words, a
problem of heat transfer from two-phase flow to the walls in gas-sparged pneumatic
reactors is analyzed as a single-phase natural convection problem. In gas-sparged
pneumatic reactors, a strong liquid circulation is generated by the introduction of gas. In
bubble column reactors, bubbles from a centrally located plume in which liquid is carried
‘upward, liquid, which is essentially bubble free, returns down along the reactor wall. This
bulk motion of the liquid is produced by local variations in the average density of the
dispersion. In airlift reactors, a liquid pool is divided into two portions, one of which is
sparged by a gas. The difference in gas holdup in the gassed and ungassed portions, i.e.
riser and downcomer, respectively,' results in different bulk densities 6f the fluid in the
reactor. The fluid motion due to the effect of a density diﬁ'erence results from a

temperature or concentration difference in natural convection (Kawase and Moo-Young,
1991). ’

Inspecting the biochemical studies with microbial media, it is evident that, despite
the wide occurrence of non-Newtonian fermentation media, very few heat transfer data
have been published for them. Kawase and Moo-Young (1987) developed a theoretical
model for turbulent heat transfer in bubble column reactors and found the heat transfer
enhancement due to shear-thinning of the media. This model accounts for the non-
newtonian case also. | |

In most experimental studies either thermocouples or heat flux sensors are used to
measure the heat transfer-coefficient. To estimate the local instantaneous heat transfer
coeflicient, h; of, for instance the object-bulk system, one should measure the temperature
difference between the probe surface and the bulk, AT and the heat transfer flux, Q. The
relation is simply given by Equation (2.67).

b =L (2.67)

Time-averaged heat transfer coefficient at a given location can be obtained by averaging

the instantaneous heat transfer data collected.
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_1 - Q
—anAT (2.68)

23.6.1. Cprrelations for Heat Transfer Coefficient. Many literature correlations exist for
estimation of heat transfer coefficient that can be applied to two-phase bubble columns and
- three-phase slurry bubble columns. In this section these correlations are presented in
Tables 2.6 and 2.7, respectively. Several of the correlations may be used in two-phase
systems as well as thrge-phase systems with the evaluation of liquid physical properties

instead of slurry properties. These correlations are represented by a ‘*’ sign near the
correlation name.

2.3.7.Solid Type and Properties

In slurry bubble columns, solids are used as the third phase. The solid phases widely

| investigated are physical inert packing materials like glass beads or sometimes

microorganisms utilized in biochemical applications. The effects brought about by the

presence of a solid phase are discussed widely in literature. It is possible to realize varying

conclusions associated with the effects of the solid packing used on the parameters studied.

The differences in the results are obviously due to varying type and properties of the solids
used.

Pino et al. (1992) stated also that there are two opposing suggestions about the
presence of the solid pafticles in bubble columns. Some studies report that, when pure
liquids are used, the presence of solids generally causes a decrease in the gas holdup (Kato
et al, 1972, Kara et al., 1982). This effect has been attributed to the increase in the apparent
viscosity of the liquid phase when solids are present which promotes bubble coalescence
and thus increases the average bubble velocity. However, the opposite case is also reported
in literature, namely an increase in the gas holdup with an increase in solids concentration.
Sada et al (1986) observed this trend when fine particles of diameter less than 10 pm were
added -to water at- low concentrations. This is demonstrated by the work performed by
Brian and Chen (1983), who measured the surface tension of slurries with solid particles
with diameter in the range 3-100 um, and solids concentration between 0 and 50% weight
(Pino et al., 1992).



Table 2.6. Heat transfer correlations for gas-liquid bubble columns
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NAME | CORRELATION REFERENCE
Hikita et al.(1981) 08517 , 0308 Saxena et al.
~ 2/3 _ Ve H1'8
St(Pr 0411 &= == (1990)
¢ P10;
Mersmann ef op 1/6 b1 —pe }3 Saxena et al.
= 1 —_Pg /2
al (1982) h = 0-12(——J ( ] (kLme1)l (1990)
o H1 P1
for Ar.Pr> 106
Zehner (1986) 2 9 5 /3 Saxena et al.
_ _ k;"pi Cpi Ve
h=0.18{-¢, = (1990)
dp (n/ 6; g)l [T
/3
3 d,,(n/6sg) P —Py » '
V, = \
25 P, 8
d 0.05
Nu =350.8 Re*!® (——")
0
d
forl<-2<5
0
Saxena et al. 5 /6 o1 p 1/3 Saxena et al.
(1990) h=o0. IZ[E—&J [ g) (klplcpl)u 2 (1990)
| P1
Kim et al. (1986)* 1/2\1/2| Saxena ef al.
[Vg(sgpg + slpl + 8SpS) (1990)
h =0.0722) ky p,Cpy 3 :
xglem)
Kast (1962)* 2} 022 Deckwer
St = 0.1{ReFrPr (1980)
3 ‘ -0.22 Deckwer
Kolbel and St=0.124[ReFr Pr2‘5)
Langemann (1980)
(1964)* | o
; 22 Deckwer
Shaykhutdinov et St =0.11{Re Fr Pr2> )_0 :
al. (1971)* (1980)




Table 2.6. Heat transfer correlations for gas-liquid bubble columns (continued)
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Hart (1976) St =0.125(Re FrPr2-4 f‘m Declower
(1980)
t .
Declwer ¢ : St= O.I(Re Fr Prz)_o 2 Deckwer
al.(1980)* where (1980)
St= By,
PICpVy
5|
2
V
Fr=—2%
[
Pr= Cpu-l
ky
1 . .26
Steiff and St=0.113 eFrPrz)_o Deckwer
Weinspach (1980)
(1978)*
isi * 27
Louisi (1979) St=0.136 eFrPr1'94)—o Deckwer
(1980)
Suh and Deckwer 172\1/2 |Saxena et al.
* [Vg(esps +E1P] +8gpg)
(1989) h=0.1 kLplcpl -1 (1990)
' Y
where i, =p, e S0,
o = &P 770 6000,
- .25
Kawase and Moo St =0.134(Re Fr pr8/3 )—0 Kawase and
Young (1987)* Moo-Young
' (1987)
* -2/3 K d
Konsetov (1966) St =0.25 6(Re1/2 Fl/3 Pr) awase and
' Moo-Young
(1987)
ieta - ~2/3 K d
Joshi ez al. St = 0,065 8(Re0'3 Ty Pr) awase an
(1980)* Moo-Young

(1987)




Table 2.7. Heat transfer correlations for three-phase slurry bubble columns

N AME CORRELATION REFERENCE
Saxena et al. (1990) 2, W7 _ \I3 Saxena et al. (1990
hwm =012(§&) (MJ (k'ps,CP')”z . ( )
lJ'l sl

where

Psl = VgPs + V1P

kg =y (1+4.50,)

k'=kp, 2Ky, +ks —2v0,(kp, ~kg)
T 2ky, +kg +oglky, —kg)

Cp'= Wsts +WLCp1

Deckwer et al. (1980)

— 2 -0.25
St=0. I[ReFrPr ]

where
St=—fw __
PsiCpVg
Ro— VedpPsl
Hg

2
— V
Fr=—2
gdp
Cpolig
k

Deckwer et al.
(1980)

Kato et al. (1981)

0.17

[2kL (1 - SL)Ug'34 J
hy.=

1.17

Saxena et al. (1990)

Krishna ef al. (1997) also agreed with the decrease of the total gas holdup with

incréaéing solid concentration. They have attributed this decrease to the enhanced

coalescence of small bubbles resulting from the introduction of solid particles. Thus they

conclude that the preseﬁce of solids decrease the small bubble holdup as a result the

decrease of the total holdup, while the large bubble holdup is not much influenced.

A detailed discussion on the effect of solids type and concentration on parameters of

concern, i.e. gas holdup, heat transfer coefficient is given in next chapter.
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2.3.8.Slurry Viscosity

Viscosity of the slurry has considerable effect on gas holdup, heat transfer and
bubble characteristics. Viscosity of the liquid may change by the addition of various solids
or surface active agents. Thus, the viscosity of the slurry is directly related to the
corresponding viscosities of the liquid phase and the solid phase, if exists. It was reported
by Fan (1989) that addition of a solid into the liquid phase altered the apparent suspension
viscosity or the pseudovigcosity of the suspension. It was also stated that presence of solids
reduced the gas holdup (Kato et al., 1973; Deckwer et al., 1980; Kara et al., 1982; Koide et
al., 1984; Sada et al., 1986, Li and Prakash, 1997), |

Two commonly used literature correlations for the prediction of the apparent shurry
viscosity are by Thomas (1965) and Bamea‘and Mizrahi (1973). These correlations, given
as follows, were used to estimate the apparent suspension viscosity over the entire range of
slurry concentration in the study of Li and Prakash (1997).

Thomas(1965)

He = Hy [1 +2.505 +10.0p52 +0.00273 exp(16.66, )] (2.69)

Barnea and Mizrahi (1973)

Hel =1 exP['(g’/_%] V (2.70)
s

Here, p and pq are the viscosities of the pure liquid and slurry phases respectively, and ®;

is the volume fraction of solids.

Li and Prakash (1997) stated that correlation by Thomas (1965) provides higher
estimates of the apparent slurry viscosity than the correlation of Barnea and Mizrahi

(1973).
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2.3.9.Mass Transfer Coefficient

In gas-liquid reactors, mass transfer for the gas phase to the liquid phase is the most
important goal of the process. The volumetric mass transfer coefficient is a key parameter
in the characterization and design of both industrial stirred and non-stirred gas-liquid
reactors. However, very few data are to be found dealing separately with mass transfer

coefficient and interfacial area in bubble columns or stirred reactors (Bouaifi et al., 2001).

Table 2.8. Mass transfer coefficient correlations for air- water bubble columns

NAME CORRELATION REFERENCE
Oztiirk 0.33 Orztiirk ef al. (1987
0.5 tk et al. )
(kLadbz =0.62( pl ) gpyd? (
. DL PIDy c
(2.3 0.68 0.04
P db ( ug ] [_péj
o AVedo pl
0.04
Sh = 0.623c°-SBo°-33Fr°-58(ﬂciJ
PL
Akita and 0.5 0.62 Shimiziu et al. (2000
Yoskid kp aD} —od M gD%p; ~ (2000)
0s a DL DL o
(1973) 4031
T 1.1
gG
(v% ]
Shah et al. kpa= 0.'467Ug0.82 Shimiziu et al. (2000)
(1982) |
Kawase ef al. 1/2 3/4 Shimiziu et al, (2000
(1987) b, N e |
315/ o 7/60
gD1p; uUg
G Drg

Most investigations performed are limited to the determination of the volumetric
mass transfer coefficient, kpa, which is the product of the liquid mass transfer ‘k;’ and

interfacial area ‘a’. Unfortunately, this parameter is global and not sufficient to provide an
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understanding of the mass transfer mechanisms, The separation of the parameters °k;’ and
“‘a’ should be considered for better comprehension of the gas-liquid mass transfer
mechanisms. It also allows us to identify which parameter (ky or a) controls the mass
transfer. Few results concerning the separation of ‘k;’ and ‘a’ have yet been obtained
(Deckwer ef al,, 1978 and Kawase ef al., 1990). Several literature correlations for
predicting mass transfer coefficients that may be applied for air-water systems (or
comparable clean liquids) are presented in Table 2.8,
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3. REVIEW OF THE RESULTS OF PUBLISHED WORK

In this chapter, a detailed literature survey is presented summarizing the results of the
experimental work on bubble columns, Three basic parameters are investigated namely,
the gas holdup, bubble characteristics and heat transfer coefficient in Sections 3. 1,3.2 and
3.3, respectively. Effects of superficial gas velocity, liquid properties, operating conditions,
column dimensions, gas distributor design, solid type and concentrations on these three

parameters are presented. At the end of each section that covers a parameter, a summary
table is given reviewing the discussed studies. |

3.1. Gas Holdup

As described in previous chapter, gas holdup is a key parameter that characterizes the
operation and modeling of bubble column and slurry bubble column reactors, Almost all
. the published experimental studies include gas holdup studies and the effect of operating
conditions on gas holdup. In this section various operating conditions that are reported to
effect gas holdup are discussed together with foundations of published work. The basic
factors to be discussed are: the superficial gas | velocity, liquid properties, column
dimensions, operating temperature and pressure, gas distributor design, solid phase
properties. Finally concluding remarks are given together with the summary table.

3.1.1. Effect of Superficial Gas Velocity

Gas holdup in bubble columns depends mainly on superficial gas velocity (Shah ez
al., 1982). For both bubble columns and slurry bubble columns, the gas holdup has been
found to increase with increasing superficial gas velocity. Many examples that report this
trend can be given from literature. For instance, Deckwer et al. (1980) studied the
hydrodynamic propertiés of the Fischer-Tropsch slurry process in two different slurry
bubble column reactors. The system used in this process was molten paraffin and nitrogen
as the liquid and gas phases, respectively and superficial velocity was increased up to 4
cm/s. Schumpe and Grund (1986) have worked with air-water system in a bubble column

- with a superficial gas velocity up to 20 cmys.
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Saxena et al. (1990) reported an experimental work involving two-phase system of
air and water and as well as three-phases system of air-water and glass beads in two
different bubble columns with maximum superficial velocity 28 cm/s. Daly et al. (1992)
carried out another experimental study where they have used bubble columns conducted by

molten wax and nitrogen, as the liquid and gas phases respectively with superficial
velocities up to 12 cm/s.

Pino et al. (1992) reported a study concerning a foaming liquid in a slurry bubble
column. They examined the performance of bubble column with air-kerosene as gas and
liquid phases respectively up to 15 cm/s gas velocity. Hyndman et al. (1997) carried out an
experimental study in which they utilized two systems composed of air and water and air-

argon mixture with water. The superficial gas velocity was varied between 1.9 to 15.4
cm/s. '

Krishna ef al. (1997) studied the gas holdup in slurry bubble columns with parafinic
oil-air and porous silica particles, as the liquid, gas and solid phases respectively. Li and
Prakash (2000) reported another experimental study with air-water and air-water-glass
bead system in the gas velocity range 5 to 35 cm/s. Prakash ef al. (2001) reported one of
the very few studies in literature on the use of actual cells in slurry bubble columns as the
solid phase. Their system was composed of air-water and micron size yeast particles at
superficial velocities between 5 and 35 cm/s.

As it is clearly seen the studies covered differ completely from each other in all
aspects. However, all of them conclude that the gas holdup increases with increasing
Vsuperﬁcial gas velocity. This increase has been found to be proportional to superficial gas
velocity in the bubbly flow regime (Lockett and Kirkpatrick, 1975; Kara ef al., 1982). For
chum;turbulent regime, the effect of superficial velocity on gas holdup is less pronounéed
(Kara et al., 1982; Koide et al., 1984). The felation between the gas holdup and gas
velocity is generally of thé form of Equation (3.1).

Eg = cvgn ' (3.1)
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Here, ¢ and n are empirical constants, obtained form experimental data. The value of n
depends on the flow regime (Shah ez al,, 1982).

3.1.2. Effect of Liquid Physical Properties

The effect of liquid properties on the gas holdup is related to the bubble formation
and/or coalescing tendencies. An increase in liquid viscosity results in large bubbles and
thus higher bubble rising velocities and lower gas holdup (Li and Prakash, 1997).

It is reported that adding a small amount of a surface acting material (surfactant) to
water, such as a short chain alcohol, produced significantly higher gas holdup. It is also

stated that the presence of electrolyte or impurities also leads to a higher gas holdup
(Hikita et al., 1980; Sada et al., 1986).

3.1.3. Effect of Operating Pressure and Temperature

It is reported in some studies that gas holdup in bubble volumes generally increases
with increasing operating pressure (Krishna ez al., 1991, 1994). In gas-liquid bubble
columns, several equations have been developed for highvpressure operation.:

Some studies have been conducted to investigate the effect of pressure on gas holdup
of bubble columns (Wilkinson et al., 1992; Deckwer and Schumpe, 1993; Reilley et al.,
1994; Lin et al., 1998). It is commonly accepted that elevated pressures lead to higher gas
holdups. Empirical correlations have been proposed for the gas holdup-in bubble columns

operated at elevated pressure and temperature (Wilkinson et al., 1992; Reilley et al., 1994).

‘Luo et al. (1999) have carried out experiments at about 5.6 MPa, to investigate the
effect of pressure on the hydrodynamics of a slurry bubble column. They have concluded
that the pressure has a significant effect on the gas holdup. The gas holdup increases with

pressure and the pressure effect is more pronounced in higher concentration slurries.

Deckwer et al. (1980) studied the hydrodynamic properties of the Fischer-Tropsch
slurry in the pressure range 400 to 1100 kPa, typical high pressure conditions of the
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Fischer-Tropsch process; however, they concluded that pressure has no significant effect
on holdup.

The operating temperature is another important factor to be discussed. Although
most studies conclude that temperature effect is not so significant, some disagree with this
argument. In the study of Fisher- Tropsch process by Deckwer et al. (1980) where two
different diameter columns were used, the temperature was varied between 143 and 270
°C. According to the gas holdup studies, the authors conclude that the gas holdup decrease
with increasing temperature for the small diameter column, however aﬁer 250 °C no more
effect of temperature is observed, thus it reaches a constant value. For fhe larger diameter

column, such a temperature effect is not observed. Thus, the authors attribute this to the
possible “wall effects” in the small diameter column,

Saxena et al. (1990) reported an experimental work involving both a two-phase
system of air and water system and as well as three-phase system of air-water and glass
beads. The temperature range in the study was 297-343 K. They have reported that the
température effect on two-phase system holdup was significant but it was not so for the
three-phase.

3.1.4. Effect of Column Dimensions

As discussed in previous sections, bubble-column slurry reactors are attractive for

many industrial synthesis, such as Fischer-Tropsch, methanol synthesis, syngas

conversion, etc. for this reason there are considerable reactor design and scale-up problems
associated with these synthesis technologies; these problems arise because of several

special features of these processes. First large gas throughputs are involved, necessitating

the use of large-diameter reactors. Additionally to obtain large conversion levels, lérge

reactor heights are required (Krishna et al., 1997). However, there are also disadvantages

brought about by the use of large diameter and tall columns in terms of ease of operation.

The effect of column dimensions on gas holdup in foaming systems has not received

considerable atfention in the literature. Pino et al. (1990) observed no appreciable
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differences in the gas holdup of foaming systems between columns of 10 and 29 c¢m in
diameter, in the semibatch mode of operation.

In bubble columns, the effect of column size on gas holdup is negligible when the
column diameter is larger than 10-15 cm (Shah et al., 1982). Luo ef al. (1999) reported that

the influence of the column height is insignificant if the height is above 1-3 meters and the
ratio of the column height to the diameter (aspect ratio) is larger than 5.

The study of Deckwer et al. (1980) was based on Fischer-Tropsch slurry process in
two different sized bubble column reactors with sizes, 4.1 cm diaméter with 60 cm
suspension height and 10 cm diameter with 100 cm suspension height. They have obtained
different gas holdup values and pointed out the possible “wall effects” in the small
diameter column. Saxena et al. (1990) performed experiments with 10.8 and 30.5 cm
diameter bubble columns and showed that the gas holdup is not highly dependent on
column diameter when the column diameter is larger than 10 cm, as long as the mixing is
maintained well. Daly ef al. (1992) carried out bubble column studies with 5 cm diameter-
3m high and 21 cm diameter-5 m high columns. The authors concluded that the holdup is
independent of height of the column. Additionally, though not so significant, they obtained
some differences in holdup with variation of the column diameter. It is concluded that the

holdup in small diameter column is slightly higher than in larger diameter column.

Pino ef al. (1992) reported a study concerning the effect of operating conditions on
gas holdup in slurry bubble columns with a foaming liquid. Various size bubble columns
‘were used. One of the columns was 29 cm in diameter and the heights examined for this
diameter were 2 m, 3 m and 4 m. For a 10 cm diameter column, the height was 1.2 m.
They found that both column heights have no effect on the gas holdup in three phase
systems at high gas velocities when foaming occurs. For foaming systems column diameter
is also not effective, however, for nohfoaming systems for diameters less than 15 cm, as
the column diameter increases the holdup decreases. The study also claims that the height

of the column is not effective for height to diameter ratio between 3 and 12.

Krishna ef al. (1997) studied the gas holdup in slurry bubble columns and reported

the effect of column diameter on holdup with three bubble columns of diameters 10-19 and

@
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38 cm. According to the two-phase model developed by Krishna and coworkers (1991,

V 1994, 1997), small bubble gas holdup is independent of the column diameter for all solid
concentrations. The large bubble gas holdup, on the other hand, decrease with increasing
column diameter. As a result the overall holdup is reported to decrease with increasing
column diameter vdue to large bubble holdup. The dependence of large bubble holdup is
given by Equation (3.2) which was proposed by Krishna et al, (1997).

_ 1 .58
Eb,lg = 0y ﬁ(vg ~ Vg P | G2)

Here, &, is the holdup due to large bubble which constitute the dilute-phase, az and N are

fit parameters (o= 0.268 and N= 0.18 for gas-liquid systems and solid concentrations up to

16% by volume and a;= 0.3 and N= 0.18 for higher solids concentrations), Dy is the

column diameter, V, is the superficial gas velocity entering the column and Ve is the
superficial velocity of the dense-phase or the superficial velocity of large bubbles.

3.1.5. Effect of Gas Distributor Design

Gas sparger type is an important parameter that can alter bubble characteristics and
thus many other parameters characterizing bubble columns. The sparger used definitely
determines the bubble sizes observed in the column. Small orifice diameter plates enable
the formation of smaller sized bubbles.

Bouaifi ef al. (2001) stated that, the smaller the bubbles, the greater the gas-holdup
values. Thus they concluded that with small orifice gas distributors their gas holdup values
were higher. As reported by Bouaifi et al. (2001), gas distributor is also effective on
interfacial area and thus the mass transfer coefficient for it determines the sauter-mean
bubble diameter. Some common gas sparger types that are used in literature studies are

perforated plate, porous plate, membrane, ring type distributors and arm-spargers.

Gas holdup has been found to be strongly affected by the type of gaé distributor,
especially for gas velocities below 6 cm/s (Luo ef al., 1999). Schumpe and Grund (1986)
have worked with perforated plate and ring type gas spargers. They concluded that with
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rmg type distributor, the total holdup is smaller. They also added that the small bubble
holdup showed a gradual increase with increasing superficial velocity with ring type
sparger. Another conclusion about the type of spargers was that the contributions of both

small and large bubbles to gas velocity were lower with ring sparger as compared to the
perforated plate.

3.1.6. Effect of Particle Size and Slurry Concentration

A number of researchers investigated the effect of solid concentration on gas holdup.
Several researchers concluded that an increase in solids concentration generally reduced
the gas holdup (Kato ef al., 1973; Deckwer et al., 1980; Kara et al., 1982; Koide et al,
1984; Sada et al., 1986; Pino ef al., 1992; Li and Prakash, 1997, Krishna et al., 1997). For
low solids loading (<5 vol.%), the behavior of the slurry bubble column is close to that of
solid-free bubble column (Sada et al., 1986). Kato ef al. (1973) reported that this effect
becomes significant at high gas velocities (> 10-20 cmy/s). Kara et al. (1982) found the
strong dependence of gas holdup on solids concentration at low solids concentrations.

Many studies have been conducted to investigate the effects of particle size on gas
holdup as well (Kato ef al., 1973; Kara et al., 1982; Sada et al., 1986). The influence of
particle size has been found to depend on a number of factors including flow regime, gas

velocity, liquid properties and slurry concentration.

Kara et al. (1982) did not observe significant differences of gas holdup between gas-
liquid and gas-liquid-solid system when 10 pm size particles were used at the slurry

concentration of 9-18 vol. %.

Saxena et al. (1990) reported an experimental work involving two-phase system of
air and water and as well as three-phases system of air-water and glass beads in two
different size bubble columns. The solids of their study were in various diameters, in order
to observe the effect of solid size. Diameters they studied were 50-90-143.3 pm and the
concentration was varied up to 20% by weight. According to their results it is reported that
the addition of solids decreases the holdup except at small concentrations. They also

reported that increasing the solid diameter decreases the holdup for a fixed superficial
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velocrty It is also found out that when the solid size used was less than 100 um, two-phase
system properties were different than the three-phase system properties. They became
closer at hrgh temperatures On the other hand, for solids higher than 100 pm in diameter,
except at room temperature, two-phase system properties resembled the three-phase system
properties. As a remark, it is then possible to say that if it is desired to get rid of solid
effect, the column should be operated above room temperature and with solid particles
smaller than 100 pm in diameter. Saxena ef af (1990) also concluded that the effect of

particle size is more pronounced for low concentration slurry systems.

Li and Prakash (1997) analyzed the heat transfer and hydrodynamics in a three-phase
bubble column and performed their experiments with air-water and glass bead system. The
bead diameters were 35 pm and the concentration was varied up to 40% by volume. They
concluded that, increasing the solid concentration decrease the holdup. At high slurry
concentrations such as 30-40% by volume, however the gas holdup increases a little. This

observed increase in gas holdup at the high slurry concentration could be attributed to a
decrease in the rise velocity of small bubbles.

Pino et al. (1992) used four different type solid packing in their study The particle
diameters were 1.5 pum, 5 pm, 90 um and 135 pm. The concentration was varied from zero
to 500 kg/m’. The authors inspected the effect of solid diameter and solid concentration on
holdup at different superficial gas velocities. They reported that at low velocities like Vg <
4 cm/s, foaming is not present in the system and using fine particles has no effect on

holdup but at same conditions using coarse particles increase foaming and thus increases
| the holdup. But at high concentrations even with coarse particles the holdup decreases
because of the breakup of foam stability. Similar conclusion may be drawn at high
superficial velocities. At high velocities, for all type of solid particles increasing the

concentration decreases the holdup for the same reason.

Krishna ef al. (1997) studied the gas holdup in slurry bubble column with a systerri
composed of parafinic oil-air and porous silica particles, as the liquid, gas and solid phases
respectively. The concentrétion was varied up to 36% by volume. It is stated that the total
holdup decreases with presence of solid and with its increased concentratien. This is

explained by the decrease of small bubble holdup with particles ‘concentration. While the
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large bubble holdup is said to be independent of solids concentration. Based on this,

Krishna et al. (1997) proposed a correlation for the small bubble holdup showing its
dependence on solids concentration is given as follows:

€4f = sdf,O(l -—il(l)sJ (3.3)

&4 0

where, &qr is the dense-phase gas holdup (small bubble holdup), &4ro is the gas holdup for
only gas-liquid system, and ¢s is the solids volume fraction. The dense-phase gas holdup
for the gas-liquid, s, can be estimated using Reilley et al. (1994) correlation for the gas

voidage at the regime transition point & as suggested by Krishna e al. (1994) and
Krishna et al. (1997).

Li and Prakash (2000) reported another experimental study related with the influence
of slurry concentrations on bubble population and their rise velocities in a three-phase
bubble column. They have reported that the both the small and large bubble holdups
decrease with increasing solid concentration and thus the overall holdup decreases. They
also emphasized that the variation of gas holdup with solid concentration strictly depehds
on bubble type as well. For instance, the contribution of small bubbles to overall holdup
decreases as concentration is increased up to 25% and afterwards a slight increase in small
bubble hbldup is observed, which was an unexpected phenomenon. The situation is similar
in large bubble holdup, up to 20% cbncentration, however, the large bubble holdup
remains constant after further increase of solid concentration. The unusual result obtained
in small bubble is attributed to the accumulation of fine bubbles at high slurry

concentrations and high gas velocities used in the study.

Prakash ef al. (2001) reported one of the very few studies in literature on the use of
actual cells in slurry bubble columns as the solid phase. They analyzed the hydrodynamics
and local heat transfer measurements in a bubble column with suspension of yeast. In
contrast to many studies those conclude the decrease of gas holdup with solids
concentration in this 'study holdup increases with solids concentration. During the
operatioh of the column, a foam layer is formed, at the top of the dispersion, due to the

presence of surface active agents like alcohols, proteins, etc. the sohitions used in this
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investigation had varying concentrations of surfactants. The surfactant concentration could
be expected to be proportional to the concentration of yeast in suspension. The increased
gas holdup w1th Increasing yeast concentration indicates a positive effect of surfactants’
concentration on foam formation. In other words, increasing the yeast concentration
increases the foam bed and this in turn j increases the gas holdup.

3.1.7. Conclusion

As a conclusion, it can be said that, the gas holdup increases with i increasing gas
velocity and operating pressure, while the operating temperature has no significant effect.

Gas holdup decreases with i Increasing liquid viscosity, solids concentration.

Adding a surface active reagent into the slurry increases the holdup. In bubble
~ columns, the effect of column size on gas holdup is negligible when the column diameter is
larger than 10-15 cm while, the influence of the column height is insignificant if the height

is above 1-3 meters and the ratio of the column height to the diameter (aspect ratio) is
larger than 5.

At low gas velocities, gas holdup depends on the number, pitch and diameter of the
orifice holes. For orifice diameter larger than 1mm, the effect of orifice diameter becomes
insignificant. Table 3.1 demonstrates the results summary of several literature studies on
gas holdup.

-3.2. Bubble Characteristics

- .The average bubble size in a bubble column has been found to be affected by gas
velocity, liquid properties, gas distribution, operating pressure and column diameter. The
rise velocity of a single gas bubble depends on its size. Thus, the size and rise velocity of a
bubble depend on each other and affected by the same parameters. In this section, the
results of various studies on bubble characteristics such as bubble 51ze rise velocity,

bubble holdups are analyzed.
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3.2.1. Effect of Gas Velocity

Some researchers have reported a decrease in bubble size with increasing gas
flowrates (Akita and Yoshida, 1974). The different tendency of the average bubble size

from different researchers could be explained by the differences in the distributor design,
- column diameter and range of gas velocity studied.

Schumpe and Grund (1986) analyzed the variation of the small and large bubble rise
velocities with superficial gas velocity. They reported that the small bubble rise velocity
decreases as the superficial velocity increases very gradually and the small bubble rise
velocity attains an almost constant value of approximately 21 cm/s. However, the large
bubble rise velocity increases as the superficial velocity increases. Saxena et al. (1990)
reported that the bubble sizes increase with increasing superficial velocity. At 10 cm/s

superficial velocity maximum bubble size is attained.

~ Li and Prakash (2000) reported that the bubble size increases with increasing
superficial velocity. In the center of the column larger bubbles are more dominant than
smaller bubbles. The smaller bubbles occupy the wall side more densely. In order to
analyze the bubble population and intensities in various places of the column, average peak
area calculations are performed. This reflects the bubble wake.region and turbulence
intensity. Thus as superficial velocity increases the average peak area also increases, as
concluded by this study. Li and Prakash (2000) performed a detailed analysis of bubble
characteristics via DGD technique. They reported that the contribution of small bubbles to
overall holdup is more than the contribution of large bubbles. The study also covered the
analysis of rise velocities of small and large bubbles. According to their results, the rise
velocity of small bubbles decreases as the superficial gas velocity is increased, whereas the

rise velocity of large bubbles increases with increasing superficial gas velocity.

Prakash et al. (2001) presented a bubble column study where they utilized yeast cells
as the solid phase. They reported opposite trends of small and large bubbles under
variation of superficial gas velocity. They discovered that the rise velocity of small bubbles
decreases with increasing superficial velocity while the rise velocity of large bubbles

increases with increasing superficial velocity.
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3.2.2. Effect of Liquid Properties

The average bubble size has beeq observed to decrease with decreasing surface
tension of liquid (Akita and Yoshida, 1974). It also increases with increasing liquid
viscosity (Li and Prakash, 1997). Lower average bubble size was obtained with a porous
distributor as compared to a single nozzle sparger. The difference disappeared with
increasing operating pressure. The rise velocity of a single gas bubble depends on the size
of the bubble. For small bubbles, the rise velocity is affected by liquid properties such as
surface tension and viscosity. For larger bubbles, the rise velocity is insensitive to liquid

properties, and can be predicted by Davies- Taylor relationship for spherical-cap bubbles
in inviscid liquids.

3.2.3. Effect of Type of Flow Regime

Hyndman et al. (1997) analyzed the contribution of small and large bubbles to

“overall holdup via equations. The authors pointed out that in chum-turbulent regime as the

superficial velocity increases the overall holdup increases actually due to the large bubble

holdup increase. In other words, they claim that the contribution of small bubbles to overall
holdup is constant and equal to the transition holdup, i.e. it does not increase with

increasing superficial velocity. But the large bubble holdup increases with increasing

superficial velocity, leading to the increase of the overall holdup. However in bubbly flow,

small bubble holdup is not constant but changes significantly as the superficial Velocity is

changed. The authors also calculated the small and large bubble rise velocities.

3.2.4. Effect of Column Dimensions

| Daly et al. (1992) analyzed the sauter mean bubble diameters (mean surface to
volume diameter) in two different bubble columns, namely 5 cm diameter with 3 m high
and 21 cm diameter with 5 m high. They concluded that the column height was not
effective. For gas velocities above 4 cm/s, the sauter mean bubble diameter was slightly
higher m small dianieter column. This was attributed to different flow regimes in the two
columns at these velocities. The authors claim that, at this superficial velocity the large

diameter column operates in churn-turbulent regime where small bubbles are more
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dominant, because of the increased liquid circulation and turbulence in large diameter

column. At these conditions, the small diameter column operates in the slug-flow regime
where larger bubbles dominate.

Krishna et al. (1997) analyzed the dependence of small and large bubble holdups on
solids concentration and column diameter. It is reported that only the large bubble holdup
is ‘dependent on holdup and decreases with increasing diameter, thus leading to the overall
holdup to decrease. Li and Prakash (2000) reported that the diameter of the column has an
effect on the rise velocity of large bubbles only. They discovered that as the column
diameter is increased, the rise velocity of large bubbles also increases. Koide et al. (1979)
measured average bubble size in column diameters of 5.5 and 0.6 m. Their results

indicated that a higher average bubble size was obtained in the larger diameter column.

3.2.5. Effect of Solids Concentrations

The study by Krishna et al. (1997) has showed that the large bubble holdup is
independent of solids concentration but the small bubble holdup is a decreasing function of
solids concentration. Li and Prakash (2000) concluded that, the rise velocity of both small -
and large bubbles increases with increasing solids concentration. At 25% solids
concentration the rise velocity of small bubbles forms a peak, i.e. attains its maximum
value, and at 20% solids concentration the rise velocity of large bubbles attains an

asymptotic value.

Prakash ez al. (2001) utilized DGD technique in order to classify bubbles and their
»properties, i.e. rise velocities, contributions to overall holdup. In bubble characteristics
analysis, the authors reported that, small bubble contribution to gas holdup is more than
large bubble holdup. They found out that, as the yeast concentration increases, the rise

velocity of large bubbles increases, whereas rise velocity of small bubbles decreases.

Li and Prakash (1997) realized an increase in bubble sizes with increasing slurry
concenfration. Theyb attributed this finding to an increase in the apparentv slurry viscosity
with increasing slurry concentration. In this study the slurry viscosity was calculated by
using Thomas (1965) and Barnea and Mizrahi (1973) correlations. Li and Prakash (1997)
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examined the terminal rise velocity of bubbles, They found that the terminal rise velocity
of bubbles increases up to 30% solid concentration and afterwards decreases. In other
words, it forms a peak at solid concentration of 30%. It is reported that the terminal rise

velocity essentially reflects the bubble size distribution and higher terminal rise velocities
indicate the presence of large bubbles,

3.2.6. Conclusion

It can be concluded that the bubble sizes increase with increasing superficial gas
velocity. Small bubble contribution to total holdup is essentially constant in churn-
turbulent regime, being approximately equal to transition holdup. Large bubble holdup
depends on the column diameter but not on solids concentration whereas for the small
bubble holdup just the opposite dependenc.eiis valid. Small bubble holdups are grater than
large bubble holdups. Increasing the superficial velocity increases the rise velocity of large
bubbles but decreases that of small bubbles. The center of the column is mostly occupied
by large diameter bubbles, while the smaller bubbles are mostly collect on the near wall
side. Table 3.2 summarizes the bubble characteristics results of several studies.

3.3. Heat Transfer Coefficient

In this section, the effects of various operation parameters on heat transfer in two and
three-phase systems are summarized by the literature studies. The basic parameters of
concern include gas velocity, particle size and concentration, liquid viscosity, particle

density, axial/radial location of the heat transfer probe and column dimensions.
3.3.1. Effect of Gas Velocity

The effects of gas velocity on heat transfer coefficients in two and three phase
systems have been investigated by many researchers (Deckwer et al., 1980; Saxena ef al.,
1990). Generally, the introduction of gas into a liquid or liquid-solid bed augments the
respective heat transfer coefficients for both bed-to-wall and object-to-bed heat transfer.



35e210U} 0} dNp[OY [JRISAO 31} Sty
pue aseazour 0} dnpjoy sjgqnq 281e] oY) sasned A[emor
Ayrvopea fergradns Suiseatour sny) ‘dnpjoy nonisues
0} Jenba Apsrewrxoxdde Suraq queisuoo skempe

st dnpjoy seg o[qqnq [[Bws ‘oungal JusSIM-LMYd Uy -
SONID0[PA
Teroyradns {[e 10J JUBISUOD A[[ENUISSD ST LI00[oA
9SUI a1qqnq |Jews 2y} PSpRIOU0d !a SUOTIB[LIOD

BIA SONIO0[oA D]qqNq SBIB-TlewWs oY) pajewInsy -

S/ $'6T - 6'1
221199 SurkieA 100194 [eroyradns ‘uwmjoo
YSH W 6T PTW g0 P uonesado yojeqruiag

L661 “1v 12 ugwIpudy
101BM-U03I84. ITY PUR I9jem-Iry

SUuNjod sprur

SSB[3 PUB [931S SSO[UTEIS YIM PIUILIQO SIE SJNSII Swes
UUM{o2 ISJWRIp

ITews ur 103xe] APYS1IS Jo10UrRIp S]qqNq UBSE INNES
WSS9y unmyoo

U0 Juspuadap J0U ST IS1WEBIP J[qqNQ ULSWE IANES

s/uuo

€1 01 dn Ay00704 TeroIodns YIM YINy wgpl
unjg guwnod ‘YSn wgt p1 wog Jjuwmjod
SUWIN[OO OM] T  ‘[BULIDYIOST  -YDIBQIUIdS

T661 “1v 12 A6
XeM udyjour - udFonIN

«9ZIS 9[qqnq nmwurxeur,, Jo 1doouod
13 0] onp JZIS S[QQNQ FUISLIIOUT ISYLMJ YIM SISLIIIP
dnpjoy ‘s/mo g 18y seseaour dnpjoy [eIoAo pue

9IS 2[qqnq Y} ‘sasearour AJ1o0jeA [epyIadns oy sy -

s/ur gz'0 01 dn A310079A
Terogaadns sxopwerp wi ¢ gp1-06 ~ 0§ JO spesq
SSBIS WM Y £hE-£TE-ETE-L6T SoImpradme) 18
P wog (1:7 UWwnjo) Y3 w ¢'¢ P'rwo 0|
uumyo) ‘suwnjod oM} Yim uoperado gojeqrusg

0661 “v 12 BUAXES
SpBaq SSB[S-101EM-ITY PUE JOJEM -ITY

SaNJeA JUBISHOD Surelie yjoq Ajjeuy
‘asea1our $91qqnq d31re] S[TYM 858I0Ip SI[qQNG JEWS §/wd 07 03 dn £3100[0A TRIOIIRANS YIIM N[0 9861 “7v 12 odmmyog
Jo Ano0oA asu ‘Aroojea fedyradns Suiseatour YA, - YSI W H'pP’T W € TRULISYIOST ~YydIRqIIuos IDeM-a1y
SOLLSALOVAVHD WILSAS IWHLSAS

SOLLSRIALOVIVHD d194909

Areuuns s}nsal SOSHSIORIBYD SjqqNQ MIIASI SINJRISIT 'Z'€ S|qELL




‘$9]qqnq 951e] pue [JEWs YIoq JO SONIO0[A

SLI 9YY} SOSEAISU UOTIRIUIDUOD PIjos Suisearou]
so[qqng

T1EwWs JO JBY) Sasea103p Inq S9]qqnq 931e[ JO A100[0A
9SWI 31} SaSEI0UT A1100]0A [eronIxdns Uy 958aIou]
33&3 LY

uey; a1owi dnpjoy seF 01 UOHNGLIUOD S[qqnq [[ews

S/Wd ¢E — S UIIMisq

Suik1eA £110010A jeonIadns pue A/A%,0p 01 dn
UOLBIJUI0UOD JO SPEaq SSe[8 wirlge YIm uwunjod
Y31y w ' PT W §T°0 ‘TEWLISYIOST -YOIeqruas

0007 ‘UseyeId Pue I'T
Speaq SSB[S-1EM-ITV 79 JIJEM-ITY

's9pqqnq
o51e] J0 3B} SISBOIOU] 1N SOIGANQ [[EWS JO SINI0[A
9SLI 91} SSSEIOP UONBIIUAOUOD [[90 JSBIA Suisearouy

serqanq

[IeWS JO JeY} S958a199p Inq so[qqnq 981e] Jo AI00[9A
9SII 21} SOSBAIOUT A3100]9A JeIonIadns Uy 958910U]

$/WD g-S USAMIG
Surkrea £1100[0A [RROGIXANS PUR M/MY%H'0
-( HONBIU0U00 JO S[130 15894 WiTlg YHM Hun[od

YSIY W ' P'T W 8T "0 [PULIYIOST-OIBqTIaS

100T “Iv 12 ysepeid
S[J20 15824 - I91BM - ITY

JUSIDIFS0D IOJSUBI) JB3Y

A1 9B 01 DATIOATO SI0UI 218 S9[qqnq 19518 * SO[qgnq
981e] 4q ApISomr pardnooo ST WWNOD 91} JO 19U YT,
215 9[qqnq 5Y) 5958319UT ANI0[RA [eronadns Sursearouy

S/WD C¢ — G U22MIeq

Surfiea A100704 feoIadns pue A/A%,0p 01 dn
UONRIUSOU0S JO SPeaq Sse[3 wrige Yim wmunjoo
Y31y W ' PT W 8T°0 ‘TEULISYIOST -YOJequuss

6661 “USeEId put I']
spraq sseig - IoeMm - ITY

HONBIIUSOUOD PIJOS SUISLAISUT YA SISBIIISP NG
JISJ0UIRIP UTUIN]OD JO Euﬁ:&%& dnpjoy ojqqnq qrEwS

ISoweIp wm 2 S gg Swird £z sozis oponIed
uwInyod SUISEAIOUT YIIM SOSBIIOOP JNq UOLBIUAOUCD awnoA £q 949¢ 03 dn UOHBIIUSSUO)) L661 10 17 BuySITY
pIos 3o juspuadapur st dnpjoy 2jqqnq 33187 W §E-6T-0T :SINSWLIP UWN[OD saponred BoyIS-Ti0 ougeIed-Iry
SOLLSMALOVEVHD a149ng SOILSTIALOVAVH)) WALSAS - IWALSAS

(ponunuoo) ATRUIUNS SNS3I SONUSLISIORIRYD 9]GqNQ MIIAI dINJRIdNT "T'€ S]qRL




67
Therefore heat transfer coefficients increase with an increase of gas velocity, irrespective
of the liquid flow rate, particle properties (diameter, shape, and densities), liquid viscosity,
slurry concentrations, etc. These results also showed that the rate of increase of heat

transfer coefficients with gas velocity was rapid at low gas velocity, then the rate decreased
with further increase of gas velocity.

Deckwer et al. (1980) analyzed the heat transfer coefficients of bubble columns
designed for the Fischer-Tropsch process. They stated that the heat transfer coefficient
increases with increasing superficial velocity for all kinds of gas-liquid systems they used.

This increase in heat transfer coefficient is attributed to the increased'turbulence brought
about by the increased superficial velocity.

Saxena ef al. (1990) reported a similar conclusion based on experiments performed
with air-water and glass beads. They stated that at a given temperature with increase of

superficial velocity the heat transfer coefficient also increases due to the enhanced
. turbulence in the column.

Li and Prakash (1997 and 2000) used heat transfer probes which are designed to
measure both the temperature and the conducted heat flux, for heat transfer measurements.
The system of their study was air-water and glass beads. They concluded that the heat
transfer coefficient increases with increasing superficial velocity.

Prakash et al. (2001) investigated heat transfer characteristics in an air-water-yeast
system. They concluded that at all yeast concentrations the heat transfer coefficient
~ increases with increasing superficial gas velocity. This result is due to the fact that the
increasing gas velocity increases the turbulence in the column and this results in higher

heat transfer coefficient.
3.3.2. Effect of Particle Size and Concentration
The influence of particle size on heat transfer coefficient in two and- three phase

fluidized beds have been investigated in both three phase fluidized beds (Saxena et al,,
1990).
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In three-phase fluidized beds, the heat transfer coefficient increased with particle size
~ at low gas velocities (<5 cm/s). At higher gas velocities, it passed through a minimum
value at a particle size of about 1.5 mm. In general, the effect of particle size on heat

transfer coefficients was negligible at particle sizes larger than 3.0 mm, particularly at high
gas velocities (Li and Prakash, 1997).

In three-phase bubble column, the influence of solid diameter on heat transfer
coefficient has been investigated by Saxena (1990). The dependence was not in a
considerable extend. ‘The effect of solid concentration was investigated by a number of
researchers including Deckwer et al. (1980); Saxena ef al. (1990); Li and Prakash (1997,
2000). Heat transfer coefficients were found to increase with increasing slurry
concentrations (Deckwer et al., 1980). |

Deckwer et al. (1980) analyzed the heat transfer coefficients of bubble columns
designed for the Fischer-Tropsch process. They concluded that holdup increases with
increasing solids concentration. The reason given for this was the independent motion of
the particles leading to exchange frequency of fluid elements at the heated surface area.
Saxena et al. (1990) also analyzed the influence of solid size and concentre_ltion on heat

transfer coefficient, however, the effect is reported to be not in considerable extends.

Li and Prakash (1997) reported an opposite trend with Deckwer et al. (1980). They
reported that as solid concentration increases the heat transfer coefficient decreases. This is
explained by the promotion of viscosity of the medium with increase of solid concentration
which in turn results in the decrease of turbulence in the system. So they concluded that the
reduction of turbulence in the system led to reduction of the heat transfer coefficient. Li
and Prakash (2000) carried out heat transfer in air-water and bead system and reported that
the heat transfer coefficient when fine particles are added to a two-phase system 6f air-
water, the heat transfer coefficient decreases. However, as solid concentration increases the

heat transfer coefficient also increases.

‘Recent repbrts- showed that the variation of heat transfer coefficient with solid

concentration slightly increase with the addition of high thermal conductivity magnetite
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(Saxena et al., 1990) and slightly decrease with the addition of low thermal conductivity
sand in room temperature,

3.3.3. Effect of Liquid Viscosity

The heat transfer coefficient has been found to decrease with increasing liquid

viscosity in a three phase fluidized Systems (Deckwer et al., Kim ef al., 1986) regardless of
particle size, -

Li and Prakash (1997) stated that the reason of decrease of the heat transfer
coefficient by the increase of the solid concentration was the increased viscosity of the

medium. And thus, they claimed that the heat transfer coefficient decreases with increasing
medium viscosity. '

3.3.4. Effect of Axial/Radial Location of the Heat Transfer Probe

~ Saxena et al. (1990) compared the heat transfer cocfficients at two different axial
locations. The probes were at 2.9 m and 0.52 m from the distributor. Their results indicate
that the heat transfer coefficients at 2.9 m were systematically higher than at the 0.52 m.
This may be attributed to the influence of the distributor region. The influence of the
distributor region usually extends up to 3 or 4 times the column diameter. The height of
0.52 m from bottom is less than two times the column diameter (0,305 m) which would be
in the developing region for bubble growth and liquid phase flow pattern.

Li and Prakash (1997) reported that large bubbles are more effective on heat transfer
coefficient. They discovered that the center heat transfer coefficient was higher than the
wall heat transfer coefficient, due to the fact that large bubbles collect at center. Prakash ef
al. (2001) observed that there exist three sections in their column composed of air-water
and yeast cells. These regions were, bulk liquid section at the bottom of the column where
high turbulence exists because the gas is sparged from here; the interface; and the foam
section at the top of the column, where the turbulence is the lowest due to the effect of
surfactants. Authors also reported that the heat transfer coefficient is higher at the center

than at the wall of the column. They also discovered that large bubbles are more effective
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in increasing the heat transfer coefficient. These two findings can be combined to conclude
that the number of large bubbles is higher in the center of the columns and since the large
bubbles ‘increase the heat transfer coefficient more than small bubbles, the center heat
transfer coefficient is higher than the wall heat transfer coefficient.

3.3.5. Effect of Column Dimension

Saxena et al. (1990) reported that heat transfer coefﬁcients measured in larger
diameter slurry bubble column (30.5 cm) is greater than in small diameter column (10.8

cm). They attributed this result to higher mixing rate attained in larger diameter column,

3.3.6. Effect of Temperature

Saxena et al. (1990) reported that with increasing temperature the heat transfer
coefficient also increases. This can be explained by the enhanced turbulence maintained by
* higher temperatures, and thus resulting in greater heat transfer coefficients. Also it can be
stated that the temperature changes alter the apparent viscosity of the slurry and thus the
heat transfer coefficients may change.

3.3.7. Conclusion

As a general conclusion for all the studies mentioned so far, it can be said that, the
heat transfer coefficient increases with increasing temperature and superficial gas velocity.
It is also an increasing function of particle size, but a decreasing function of liquid
iriscosity and particle density.

Two opposing conclusions on solid concentration effect on heat transfer coefﬁéient
exist. Some studies (Deckwer ef al., 1980) while some report the opposite (Li and Prakash,
1997).The increase of fhe heat transfer coefficient with increasing solid concentration has
been attributed to corresponding increase of the slurry viscosity which results in greater

bubble size and thus higher heat transfer rates.
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Moreover, Deckwer et al. (1980) reported that solid addition promotes the
independent motion of the particles leading to increased exchange frequency of fluid
elements ‘at the heated surface. On the other hand, the contrary result obtained by Li and
Prakash (1997) was explained by the fact that turbulence is reduced turbulence by an
increase in viscosity of the system. In fact the viscosity of the system by addition of inert
- bead like solids would not change significantly especially at low concentrations however it
can definitely be said that presence of solids just promotes heat removal from the surface

of the heated object and in a way enhances the turbulence in the system.

Axial profiles of heat transfer measurements indicate that the heat transfer
coefficient in developed region is higher than in the developing region. Heat transfer
coefficient in the center of the column is greater than the sides due to the fact that large
bubbles collect at center and they are more effective in enhancing the heat transfer in the

system. Table 3.3 summarizes the heat transfer study results of several researchers.
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4. EXPERIMENTAL WORK

This chapter describes the designs of both the bubble column reactor and its
accessory equipments and probes. In Section 4.1, the details of the experimental set up are

presented and the experimental procedures and measurement techniques are given in
Section 4.2.

4.1. Experimental Setup

Experiments were conducted in a Plexiglas column of 17 cm diameter and 60 cm
total height. The clear liquid height was maintained to be 40 cm. Six-arm gas sparger was
used to distribute the air in the form of bubbles, into the column. The two-phase bubble
column studies were carried out with the tap water and compressed air as the liquid and the
gas phases respectively. In slurry bubble column studies various solid phases were utilized.
Initially the experiments were performed with 1 mm glass beads supplied by Mersmann
with a density of 2500 kg/m’. The experiments with the glass bead system were carried out
at 10% by volume concentration. Besides the glass beads, experiments were also carried
out by yeast cells (S. cerevisiae) and bacteria cells (E.coli) as suspensions. The diameter of
the yeast cells used was about 10 pum and the bacteria cell diameters were between 0.2 um
and 0.7 um. Investigations of both cells systems were run at 0.1% and 0.4% concentrations
by cell dry weight. For the air-water system and air-water-glass beads system experiments
the column was operated with superficial gas velocities from 0.03 m/s up to 0.20 m/s;
whereas, due to formation of a foam layer, the yeast and bacteria cell experiments were run
with velocities from 0.03 m/s up to 0.15 m/s. The experiments were carried out starting
with high gas velocity to low. The details of the column design and its accessories are

summarized in detail below.

4.1.1. Column and Gas Distributor Design

Figures 4.1 and 4.2 are the schematic representation of the set up designed in this
work. The column is made of Plexiglas which is much more advantageous over glass in

case of mounting the accessories, handling, etc. The aspect ratio is selected according to
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bubble column bioreactors used as bioreactors that usually work with an aspect ratio
between two and five. The column diameter is selected to be 17 cm to be free of end
effects as much as possible. The height is maintained as 60 cm according to the aspect
ratio. Unaerated water height (height before fluidization) is 40 cm. The piping was
stainless stgel of 1%. A six-arm gas distributor has been designed to introduce air into the
system and was -placed at the bottom of the column, at 2 cm distance from bottom cap.
Since the effective region of the column would be the region above the sparger, and the
region below the sparger would lack bubbles, the sparger is placed at the bottom as much
as possible. The details of the design of the sparger are shown in Figures 4.3 and Figures
4.4 as top and side views. The sparger is made of brass with a connecting tube in the
middle and 6 arms soldered to it with 60° angles from each other. Each arm is 7 cm long

and consisting of totally 24 holes of 2 mm diameter on all four sides of the tube and the
space between holes is 1mm.

The gas flow rate was controlled by a rotameter supplied by Kobold, type KHN1132
‘with scale 1,600-16,000 V/h. The superficial velocity is varied between 0.03 to 0.20 m/s.

The flowmeter was factory calibrated according to the existing air pressure from the

compressor, which was approximately three bars in our system. Isothermal operation is _

maintained by a heater and controller mechanism. For this purpose, a small resistance
heater (500 Watt) was inserted at the bottom of the column, just above the sparger and a
thermocouple supplied by Elimko RT02-1P06-7, is mounted to measure the temperature of
the slurfy. The digital controller supplied by Elimko E-2111, allowed setting the desired

temperature of the column and controlling the heater accordingly.
4.1.2, Transmitters

‘Pressure transmitters (transducers) were used for measuring average and
instantaneous pressures along the column. As mentioned before, pressure transducers
provide very accurate data with fast responses and thus enable exact determination of the
liquid height during fluidization. They are much more advantageous over manometers, or

visual level detections by scaled charts or millimetric papers.
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Two pressure transmitters were mounted into the column for the liquid level
-detection and gas holdup calculations. Transmitters were supplied by Kobold. These high
accuracy pressure transmitters provided the signal output of electrical current (4-20 mA)
and were connected to the digital controllers ENDA TS-7512. The controllers provided
direct readout of the pressure in millibars, The instantaneous pressure signals from the

transducers were used for both gas holdup estimations and gas disengagement studies.

II'Gasout.

1.Control valve ‘
2.Rotameter L j A
3.Check valve
4.Gas Distributor
5.Electrical Heater
6.Pressure Transducers
7.Themocouple
- 25cm :; » ——
<+ T—]
6
60 cm
28 cm
7 _
—/——— 40 cm
v _ : 11cm
6 5
9cm D::_I_—
4 . .. 5 cm

AV gl N
1 ﬁ@s |
r

Figure 4.1. Schemaﬁc representation of the experimental setup with transducer locations
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’— Gas out
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1.Gas Distﬁbutor E —l
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3.Thermocouple
4.Heat Transfer Probe
5.Heat Transfer Probe
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5 __} ——
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1
v L\l

T

Airin
Figure 4.2. Schematic Tepresentation of the experimental setup with the heat transfer probe

axial locations

The locations of thé transmitters had been decided according to the literature studies,
In most studies, the bottom transducer was mounted several centimeters above the gas
distributor and the top transducer location was maintained to be a few centimeters (2-7 cm)
below the clear liciuid' height. In this work, the bottom transmitter was located at 7.5 cm
above the sparger and the top transmitter at 2.5 cm below the unaerated liquid height.
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The transmitter scales were selected to be 0-100 mbar since the liquid pressure at the

column bottom would not be more than 40 mbars. The transmitters were mounted on the

column‘at a 90 ° degrees angle in horizontal plane according to the column heater,

Figure 4.3. Top view of the gas distributor

lem : 2 mm sparger
ea.chL \ 7cm / LhOIBS 7cm | am
| 7 I : 7 1
Lo O\O O O © © 0 0 © 0 0 ]

e i T

L ‘ Column Bottom

— 17 cm 1

Figure 4.4. Side view of the gas distributor
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4.1.3. Heat Transfer Probe Design

A heat transfer probe to estimate the heat transfer coefficient between the immersed
heated object and the surrounding fluid has been designed. Basically the probe designed
was used to measure the heat flux from the object to the fluid and the surface temperature
of the object. The bulk temperature of the bed was controlled and measured by a
thermocouple mounted on the column as was explained above.

The heat flux probe was designed accordmg to work of Li and Prakash (1997). The
details are shown in Figure 4.4. A cartridge heater provided by Omega, type CIR-30122-
250 W was inserted into a 3 cm long and 1.5 cm diameter brass tube. The two ends of the
tube were filled with silicon to prevent the heat loss from the ends and at the same time
prevent the slurry entry. Additionally a teflon cap was used in the ends, through which the

‘wires of the cartridge heater could pass. The heat flux sensor was supplied by RDF
Corporation (No.20453-1) with dimensions 11 mm x 14 mm x 0.08 mm and was adhered
on the surface of the brass tube,

The cartridge heater was controlled by a digital controller provided by Elimko since
there existed a maximum recommended temperature for the sensor and it was therefore
desired to control the surface temperature of the heated brass tube. The sensor was factory
calibrated to provide a direct relationship between the millivolt readout and the heat flux in
order to calculate the heat flux from the millivolt readings. Thus, the sensor wires are
directly connected to a millivolt reader provided by Elimko. The sensitivity ratio of the
sensor is 0.02 pV/(Btwhr.fi?) and the maximum recommended heat flux is 50 Btu/hr.fi%,
Accordingly, the maximum recommended voltage output was 3600 uV or 3.6 mV. For this
reason the scale of the millivolt reader was selected to be 0-5 mV. A small surface type
resistance thermometer provided by Elimko, type RT-15-1P04-3 was also mounted on the

surface of the brass tube for direct measurement of the brass tube surface temperature.

The brass tube with the cartridge heater inside and the heat flux sensor and the
thexmocouple mounted on the surface, was supported by a stainless steel tube to prevent
its damage and to easily suspend it at various axial and radial locations in the column. As

seen in the Figure 4.2, the probe was kept at the desired depths in the slurry with a clips



80

support above the column. The radial locations of the probe were maintained with the
holes drilled on the column Cap, at certain radial positions. The schematic of the column

cap with holes drilled at certain radial positions for the various radial placement of probe is
presented in Figure 4.6,

stainless steel tube

/~ brass tube cartridge heater
l; 7 v 6 | i; /' 3 cm !‘ *:

Ocm

1.5cm

teﬂon 1 25 cm % I
cap ——/ Silicon filling
héat flux sensor

11 mmx 14 mm 2 0.08 mm

Figure 45 Schematic representation of the heat transfer probe

4.1.4. Data Acquisition System

The data acquisition system was necessary for the Dynamic Gas Disengagement
experiments, which required very fast pressure data collection. For this purpose a data
acquisition system provided by ABB, type CR-100, was used.

4.1.5. Slurry Medium Preparation

As explained before, the experiments were conducted with four different systems.
Initial investigations were performed with tap water and air. As the solid phase, 1 mm
glass beads were used first. Experiments continued with the use of yeast cells and bactena
cells.

The yeast cells were obtained from a local bakery as dry. Dry cells were weighed
according to the desired concentration which was 0.1% and 0.4%, by weight. Before the
use, their metabolic activity was stopped by treating them with copper sulfate solution at

21°C for one hour. Since the experiments focused on the hydrodynamics and heat transfer
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measurements in the presence of various type solid matenals using the cells as dead cells
was Just for the ease of operation.

r=85

&),

Figure 4.6. Top view of the column cap designed for the placement of the heat transfer

probe at various radial locations (all dimensions in cm)

. The preparation of E.coli cells was somewhat different and time consuming than
yeast cells since they were not purchased but cultured in laboratory conditions. The cells
were cultured with substrate medium containing yeast extracts, tryptone and sodium
chloride. The medium was dissolved in deionized water and cultured at 37°C for 24 hours
in shakers with the addition of E.coli cell innoculum. Before the growth, all the materials
together with the substrates had been sterilized in autoclave at 121°C for 15 minutes in
order to ensure that no other microorganism but only E.coli cells would be produced.

After the growth, the dry cell weight was measured and the cell solution was centriﬁxgéd
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- and treated with copper sulfate solution to stop their metabolic activities, just like in the
case of yeast cells.

4.2. Experimental Procedures and Measurement Techniques

4.2.1. Heat Transfer Coefficient

As described in Section 4.1.3, the heat transfer’probe was used to measure the heat
flux between the heated section of the probe and the bed. The heat flux sensor provided
fast instantaneous voltage differences resulting from the temperature gradient between the
heated object and the bed. The sensor was factory calibrated such that there is a direct
relation between the millivolt reading and the heat flux. The sensor could also be used to
measure the surface temperature of the object. For the probe designed in this work, a
surface type thin and fast response thermocouple was aftached to the probe surface, for
~ direct measurements of the surface probe surface temperature. The bed temperature was
measured via the thermocouple mounted on the column. The corresponding heat flux could
then be calculated by Equation (4.1).

_ q
h= (Tourt — Touixc) @D

Here, h is the heat transfer coefficient; q is the heat flux; Ter is the surface temperature of
the heated probe and Ty is the bulk temperature of the slurry in the column,

4.2.2. Gas Holdup

The gas holdup, as described in previous chapters, is defined as the volume fraction
of the bed occupied by the gas phase. Similarly the solids holdup and liquid phase holdups
are defined as the volume fractions of solids and liquid phases in the slurry. In this study,
the gas holdup was obtained from the pressure gradients measurements along the bed,
obtained from the preésure readings of the two transmitters. In three-phase slurry systems,
the staﬁc pressure drop along the bed was given in Section 2.3.1 with Equation (2.3) and

for two-phase air-water experiments Equation (2.11) was used.
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- Experiments were carried out at different times and several runs in order to check the
reproducibility of the experiment and resuits obtained.

4.2.3. Dynamic Gas Disengagement Experiments

The gas disengagement profiles were obtained by using ihe data acquisition system.
The general expected disengagement profile has been illustrated in Section 2.3.5.1 from
Figure 2.4. The profile obtained in this work is presented in the next chapter.

As it was discussed in this section, based on the graph, first of all, three linear
approximation lines are drawn on the fluctuation lines, representing the average overall gas
holdup value just before the gas stoppage, the line for the first period where the large
bubble disengage and the line for the second period where the small bubble disengage.

As observed from Figure 2.4, the main criterion for separating the two periods is the
slope differences of the first and second lines, indicating the differences between the rise
velocities of large and small bubbles and also the intensity of oscillations. Below is the

procedure followed in estimating the bubble properties form the disengagement figure:

= g which was the average gas holdup previously calculated was drawn.
®= Vertical line indicating the starting point of the gas disengagement or the point where
the gas supply is shut off was drawn.
= Period II line was drawn. It was identified by very weak oscillations and also grater
slope. This line was the disengagement line of the small bubbleé.
® & line and phase II line are connected to figure the disengagement line of the first
period which belong to the large bubble evacuation. '
= g, (small bubble holdup) was directly read from the figure by the intersection of the
phase II line and the vertical line drawn in second step
* & (large bubble holdup) was obtained by the fact that: & + & = & meaning that the
" small and large bubble holdup contributions sum up to overall holdup.
= The small bubble superficial gas velocity contribution was estimated by the slope of
. the phase II line. |
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® The large bubble contribution to total gas superficial velocity was estimated by
subtracting the small bubble gas velocity from total gas superficial velocity.
* Finally having estimated the small-large bubble holdups and their superficial gas

velocities, the corresponding rise velocities were calculated by Equations (2.58) and
(2.59).
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S. EXPERIMENTAL RESULTS AND DISCUSSION

In this chapter the experimenta] results and discussion of hydrodynamics and heat
transfer measurements are presented. In the first section, the gas holdup and gas
disengagement experiment results are reviewed. In Section 5.2, the heat transfer
measurement results are presented. Finally Section 5.3 is devoted to correlation
development for predicting the heat transfer coefficient in air-water system based on all
experimental data. As explained in the previous chapter, four different systems, namely,
air-water; air-water-glass beads; air-water-yeast cells (Saccharomyces cerevisiae); and air-
water-bacterium cells (Escherichia coli) systems, are studied. Results are given in
subsections according to the systems studied.

5.1. Hydrodynamics

In this section the hydrodynamics investiéations are reviewed in three subsectiohs. In
Section 5.1.1, the gas holdup results are presented separately for the four types of systems
studied. In Section 5.1.2 the analysis of regime transitions based on the method proposed
by Krishna et al. (1991) is given. In the last section, Section 5.1.3, the dynamic gas
disengagement (DGD) experiments and the bubble characteristics results obtained are
presentéd.

5.1.1. Gas Holdups

The gas holdups are estimated according to Equations (2.2) and (2.10) depending on
whether the system is three-phase or two-phase respectively, by recording the pressures
measured by the two transmitters and estiméting the average pressure drop. Experiments
are performed by keeping the bed temperature constant and starting from high superficial
gas velocity going to low velocity. For each set, seven data are taken from both top and
bottom transducers by five second intervals and average pressure difference is used in the
gas holdup calculaﬁoﬁ. In order to check the average pressure values, the pressure
ﬂuctuatiéns are also recorded by using the data acquisition system. Resulting graphs

provide reliable average pressure values for both transducers. The experimental results are
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.compared with other published experimental studies, as well as the proposed literature
correlations.

5.1.1.1. Air-Water System. For air-water system gas holdup experiments are performed at
four different temperatures, namely, 16°C, 23°C, 28°C and 37°C. The gas holdup results
obtained at 23°C and 1 atm are shown in Figure 5.1. It can be seen from the figure that gas
holdup is an increasing function of gas velocity, as expected. Since gas holdup is simply
the volume fraction of the gas phase in the slurry, it- is quite normal that increasing gas

velocity means more gas entry into the slurry, which results in increased holdup values.

In Figure 5.1 the experimental results of the present work are also compared with
other experimental studies. As seen, the data agree well with other experimental studies.
However, the slight differences encountered.between some of them and this study would

arise from the differences in column design, ie. the column dimensions and the gas

 distributor designs.
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Figure 5.1. Gas holdup in air-water system and comparison with other experimental studies
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The details of the System properties of these literature studies can be found in
Chapter 3. It may be noted that the gas holdup results best agree with the study of Li and
Prakash (1997) in which a six-arm £as sparger similar to the one in this study was used.

Figure 5.2 illustrates how well the empirical literature correlations predict the
experimental data of this study. It can be observed that the experimental results fall in
comparable ranges within the empirical correlations that are developed for various
experimental studies. It may be noted that the correlations proposed by Smith et al.(1984)
and Deckwer and Schumpe (1987) underestimate, while the correlation proposed
Hughmark et al. (1967) overestimates the experimental data of the present work. It may be
said that Hikita and Kikukawa (1974) represent best the data of this work. The differences
for sure arise from the fact that the correlations are empirical, meaning that they are
~ developed according to the system of that particular study. For instance the correlation

proposed by Smith ef al. (1984) was based on a three-phase system composed of nitrogen,
water and glass beads.
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Figure 5.2. Gas holdup in air-water system and comparison with literature correlations
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As a matter of fact this three-phase system correlation may not predict the two-phase
air-water system of this study. On the other hand, the correlation by Hikita and Kikukawa

(1974) was developed for air-water system with column diameter 15.8 cm, which is close
to the diameter of this work which is 17 cm,

The temperature dependence of gas holdup is demonstrated in Figure 5.3. It was
observed that changes in bed temperature did not affect the gas holdup. The differences are
in the range of possible experimental deviations. Figure 5.3 may also reflect the

reproducibility of the experimental data. At various runs and temperanxres the results are
quite same.
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Figure 5.3. Gas holdup in air-water system at various bed temperatures

This trend of gas holdup with the bed temperature was actually expected. As
discussed in Chapter 3, most literature studies concluded that the effective factors
influencing the gas holdup behavior are the superficial gas velocity, the solid diameter and
concentration, the column dimerisions, the gas sparger design, the liquid phase properties
and the operating pressure. Temperature is not mentioned to be an eﬁ‘ccti\)e parameter in

bubble column hydrodynamics.
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-5.1.1.2. Air-Water-Glass Bead System. Addition of a solid phase alters the hydrodynamic

behavior of bubble columns considerably as discussed in detail in Section 3.1.6. The
differences obviously depend on the concentration, the diameter and the type of the solid
phase chosen. As far as the literature studies concerned, glass beads are most commonly
selected inert packing materials. In this work, the glass beads chosen are 1 mm diameter,
though in literature, the diameter values chosen vary mostly between 30-300 pum. Since,
the objective of the present work is not analyzing the effect of solid diameter, instead to
have an idea about the changes in the hydrodynamics and heat transfer characteristics of
the bubble column encountered with addition of a solid phase, Imm diameter glass beads

are used and the results are presented for solids holdup of 0.1, in other words, 10%
concentration of glass beads by volume.

The gas holdup measurements with air-water and 10% viv glass beads systems are
presented in Figure 5.4.
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Superficial Gas Velocity (m/s)

Figure 5.4. Gas holdup in air-water-glass bead system

As can be seen, there exists a considerable reduction in gas holdup values with the

use of glass beads. It should be noticed that the gas holdup is always an increasing function
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of gas superficial velocity but the gas holdup values of air-water-glass beads system are
much lower than that of the air-water System. The figure also compares the results of the
present work with the work of Li and Prakash (1997). To make a reasonable comparison,
same glass beads concentrations (10% V/v) are displayed however it should be noted that
the diameters of the glass beads chosen in the present work was 1 mm whereas the bead
diameter in the study of Li and Prakash (1997) was 35 pm. As a result the existing
differences may also arise from the diameter differences of the solids used.

Almost all literature studies agree with the fact that addition of solids decreases the
gas holdup. The phenomenon of gas holdup reduction with the presence of solids may be
explained by an increase in bubble size due to the increase in apparent slurry viscosity in
the presence of fine solid particles (Kara et al., 1982). The gas holdup at a given gas
velocity would decrease, due to higher rise velocity of larger bubbles formed. The increase
of bubble size can be attributed to either i increasing rate of bubble coalescence or reduced
_ rate of bubble-breakup. Fan (1989) attributed the drop in gas holdup to the promotion of

bubble coalescence caused by the increase in pseudo-viscosity of suspension.

The conclusion that addition of glass beads increases the bubble sizes is proved by
the bubble characteristics results of the present work, ptesented in Seétion 5.3. It was
demonstrated that the rise velocities of small bubbles increased while their holdup
contributions decreased by the presence of solid. This simply indicated that ‘the small
bubble population decreased resulting in greater bubble sizes dominant in the slurry.
Hence, reduced holdups .were obtained. More details on the bubble characteristics of the
system will be presented in Section 5.3. |

~ The results for gas holdup are also analyzed in terms of the gas holdup correlations.
To be consistent, the physical parametefs pfesent in correlation equations are calculated
according to slurry properties with 10% glass beads concentration by volume. Results
compare well with the correlations as presented in Figure 5.5. It is seen that the correlation
proposed by Smith-et al. ( 1984), well predicts the experimental data for the ai;'-water-glass
bead system of this stﬁdy. As discussed in the previous section this correlation did not

however predict the air-water system data.
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Figure 5.5. Gas holdup in air-water-glass bead system and comparison with literature

correlations

The reason is quite simple that this empirical correlation was developed for a rhree phase
system including nitrogen, water and glass beads and therefore it may not predict the two-
phase system well. Another important point is that the Smith ez al. (1984) correlation was
developed for a slurry bubble column with glass bead diameters up to 194 pm and
concentrations up to 10%.by volume. It is interesting to obtain such a good prediction with

glass beads of 1mm diameter used in this work.

5.1.1.3. Air-Water-Yeast Cells System. Bubble columns find a wide application area in
biochemical industry. Various microorganisms are utilized in order to obtain industﬁaﬂy
valuable products. In biochemical industry, the yeast cells (S.cerevisiae) and the bacterium
(E.coli) are the most Widely used organisms. There are various factors causing these
organisms to be preferred. Some of the reasons may be that they are easily handled,
reproduce fast so as to produce valuable biological products. Especially the yeast cells are

very beneficial for their use in baking, brewery, vine, vinegar industries.
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In the light of these facts, S.cerevisie and E coli cells are chosen as the solid phases
to be investigated in bubble column experiments. This for sure would be a challenge to
examine how do microorganisms alter the hydrodynamics of a bubble column and the heat
transfer charactenstxcs since very few studies in literature exist on the subject. Besides,
comparison with the results obtained with glass beads system would show us the

differences in the operation characteristics possible to obtain in bxochemlcal applications in
the presence of microorganisms.

The preparation of the air-water and yeast cells system was explained in Section
4.1.5. Figure 5.6 demonstrates the gas holdup results obtained for air-water and 0.1% and
0.4% by weight concentration of yeast cells, |
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Figure 5.6. Gas holdup in air-water-yeast cells system

As compared to air-water system, addition of yeast cells increased the gas holdup.
Besides, increasing the concentration of yeast cells from 0.1% to 0.4% by weight also
caused further increase in gas holdup. This was not the case in the addition of glass beads
to air-water system. As may be observed from figure, the gas holdup was reduced

significantly with presence of glass beads as the third phase. However, the yeast cells
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increased the gas holdup. This condition was also demonstrated by the work of Prakash ef
al. (2001) with use of yeast cells. The authors attributed this fact to the formation of a foam
layer on top of the slurry with the presence of yeast cells. This event of foam formation is
also observed in this study. The formation of such a foam layer may be due to the possible
production of carbon dioxide gas as a result of metabolic activity of yeast cells. Also it had
been known that foam is created in the presence of surface active substances (Pino ef al.,
1990; Shah et al., 1985). The yeast cell solution introduced into the column in this study
had varying concentration of surfactants (ethanol, protein, etc). Although the activity of the
biological enzymes in yeast cells are stopped by the treatment with copper sulfate solution,

still some biological activity may remain and as a result, the water phase becomes foamy.
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Figure 5.7. Gas holdup in air-water-yeast cells system at different yeast cells

“concentrations

In addition to the formation of foam, the reason for higher gas holdups with the
presence of yeast cells may be due to the possible adhesion of yeast cells on the surface of
gas bubbles. This may hinder bubble coalescence. As a result smaller bubble sizes are
observed due to less bubble coalescence and increased bubble break-up rate which in turn

results in higher gas holdup values. This expectation is proved by the results of the bubble
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- characteristics experiments. The dynamic gas disengagement experiments have shown that
the presence of yeast cells increases the large bubble rise velocity and thus decreases their

holdup contribution, indicating the dominance of small bubbles in the slurry. More detailed
discussion is given in Section 5.3.

A contrary effect on gas holdup may be thought to arise from the viscosity of the
solution. As discussed previously, increased slurry viscosities reduce the gas holdups
(Deckwer et al., 1980; Kim et al., 1986). However, since the yeast concentrations
investigated are quite low, this effect is not expected to play an iniportant role. Similar
conclusions were made by Prakash ef al (2001).

In the Figure 5.7 the comparison of the gas holdup results for yeast cells system of
this study and the study of Prakash et al. (2001), which was also carried out in the presence
of yeast cells with same concentration values, are shown. The figure clearly demonstrates
. that the gas holdup increases with the increased concentration of yeast cells. The
experimental results are in same trend with the study of Prakash et al. (2001). The
differences may arise from the thickness of the foam layer and mainly from the variations
in bubble characteristics. Additionally, the yeast cells used in the study of Prakash er al,
(2001) were obtained from a brewery, whereas the yeast cells used in this study are baker’s
yeast. It is obvious that they have different characteristics for they can not substitute each

other in industrial applications.

5.1.14. Air-Water-Bacteria Cells System. Bubble column hydrodynamics are also

examined with the introduction of E.coli cells as the solid phase. The cell concentrations
inspected were 0.1% and 0.4% of E.coli by weight, just like in yeast cells, so as to make
comparisons. The case of foam formation\ was less in the presence of E.coli cells as
compared to yeast cells system. Main point of interest was whether the E.coli cells would
alter the hydrodynamics and heat transfer measurements in a different way than yeast cells.
Since the diameter of yeast cells were around 10 pm, whereas that of E.coli cells are about
0.2 to 0.7 um, there exi§ts moré than a ten fold difference between particle diameters. If a
difference would exist, diameter difference was expected to be the main reason. In addition

to that, the physical differences between the cells would determine their interaction with
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bubbles in the slurry. However, the experimental results showed that both the
hydrodynamics and the heat transfer characteristics gave quite comparable results.

In Figure 5.8 below the gas holdup results for air-water-bacteria cells system as
compared with air-water and air-water and yeast cells system are presented. As seen from
the figure, gas holdups obtained with bacteria cells system are higher than the air-water
system but less than the yeast cells system. Similarly, increased bacteria cells concentration
results in higher gas holdup values as in the case of air-water-yeast system.
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Figure 5.8. Gas holdup in air-water-bacteria cells system

Since fhe bacteria cells system gas holdup values are higher than that of air-water
system, a possible adhesion of cells on bubble surfaces may also be valid in the presence of
bacteria cells just like it was in the case of yeast cells. As a result of adhesion, the bubble
coalescence rate is reduced resulting in smaller size bubbles which cause the gas holdup to
increase. However, the adhesion impact of bacteria cells on bubble surfaces would be less

pronounced than the yeast cells for their gas holdups are slightly smaller than that of yeast

cells.
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5.1.2. Estimation of Regime Transition

Hyndman ef al. (1997) reported that the transition from bubbly to churn-turbulent
flow in a bubble column with increasing superficial gas velocity is in reality a gradual
process. However, when modeling the complex hydrodynamics of bubble columns the
simplification of the gradual process by defining a transition point is useful for modeling
the hydrodynamic behavior. The transition velocity between bubbly and churn-turbulent
flow regimes, V g (s and the corresponding transition gas holdup € yans can be determined
by using the methodolbgy proposed by Krishna et ql. (1991). For this method, the
interstitial gas velocity, which is the ratio of superficial gas velocity to gas holdup (Vefe),
is plotted against the gas superficial velocity (V). Figure 5.9 demonstrates this plot for
detection of the regime transition point. The interstitial velocity deviates from a horizontal
line as the gas velocity is increased and just beyond the transition point. Detailed
explanation of the method was discussed in Chapter 2. Using this method for this study, it
is found that V g irans and € yrang are 0.038 m/s and 0.082, respectively.
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Figure 5.9. Estimation of regime transition point
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The Table 5.1 lists the results of the literature studies with air-water system for the
regime Jtransntlon properties. As may be noticed the transition gas holdup estimated in the
present work is a bit smaller than the listed studies. For instance the study of Hyndman e?

al. (1997) report the transition gas velocity to be 0.037 m/s which is very close to the
estimation in this work which is 0,038 m/s. However the tran
higher than the value of this work. '

sition gas holdup value is

Nevertheless, it should be realized from Figure 5.1 that the overall gas holdup values
of Hyndman et al. (11997) were higher than the present work. Having estimated the
transition properties and using Equations (2.1) through (2.5), one can calculate the small
and large bubble rise velocities and holdups in the homogeneous and heterogeneous
regimes.

Table 5.1. Experimental values of transition velocity and gas holdup for air-water bubble

columns
Investigator V gtrms (M/5) | & 5 trans Reference

Bach and Pilhofer (1978) 0.046 0277 | Joshi et al. (2001)
Oels et al. (1978) 0.039 10.178 | Joshi et al. (2001)
Krishna ef al. (1991) 0.033 0.198 | Joshi er al, (2001)
Yamashita and Inoue (1975) 0.040 0.234 | Joshi et al. (2001)
Hyndman ef al. (1997) 0.037 0.137 | Hyndman et al. (1997)
Present work _ 0.038 0.082

* Homogeneous (Bubbly) Flow

* Holdup is a linear function of gas velocity in the homogeneous flow. Thus the holdup
values can be plotted against velocity. The slope of this line gives the reciprocal of the rise
velocity of small bubbles (Equations (2.1) and (2.2)). Figure 5.10 demonstrates this plot of
the homogeneous regime. So the small bubble rise velocity which is essentially constant is
estimated to be 0.46 m/s via this method. In the literature it is'reported that this value
vaﬁes between 0.25 and 0.30 m/s. |
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» Heterogeneous (Chum-turbulent) Flow

In )chum-turbulent flow the smali

: bubble holdup is essentially constant and
corresponds with the end of homogeneouys

flow holdup, which is the transition holdup.

Thus, the small bubble rise velocity can be found from the ratio of transition superficial

- velocity and transition holdup. Using Equations (2.4) through (2.7) the bubble holdup
values and rise velocities for small and large bubbles can be obtained. |
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Figure 5.10. Linear deﬁendence of the gas holdup on superficial gas velocity in the

homogeneous regime

As a conclusion, using regime transition properties, bubble characteristics can be
obtained. However, this method did not give very satisfactory results according to
literature in this study.

A more reliable method for detecting the bubble holdups and rise velocii_:ies is the
frequently used Dynamic Gas Disengagement Technique. The next section presents the
results of bubble characteristics obtained via this technique. |
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5.1.3.Gas Disengagement and Bubble Characteristics

In this section bubble populations, bubble holdups and their rise velocities are

investigated for air-water, air-water-glass beads and air-water-yeast cells systems. As

explained in detail in Chapter 2, bubble characteristics are as important as gas holdup

structure for a proper analysis of bubble column reactor performance.
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of thé column considerably, The Dynamic Gas Disengagement Technique is the most
widely used technique for the estimation of bubble holdups and rise velocities. The

pressure fluctuations are plotted against time by using a data acquisition system. The

Figure 5.11 demonstrates the typical disengagement profiles obtained for air-water system
at 25 °C and at different superficial gas velocities,
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Figure 5.12. Small and large bubble holdups in air-water system

As observed from the figures, at high gas velocities, the pressure fluctuations are
higher and so are the gas holdup fluctuations. When the gas supply is shut off, a sharp and
fast decrease of the gas holdup is observed indicating the disengagement of high velocity
large bubbles. This is classified to be the first period. At the end of this period, large
bubbles have evacuated the column and the slope of the gas holdup line seems to increase,
or the gas holdup drops smoothly, indicating the slower small bubbles leaving the slurry.
Through Equations (2.26)-(2.31), the bubble holdups, rise velocities and superficial

velocities can be obtained.




101

Figure 5.12 shows gas holdup distribution of small and large bubbles in air-water
system. It is clearly seen that both small and large bubble holdups increase with increasing
gas superficial velocity. The contribution of large bubble to overall holdup is less than that
of the small bubbles and the literature studies confirm this conclusion. This indicates that

more fraction of gas is taken by small bubbles, The experimental data compares well with
the study of Li and Prakash (2000).

Figure 5.13 demongtrates the variation of small and large bubble rise velocities with
superficial gas velocity for air-water system. It can be seen that the rise velocity of large
bubbles increase with increasing superficial gas velocity, while the rise velocity of small

bubble decreases very slightly, almost stay constant with increasing gas superficial
velocity.

20 + 1

1.8 -
- 1.6 =i~ present work-large
%’ bubble
< 14 AT AT A , —-8— present work-small
&2 g bubble
8 12 : A—Li and Prakash
g (2000)-large bubble
> 1.0 —=&—Li and Prakash
.é . (2000)-small bubble
a 08 ---&-- Shumpe and Grund
el : (1986)-large bubble
g 0.6 ---B- - - Shumpe and Grund

(1986)-small bubble

04

02 pessmlengeon ——a

0.0 T I [ [

0.1 0.12 0.14 0.16 018 - 0.2

Superficial Gas Velocity (m/s)

Figure 5.13. Small and large bubble rise velocities for air-water system

When the superficial gés velocity increases, formation of coalesced larger bubbles is
induced and thus the rise velocity of Iarge bubbles increases. Similar observation was made
by Schumpe and Grund (1986) and Li and Prakash (2000). Schumpe and Grund (1986)
observed that the rise velocity of small bubbles is around 0.21 .m/s and Li and Prakash
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(2000) observed that it is around 0.19 m/s. In this study the small bubble rise velocity is
constant around 0.205 m/s. In the case of large bubble rise velocity, the values obtained in
this study are higher than that of the study of Schumpe and Grund (1986), but closer to the
results of Li and Prakash (2000). The reason of the existing differences was discussed by
Li and Prakash (2000). The authors attributed this to the procedural differences in
- measurement techniques. Schumpe and Grund (1986) measured the gas holdup by
observing the variation of the dispersion height, while Li and Prakash (2000) used pressure
transducers just like in this - study. Nevertheless, it can be sa1d that the results compare well

with both studies. It is obtained that both the small bubble and large bubble holdups are
reduced in the presence of glass beads.
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Figure 5.14. Comparison of the bubble rise velocity results

As mentioned before, method proposed by Krishna ef al. (1991) may also be used to
obtain bubble characteristics. The Figure 5.14 shows the results obtained for bubble
characteristics in air-water system, using the method proposed by Krishna et al. (1991) and
the method of Dynamic Gas Disengagement. As observed from the figure, the results are
considerably different and the results obtained by the method of Krishna ef al. (1991) did
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. not compare well with the results of literature, In this work, acceptable results are obtained
with th‘f? Dynamic Gas Disengagement Technique.

In ‘addition to air-water system, bubble properties are also investigated in the
presence of glass beads again by using the dynamic gas disengagement technique. Figure
5.15 presents the gas holdup contributions of small and large bubble groups in the presence
of glass beads as compared to air-water system results,

The percent decrease of small bubble holdups compared to air-water small bubble
holdup was more than the percent decrease in large bubble holdup. This indicates that
larger bubble sizes are maintained due to promoted bubble coalescence, in the presence of

glass beads. As a result of reduction in both holdup values, the overall holdup also
decreased considerably as was discussed in Section 5.1.1.2.
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Figure 5.15. Small and large bubble holdups in air-water-glass beads system

As reviewed in Section 5.1.1.3, the presence of yeast cells alters the hydrodynamic
characteristics of the system. For this reason it is logical to expect differences between the

bubble characteristics of air-water system and air-water-yeast system. Figure 5.16 analyzes
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_the gas holdup contributions of small and large bubbles in air-water-yeast cells system at

concentrations 0.1 per cent and 0.4 per cent; additionally demonstrates the differences
between the two-phase air-water system, According to Figure 5.16 it can be deduced that

the additipn of yeast cells increased the small bubble holdups but reduced the large bubble

holdups. Additionally, with increasing concentration of yeast cells, the small bubble

holdups also increase, however the large bubble holdups decrease.
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Figure 5.16. Small and large bubble holdups for air-water-yeast cells system at various

concentrations

The gas holdup behavior of bubbles in the presence of yeast cells was actually
expected so. As noted before, the yeast cells prevent bubble coalescence by adhering on
the surface and thus the bubble sizes are reduced. This means that the large bubble
population decreases which in turn leads to decrease in their contribution to overall holdup.
Hence, decreased bubble coalescence increases the gas holdup. Remembering that the
small and large bubble holdups are equal to the ratio of small and large bubble superficial
gas velocities to small and large bubble rise velocities, respectively, increased bubble
holdup in the presence of yeast cells for the small bubbles should be as a result of reduced

small bubble rise velocities.
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Likewise, decreased large bubble holdups should be due to increased large bubble
rise velocities. This argument is proved by Figure 5.17. This figure demonstrates the
bubble rise velocity variation with the yeast cells system. As previously pointed out, the

large bubble rise velocity increases with superficial gas velocity, while for small bubble
rise velocity just the opposite trend is observed.

However, the reduction of small bubble rise velocity with superficial gas velocity is
not at a high extent that the value is considered to be constant around 0.205 m/s. Similar
behavior of small and large bubble rise velocities with increasing superficial gas velocity is
investigated with yeast cell system. With increasing superficial gas velocity the large
bubble rise velocity increases, whereas the small bubble rise velocity decreases. However,
the presence of yeast cells reduced the small bubble rise velocity while increased the large

bubble rise velocity, as observed in Figures 5.17 and 5.18.
5.2. Heat Transfer Measurements

As discussed in detail in the previous chapters, heat transfer coefficient is an
essential design parameter for bubble column reactors. However, due to spatial variations
of slurry concentrations, gas distributor effects, the bubble populations and properties, the
heat transfer coefficient values may be different at various locations in the column. These
may be radial as well as axial differences. Rather than trying to estimate the heat transfer
coefficient at a certain fixed location, it would be more realistic to estimate it at various
axial and radial locations, and propose an average design value for the heat transfer
coefficient describing the whole system. For this purpose, heat transfer measurements are
carried out at 4 different axial locations and 5 different radial locations for the column of
this work. As a result, axial and radial heat transfer coefficient profiles for all four types of
the systems studiéd, ie. air-water; air-water-glass beads; air-water-yeast and air-watér-
bacteria are obtained. The values are éompared with the studies of Li and Prakash (1997)
and Saxena ef al. (1990) and also with the literature correlations. Finally, an empirical
correlation ;s developed to predict the experimental heat transfer coefficient data for air-

water system which is presented in the next section (Section 5.3).
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5.2.1. Air-Water System

Axial and radial heat transfer coefficient measurements are carried out at 23°C bed
temperature for air-water system, Additionally at 28°C, 37°C and 45°C, wall and center
heat transfer coefficient values are measured and the results are compared. The present
experimental data are compared with the experimental studies of Li and Prakash (1997)
which also examined the axial and radia] heat transfer coefficient distributions and with the
experimental study of ngena et al. (1990) which inspectéd the effect of bed temperature.

5.2.1.1. Axial Profiles of Heat Transfer Coefficients. Heat transfer coefficients are
estimated at 7 cm -14 cm - 21 cm and 28 cm bed depths from top (total bed height was 40
cm), at a fixed radial location in the column, Figure 5.19 shows the axial variation of the
heat transfer cqeﬂ‘icient measured at the center of the column. The bed temperature is
maintained to be 23°C. As observed from the figure, the heat transfer coefficient values
‘increase with increasing superficial gas velocity at all locations. This trend is observed at
all axial, radial locations and bed temperatures as presented in the following sections. This
is explained by Fan and Tsuchiya (1988) with the fact that increasing gas velocity _
enhances the turbulence in the column due to the formation of faster rising gas bubbles
which carry turbulent wake behind them. This enhanced bubble-wake-turbulence reduces
the heat transfer film on the surface of the probe resulting in a higher heat transfer rate.

It may be noted that heat transfer coefficient values at top of the column are higher
than the values at bottom of the column. During the experiment this was also realized from
the visual inspections that the heated probe surface temperature was higher at the column

bottom since the heat transfer coefficient was lower there.

The difference between the top and bottom heat transfer coefficient values decreases
as the superficial gas velocity is increased. At superficial gas velocity 0.03 my/s, the
difference is 10.4% whereas at superficial gas velocity 0.20 m/s, it is 3.5%. This indicates
that at high velocities, the system attains steady state condition more, the spatial variations

disappear and the column operates more homogeneously.
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. Figure 5.19. Heat transfer coefficient values at various axial locations for air-water system

Axial variation of heat transfer coefficient was also investigated by Li and Prakash
(2002). The authors observed similar differences between the top and ‘bottom of the
column. They named the column top as the bulk region and the bottom which is closer to
the gas distributor as the distributor region. The increasing trend of the heat transfer
coeflicient when the position goes further from the distributor in the column is attributed to
increasing bubble size along axial location. Since the liquid pressure around the bubble
decreases as the bubble rises up in the column, bubbles coalesce with increasing their sizes.
The bubbles with greater sizes also. have higher velocities and as a result larger size

bubbles enhance the heat transfer coefficient.

The influence of the distributor region usually can be observed within a height range
which extends up to 2-4 times the column diameter. However, it is also reported that this
range also depends on column diameter, sparger design and physical properties of the
liquid phase. In this study the height of 28 cm is less that twice the éolumn diameter which
is 17cm. So the location at 28 c¢cm would probably be in distributor region. Slight
differences exist between the locations 21 and 28 cm. Locations 21 cm and. 14 cm may still

be included in the distributor region. However, considerable difference exists between the
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values at location 7 cm from top which would be probably in bulk region and at 28 cm
from top which would be probably included in the distributor region.
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Figure 5.20. Axial heat transfer coefficient profiles of air-water system

Figure 5.20 shows the heat transfer coefficient profiles plotted at different gas
velocities. This graph is based on the same data as Figure 5.19, but x axis being the
distance from top of the column. It is more clearly observed on this graph that the heat
transfer coefficient profile is flatter at higher gas velocities indicating that the mixing
characteristics of the bulk and distributor regions are more similar with enhanced

turbulence in the system.

5.2.1.2. Radial Profiles of Heat Transfer Coefficients. In addition to axial profiles of heat

transfer coefficient, the radial distribution is also investigated. Figure 5.21 presents the heat
transfer coefficient values obtained in air-water system at 23°C bed temperature and at
various radial locations. The axial position is held constant to be 7 cm from top, and the by

inserting the probe at various distances from the center, radial variation of heat transfer

coefficient is obtained.
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Figure 5.21. Heat transfer coefficient values for at various radial locations air-water system

As seen from figure, at all radial locations the heat transfer coefficient increases with
increasing gas velocity due to enhanced turbulence as explained in the previous section. It
may also be noticed from Figure 5.21 that the center heat transfer coefficient values are
some what higher than the wall heat transfer coefficient values. This was actually an
expected result as previous literature studles report similar trends. The reason for this fact
is reported to be due to larger bubbles collecting more in the center region compared to
near the wall. Thus, fast rising larger bubbles more dominantly collecting in the center
enhance the heat transfer. The difference between the center and wall heat transfer
coefficients at low gas velocity of 0.03 m/s is found to be 10.6%, whereas at high gas
velocity of 0.20 m/s, the difference is 5.3 %. Similar to the case obtained in previous

section, it may be concluded that center-wall difference is reduced at high gas velocities.

Radial profiles of heat transfer coefficient are plotted in Figure 5.22. It is clearly
observed that the proﬁlés get flatter with higher superficial gas velocity. Figure 5.23
compares the experimental results of the present work with experimental studies by Saxena
et al. (1990) and Li and Prakash (1997). The bed temperatures were 24°C for Saxena et al.
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(1990) and 23°C for Li and Prakash (1997). Li and Prakash (1997) investigated radial

distn'butiqn of the heat transfer coefficient in the column; whereas Saxena ef al. (1990)
only measured the center heat transfer coefficients. Similar heat transfer probes have been

used in these studies with the probe in this work, though the axial locations may differ.
Comparable results are obtained with respect to thése studies.

7.00

6.75

6.50 )L\_Xs
I\
6.25
A\\‘\ —e—velocity=0.03 m/s
6.00 —n—velocity=0.06 m/s‘
—a—velocity=0.1 m/s
5.75 -\ \ —e—velocity=0.15 nv/
\-\-\ o 1y=0.15m/s
—X¥—velocity=0.2 m/s
5.50 T~
5.00 T ; \

0.0 02 0.4 0.6 0.8 1.0

Heat Transfer Coefficient (kW/mZC)

Radial Distance (i/R) x=7 om; Tpei=23°C

Figure 5.22. Radial heat transfer coefficient profiles for air-water system

Analysis of the data in terms of literature correlations is shown in Figure 5.24. These
correlations were given in Table 2.4. The physical properties of the liquid and gas phases
appearing in the equations are evaluated at 23°C, in order to make a more realistic
comparison. In this figure, correlations by Suh and Deckwer (1989), Kim et al. (1986),
Hikita ef al. (1981) and Joshi et al. (1980) are compared with results of the present work.
Especially, the correlations by Suh and Deckwer (1989) and Kim et al. (1986) are based on
large amount of experimental data that may result in more reliable predictions. Both

correlations are proposed based on three-phase slurry bubble column reactors.
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Figure 5.23. Comparison of center-wall heat transfer coefficient values of air-water system

with literature experimental studies

Based on Figure 5.24, it is seen that the correlation by Kim et al. (1986)
underestimates the data of this study, while better predictions are obtained by correlations
of Suh and Deckwer (1989) and Hikita ef al. (1981). The experimental data for the entire
range (center to wall) lie in between these two correlations. Suh and Deckwer (1989) best
predicts the experimental data for the column wall. This correlation gives more satisfactory

fits at higher superficial gas velocities.

5.2.1.3. Effect of Bed Temperature. Effect of bed temperature on heat transfer coefficient
is not extensively reported in literature. Saxena ef al. (1990) investigated the effect of bed
temperature on heat transfer characteristics with bed temperatures 24°C, 40°C and 70°C.

In the present study bed temperatures investigated are 23°C, 28°C, 37°C and 45°C.
The reference temperature is selected to be 23°C, and 28°C and 37°C are selected since

they are the optimum growth temperatures for S.cerevisiae and E.coli cells, respectively.
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- Thus, in order to make Comparative analysis, air-water system studies are also carried out
at these temperatures.

9.50
. .t
NG 8.50 - &
£ s !
= 750 e _a—F [ Hikita et al(1981]
a B ‘ -° -
= et Z ' —-0—- Joshi et al (1980)
2 6.50 > 5 *
% ¢, . A 4 —¥—Kimet al. (1986)
=] ’/' A /
Q5501 T a ~—A——Suh and
é £ / Deckwer (1989)
' ®  present work
= 4.50 exp-center
§ 3 A present work
o 3.50 exp-wall
2.50 : , , |
0.00 0.05 0.10 0.15 0.20 0.25
Superficial Gas Velocity (ny/s)

Figure 5.24. Comparison of center and wall heat transfer coefficient values for air-water

system with literature correlations

Figure 5.25 presents the heat transfer coefficient values for air-water system obtained
at various bed temperatures. As it is clearly observed, both the wall and center heat transfer
coefficient values increase with increasing bed temperatures. Saxena e al. (1990)
attnbuted this to the enhanced turbulence with increasing bed temperatures. In fact, the
physmal properties of the liquid phase change with a change in temperature.

‘ For water, the viscosity and density values change considerably. For instance, the
viscosity of water at 23°C and 37°C are approximately 0.00100 kg/ms and 0.00068 kg/ms,
respecﬁvely. The Viscosity of water decreases as the temperature increases. Reduced

viscosity in the bed with increasing bed temperature may lead to enhanced heat transfer.
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The comparison of the experimental results obtained at four different bed
temperatures 1s presented in Figure 526, The figure also compares the results with the
experimental study of Saxena et al. (1990), carried out at bed temperatures 24°C and 40°C.
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Figure 5.25. Effect of average bed temperature on heat transfer coefficient for

air-water system

It is observed that heat transfer coefficient values at comparable temperatures match

pretty well. Nevertheless, the results of the present work seem to be slightly higher than
those of Saxena ez al. (1990).

Since the physical properties of the bed change with temperature, the values of the
dimensionless numbers éppearing in the heat transfer correlations also change. As a result,
the effect of temperature on heat transfer coefficient is also reflected in terms of

correlations.

Figure 5.27 shows the variation of the proposed literature correlations with bed

temperature. As can be deduced from the figure all of the correlations increase with
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increasing bed temperatures, however the percent changes differ for each of them. The
percent increase in the correlation by Joshi ef al. (198

' 0) is clearly much higher than the
other correlations. Conversely,

correlation by Suh and Deckwer (1989) is the least
sensitive to temperature change. .

More quantitatively, at superficial gas velocity of 0.20 m/s, the percent increase of

heat transfer coefficient between temperatures 23°C and 37°C, predicted by Suh and
Deckwer (1989) is 13.44%, while that of Joshi ef g (1980) is 36.5

‘ %, showing the
sensitivities of two correlations according to bed temperatures. The pe

rcent increase of

heat transfer coefficient at the same velocity in the present work is about 50%. Correlations

seem to underestimate the increase of heat transfer coefficient with temperature in this
work.
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Figure 5.26. Comparison of heat transfer coefficient values for air-water system at

various average bed temperatures
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Figure 5.27. Comparison of heat transfer coefficient values for air-water system at 23°C

and 37°C bed temperatures with literature correlations
5.2.2. Air-Water-Glass Bead System

The effect of solid addition to a two-phase system is analyzed by using 1 mm
diameter glass beads. The changes in heat transfer coefficient due to the addition of solids
were discussed in chapter 3. As reported in literature studies, change in heat transfer
coefficient with solid addition is actually a net result of two opposing factors. It was
explainéd in Section 5.1 that solid addition to water reduced the gas holdup. Li and
Prakash (2000) also showed that the bubble rise velocities increase indicating the
formation of larger bubbles. This effect should lead to larger bubble wakes and thus higher
heat transfer coefficients. On the other hand, solid addition increases the slurry viscosity
which would reduce the turbulence intensity of the system. Literature studies have shown
the reduction of heat tr_anéfer with an increase in slurry viscosity (Li and Prakash, 2000).

Nevertheless, literature studies have reported that solid addition increases the average heat

transfer coefficients (Deckwer ef al., 1980).
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In this section axial and radi

| al heat transfer coefficient profiles of air-water and 1
mm glass beads with 10%

by volume concentration are presented.

MA%. The effect of solid addition on heat

transfer characterisitics of a two-phase system had been discussed in Chapter 3. Several

studies reported that heat transfer coefficients increased with increasing slurry
concentrations (Kolbel ef al, 1985, 1960; Deckwer et al., 1980) while some report the
opposite (Li and Pra.kash, 1997). Deckwer et al. (1980) ‘demonstrated that the increase in
heat transfer coefficient with solids concentration could be accounted for the alternation of
thermo-physical properties of the slurry. It is also reported‘tha‘t increase of heat transfer
coefficient is caused by independent motion of the particles leading to increased exchange
frequency of fluid elements at the heated surface area. Contrary to the results of Deckwer
et al. (1980), Li and Prakash (1997) attributed the decrease in heat transfer coefficient with
solids addition to the increased viscosity of the slurry. In the present work, the average heat

transfer coefficients increased with respect to air-water system considerably, with the
addition of glass beads as shown in Figure 5.28.

As explained in Chapter 4, 1 mm glass beads were used. Only concentration of 10%
by volume was tested. Figure 5.28 shows that heat transfer coefficient values are
considerably higher with glass beads system than the air-water system, indicating that the
addition of solids enhances the turbulence in the system. This result may also be explained
by the alternation of bubble properties with solids addition. Li and Prakashv (2000)
reported that as the glass beads concentration increases coalesced large bubble size
increases and the rise velocity of large bubbles increases. Similar observation was also
obtained in this work with bubble characteristics experiments. As presented in Figures 5.17
and 5.18, both the small and large bubble rise velocities increased with addition of glass
beads. However, this was reflected in a more dramatic drop of small bubble holdup as
compared to large bubble holdup, indicating an increase of bubble sizes. Hence, this results
in promotion of the heat transfer. The impact of fast rising large bubbles on heat transfer
had been reported to be more effective than slower small bubbles in the literature. This was
also demonstrated in the present work with the radial heat transfer results of air-water
system. In addition to this, another reason for heat transfer coefficient to increase with

solids as Deckwer ef al. (1980) reported previously, is definitely due to promoted



presence and motion of solid particles.
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Figure 5.28. Heat transfer coefficient valyes at various axial locations for air-water-glass

beads system

It may also be noted that as the axial distance from top to bottom increases, the heat
transfer coefficient values also increase. This was not the case with air-water system. In
air-water system it was found that the heat transfer coeflicient values at the top of the
column (bulk region) were higher than that of the bottom of the column (distributor
region). An opposite trend has been obtained in the presence of glass beads. Actually this
was due to problems brought about by the size of glass beads chosen. 1 mm glass beads
were not mixed homogeneously in the column. Most of them settled on the bottom of the
column. For this reason the glass beads supplied at 10% by volume to the column were not
distributed evenly. At low gas velocities most of the glass beads settled down. When the
velocity is increased more beads began to circulate in the column. As a matter of fact, even
when the velocity was highest, glass beads concentration was much higher at the bottom of
the column than at the top parts. This uneven distribution of solids led to higher heat

transfer coefficient values at the bottom of the column where solids are more dominant.
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Although it was expected to obtain flatter profiles at higher gas velocities, the differences
between column top and bottom were eye higher at high gas velocities,

Quantitatively, it can be said that at axial location 7 em from top when the gas

velocity is low (0.03 m/s) the difference between the heat transfer coefficient values of air-
water and air-water-glass beads system is just 2.0%.

When the velocity is increased to 0.20
m/s, this difference jumps to 29.7%,

Similarly, at axial location 28 cm, the differences
between the heat transfer coefficient values of air-water and air-water

-glass beads system
is 21.5% and 104.1% for velocities 0.03 m/s and 0.20 m/s respectively. As noticed the

differences between the two systems become tremendous at higher velocities. This is just

because of more and more glass beads beginning to circulate in the slurry at higher
velocities causing the system deviate more from two-phase properties.

Figure 5.29 demonstrates the axial heat transfer coefficient profiles obtained in air-
) water and glass beads system. As may be noticed the profile is extremely different than the
air-water axial profile presented in Figure 5.20, where at high gas velocities the axial
differences became much more insignificant as demonstrated by the flatter heat transfer
coefficient profiles. Unlike the air-water System, the air-water-glass bead system showed
huge axial differences in heat transfer coefficient values. Moreover, these differences were

much more intensive at high gas velocities. Profiles become steeper as the gas velocity
increases which was not the case in air-water system.

It was previously stated that the literature studies generally used glass beads with
diameters up to 300 pm. Smaller diameter glass bead are preferred since they are easily
aerated and mixed homogeneously by the gas sparger. In this work 1 mm glass beads came
out to be too large to aerate all. As a result, a fraction of 2-5% glass beads, depending on
the gas velocity, remained as settled down in the bed. However, it can definitely be stated
that addition of solids increased the heat transfer coefficients significantly. The bottom
section of the column was more dominantly occupied by the glass beads causing the heat
transfer coefficient values td be higher in this section. Due to uneven distribution of solids
in the column a wide range of heat transfer coefficient values are obtained in the presence
of glass beads. The next section presents the radial distribution of heat transfer coefficient

values for air-water and glass beads system.
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Figure 5.29. Axial heat transfer coefficient profile for air-water-glass beads system

5.2.2.2. Radial Profiles of Heat Transfer Coefficients. Figure 5.30 presents the air-water-

glass beads system heat transfer coefficient results obtained at five different radial
locations. The concentration is 10% by volume as before.

It is observed that the heat transfer coefficient is highest at center and lowest at the
wall region. Similar result was obtained in air-water system. However with glass beads the
difference between the wall and center is higher than that with air-water system. For
instance at gas bvelocity of 0.20 m/s the wall-center heat transfer coefficient differences
were estimated to be 5.3% and 18.0% for air-water system and air-water-glass beads

system respectively.

Figure 5.31 is plotted for demonstrating the radial profiles of heat transfer coefficient
in glass beads system. It may be noticed that glass beads scan a wider range of heat transfer

coefficient values from low veldcity_ to high velocity as compared to the air-water system.
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| Quantitatively this may be explained that at low velocity (0.03 m/s) the average of
five radigl heat transfer coefficient valyeg for air-water system is 5.29 kW/m?C and for
velocity 0.20 m/s the average value is 6.43 kW/m’C. Thus the difference enc

increase of superficial velocity is 21.7%.

ountered with
For air-water and glass beads system, the average

and 8.04 kW/m’C at gas velocities 0.03 m/s and
0.20 m/s, respectively, making a percent increase of 48.3%. The radial distribution range of

heat transfer coefficient is much wider in glass beads system as compared to air-water
system. This result may be again due to non-uniform solids distribution in radial direction
as was in axial direction, creating large radial differences in heat transfer coefficient.
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Figure 5.32. Comparison of heat transfer coefficient values for air-water-glass beads

system and air-water system at 23°C and 37°C bed temperatures

5.2.2.3. Effect of Temgerature. In addition to 23°C average bed temperature experiments,
air-water and glass beads system was also investigated at 37°C bed temperature and

compared with the air-water system at the corresponding temperatures.

Figufe 5.32 demonstrates the significant deviations of the glass bead system from the

air-water system. As can be seen clearly, the difference of center-wall heat transfer



As discussed in Chapter 4, micron size particles such as yeast and bacteria can alter
the operation of the bioreactor considerably. Hydrodynamic differences encountered with
the use of these cells as the solid Phase was investigated in Section 5.1, 1.3 and 5.1.1.4. Just
as the case of hydrodynamics, the heat transfer characteristics can be significantly different
from the conventional slurry bubble columns, In the two subsections the axial and radial

distributions of heat transfer coefficients in air-water and yeast cells system are
investigated.

3.2.3.1. Axial Profiles of Heat Transfer Coefficients. As stated in Chapter 4, two different
concentrations were investigated with yeast cells, namely 0.1 and 0.4% by weight. The
Preparations of the yeast cells solutions were explained in the previous chapter.

During the experiments with yeast cells, several problems were encountered. As
mentioned before there was a foam layer formed on top of the bed due to continuing
biological activities of yeast cells alfhough they were inactivated previously. This was
analyzed in the hydrodynamics results section previously.

Another problem which was associated with heat transfer experiments was that the
achievement of the steady state conditions in the presence of yeast cells required a long
period. In the air-water experiments approximately five minutes was a sufficient period to
obtain steady values in heat flux sensor and thermocouple readings. However, this period

exceeded up to 20 minutes in the presence of yeast cells.
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Figure 5.33, Heat transfer coefficient values at various axial locations for

air-water-yeast cells system

Figure 5.33 presents the heat transfer experiments carried out with yeast cells of
0.1% concentration. The heat transfer Imeasurements were taken at various axial locations
and compared with the results of air-water and air-water-glass beads systems at associated
axial locatlons It may be noted from the figure that the presence of yeast cells at a very
small concentration can cause a change in the heat transfer characteristics of the column,

As discussed before, the bubble characteristics are also changed in the presence of
yeast cells. It was shown in the hydrodynamics section that, the yeast cells probably adhere
on bubble surfaces and hinder the bubble coalescence rate.

It may also be concluded that although very different in nature than the glass beads,
their addition as a solid phase also promotes the turbulence in the system and thus leading
to enhanced heat transfer rates. Whether or not their heat transfer coefficients exceed that
of glass beads would deﬁmtely depend on the differences in bubble charactenstlcs

obtained.
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Figure 5.34. Axial heat transfer coefficient profiles of air-water-yeast cells system

Figure 5.34 presents the axial profiles of heat transfer coefficient in yeast cells
system as compared to results of air-water system. It is seen that the yeast cells system
results in a wider range of axial profiles as compared to air-water system.

In Figure 5.35 the results of the present work is compared with the study of Prakash
etal. (2001). The heat transfer coefficients obtained at axial location 7cm from top and 28
cm from top are regarded as the measurements at column top and bottom in the figure and
they are compared with the corresponding measurements of Prakash e al. (2001).

In the present work, the top heat transfer coefficients were greater than the bottom
values for all gas velocities. In the case of Prakash ef ai. (2001) the top values begin to
exceed the bottom values only after gas velocity of 0.15 m/s. Also the trends obtained in
the two axial locations are very different from each other. In thls study there exists a

con51stent trend in axial measurements.
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Figure 5.35. Heat transfer coefficients in air-water and air-water-yeast cells systems

measured at column top and bottom

It may be noted from Figure 5.35 that an increase the gas velocity reciuces the
difference between the top and bottom section measurements of the heat transfer
coefficient. Better to say, at gas velocity 0.03 m/s the percent difference between the top
and bottom measurements of the heat transfer coefficient is calculated to be 16.2%.

When the velocity increases to 0.15 m/s, this difference drops to 6.5%. This was
again attributed to more uniform distribution of heat transfer coefficient in the column with
enhanced turbulences.

The effect of increasing the yeast cells concentration is demonstrated in Figure 5.36.
When the yeast cell concentration is increased from 0.1% to 0.4% by volume the heat

transfer coefficients are also increased. The alternation of the axial profiles can also be

seen from Figure 5.37.
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5232 Radial Profiles of Heat Transfer Coefficients. The measurements of heat transfer
coeﬂiclepts i the radial direction for the yeast cells system is presented in the figure
below. As was in the case of air-water System results, the values obtained at five different

locations approach each other as the gas velocity increases, At gas velocity of 0.03 m/s, the

center heat transfer coefficient for the yeast cell system is 29.3% higher than the wall heat

transfer coefficient. However, at higher gas velocity, 0.15 my/s for instan ce, the difference
drops to 7.2%.
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Figure 5.38. Heat transfer coefficient values at various radial locations for

air-water-yeast cells system

This result can be observed in Figure 5.39 more clearly. The radial profiles become flatter

at higher gas velocities.

In short, the use of yeast cells in air-water slurry has altered the hydrodynamics and
bubble - characteristics of the column significantly even if the concentrations were low.
Such changes in bubblé populations have influenced the heat transfer characteristics as
well. By an increase in yeast cell concentrations these effects are promo;ed. In the next

section E.coli cells are used instead of S.cerevisiae with the same concentration values.
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The change of radial heat transfer coefficient profiles with the yeast cell
concentration increase from 0.1% to 0.4%

and 5.41.

by weight can be observed from Figures 5.40
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cells system at different concentrations

5.2.3.3. Effect of bed temperature. Effect éf increasing the bed temperature from 23°C to
28°C in air-water-yeast systein of 0.1% concentration is demonstrated in Figure 5.42. The
average center heat transfer coefficient value for air-water-yeast system is calculated to be
9.61 kW/m®C at 23°C and it is 11.21 kW/m’C at 28°C, creating a 16.6% increase due to
’temperature change. While the average wall heat transfer coefficient values are 8.32
kW/m?C and 10.44 kW/m’C, respectively, with the corresponding percent difference of
25.3%. The observed change in heat transfer coefficient with an increase in temperature in
fact has nothing to do with the presence of yeast cells but is attributed to changes in
physical properties of the system, just like it was the case in air-water system, as discussed

in Section 5.2.1.3.
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Figure 5.42. Effect of bed temperature on heat transfer coefficients for
~ air-water-yeast system

5.2.4. Air-Water-Bacteria Cells System

The hydrodynamic and heat transfer measurements in the presence of actual
microoréanisms have been reported in a very few studies. Yeast cell experiments presented
in the previous section could be compared with the study of Prakash e# al. (2001), although
different strains were uséd. However, experiments of gas holdup and heat transfer
mechanisms with use of E.coli cells have not been reported in literature so far. In the two
subsections the heat transfer measurements at various axial and radial locations in air-

water-bacteria system are presented.

5.2.4.1. Axial profiles of heat transfer coefficient. Figure 5.43 shows the heat transfer

measurement results carried out with E.coli cells concentration at a concentration of 0.1%
by volume. In this ﬁguré the major point of concern is the comparison of the results

obtained with bacteria and yeast cells.
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Figure 5.43. Heat transfer coefficient values at various axial locations for

air-water-bacteria cells system

Since the concentration is 0.1% in both experiments, the differences would arise due
to possible differences in the physical properties of the two cell types. As stated before, the
yeast cells diameters used in this study were approximately 10 um where as the bacteria
cells diameters vary between 0.2 to 0.7 pm. There exists more than a ten fold difference
between the diameters of yeast and bacteria cells. Another observation during the

experiments was that bacteria cells produced less foam layer on top the bed.

It may be noted that although the cell diameters are quite different, the heat transfer
coefficient values are very close to each other. It may than be concluded that particle
diameters 10 pm or less are extremely small that differences afterwards do not change the
system properties much, or better to say the diameter effect may become insignificant with

such small particle sizes.

Nevertheless, it is observed that the heat transfer coefficients in air-water-bacteria

system are slightly higher than the yeast cells system.
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It may be remembered that an opposite result had been concluded in gasholdup
experiments, meaning the E.coli cells system gas holdups were slightly less than the yeast
cells system gas holdups. The enhanced heat transfer with the use of yeast cells had been
attributed to the enhanced turbulence brought about by the independent movement of cell
particles in the slurry. While increase of gas holdup values was attributed to the possible
adhesion of yeast cells on bubble surfaces. This possibility of adhesion in fact may have a

- dampening effect on heat transfer coefficient.

A similar situation is also valid in the case of E.coli cells. The yeast cells may be
concluded to adhere on the bubble surfaces more than the E.coli cells since the yeast cells
system gas holdup values are higher than that of E.coli cells system. This conclusion can
be strengthened by the heat‘ transfer results also. Both axial and radial heat transfer results

showed that the heat transfer coefficients in the presence of E.coli cells are slightly higher

than yeasf cells.

Figure 5.44 shows the slight differences in axial profiles of heat transfer coefficient

between the bacteria and yeast systems. It is clearly observed that E.coli cells system
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posses higher heat transfer coefficient valyes at various axial locations. Another point to
notice is that the E.coli cells system axial profiles become flatter than the yeast cells
system as the gas velocity increases, A reason for thig may be that, less foamy column

operation in the case of E.coli cells may result in better steady state conditions and
homogeneity of the slurry.

Increasing the E.coli cells concentration to 0.4% by volume promoted the heat

transfer in the system as expected. Figure 545 shows the variation of heat transfer
coefficients at various axial locations with £ coji cells concentrations of 0.1% and 0.4%.

As compared to the yeast cells system, at concentration of 0.4%, again the F.coli
cells system has higher values of heat transfer coefficients. The axial heat transfer profiles
may be observed from Figure 5.46 and a quanﬁtative analysis may better help to make a

comparison between the e-coli cells system results obtained at two concentrations.
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Figure 5.45. Effect of bacteria cell concentration on axial heat transfer coefficients
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At 0.1% concentration and for the axial profile maintained at 0.03 m/s gas velocity
the axial averaged (average of four values taken at four axial locations) heat transfer
coefficient of the air-water-bacteria system is calculated as 7.6 KW/mC. The
correéponding value at 0.4% concentration is about 9.1 kW/mZC. Thus, the increase in
concentration caused an 18.9% increase in axial averaged heat transfer coefficient value,
When the gas velocity is 0.15 m/s, the axial averaged heat transfer coefficient values for
0.1% and 0.4% concentrations are 10.7 and 11.5 kW/m’C, respectively, making an 7.3%
increase. As may be noticed, at higher gas velocity the difference brought about by
concentration change is less pronounced. Another quantitative comparison can be made
between the bacteria cells and yeast cells. Axial averaged heat transfer coefficient values at
0.4% yeast cell concentration are 9.0 and 11.3 kW/m®C for gas velocities 0.03 m/s and
0.15 m/s. As compared to corresponding heat transfer coefficient values of air-water-
bacteria system at 0.4% concentration, the percent differences are as low as 1.8% at most.

This clearly indicates the similar effects of yeast and bacteria on heat transfer properties.



was in the case of axial measurements,

Increasing the bacteria concentration to 0.4%

also -increased the heat transfer
coefficients. In Figure

5.48 radial heat transfer coefficient val

ues are plotted with
concentrations 0.1% and 0.4% for e-coli cells system. As before, comparison with the

yeast cells system at 0.4% concentration can also be seen. As complementary to Figure
5.48, the radial profiles may be analyzed from Figure 5.49,
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Figure 5.47. Heat transfer coefficient values at various radial locations for air-water-

bacteria cells system

Similar quantitative analysis show us that radial averaged heat transfer coefficients in

0.4% e-coli cells system differ from the yeast cells system of same corcentration by only
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3.5% at gas velocity of 0.15 mys, This is the highest deviation attained. At lower gas
velocities the percent differences are as low as 0.03% corresponding to 0.03 n/s velocity.

As the experiments showed, the use of E.coli caused significant alterations in heat
transfer properties in the air-water System. Similar conclusion had been made with yeast

cells. The main reason for this was definitely the changes encountered in bubble
characteristics and thus the hydrodynamic behavior of the system.
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Figure 5.48. Effect of bacteria cells concentration on radial heat transfer coefficients

It may be than be concluded that although the physical properties of E.coli cells and
yeast cells are quite different, significant differences were not valid between the two
systems in heat transfer aspect. Nevertheless,'e-coli cells induced the heat transfer of the
air-water slurry slightly more than the yeast cells both in axial and radial directions. But

the percent increase did not exceed 3.5% over all measurements.

3.2.4.3. Effect of bed temperature. Experiments with air-water and E. coli cells system of

0.1% concentration by volume was also carried out at 37°C bed temperature. The air-water
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system was also investigated at 37°C previously so as to make a comparison at a bed
- temperature other than 23°C. Ag may be remembered 37°C is the optimum bioreactor bed
temperature for growth of E.coli cells, Although the E.coli cells are not cultured in this

work, the heat transfer mechanisms at this temperature are essential for the potential use of
bioreactors with E.coli cells.
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Figure 5.49. Comparison of radial profiles of heat transfer coefficient for air-water-bacteria

cells system at different concentrations

Figure 5.50 demonstrates the results of the experiments with E.coli cells system -
carried out at 37°C bed temperature. The effect of temperature increase may be clearly
observed. Additionally the difference between the air-water system alone and air-water
system with E.coli cells at bed temperature of 37°C may be realized. The figure shows both
the wall and center measurements. It is seen that the heat transfer coefficient of air-water
system at 37°C on the average can not even exceed the E.coli cells system values measured
at 23°C bed temperature. For the E.coli cells system at 23°C and 37°C, there exist huge

differences in wall and center measurements. However the sensitivity of the heat transfer
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coefficient to bed temperatures was previously demonstrated in air-water system (Figure
5.25). It may be realized that the differences reached up to 50% between the measurements
at 23°C and 37°C in air-water system. As a result similar result was also expected in the
E.coli cells system. At gas velocity of 0.03 m/s the difference between the center heat
transfer coefficient values of E,coli cells system at 23°C and 37°C is approximately 39.4%
and at velocity 0.15 m/s it reduces to 26.2%. Corresponding differences between the near
wall measurements are 53.8% and 31.5% respectively.

From these calculations it can be stated that the wall heat transfer coefficients at the
two temperatures differ from each other more than the center values. It may also be noted
that the center-wall lines obtained at 37°C in E.coli cells system are closer to each other
than the center-wall lines of 23°C E.coli cells system, indicating attainment of better radial
uniformity at 37°C in E. coli cells system as compared to 23°C.
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Figure 5.50. Effect of bed temperature on center-wall heat transfer coefficients for air-

water-bacteria cells system and comparison with air-water system
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S.3. Development of an Empirical Correlation

An empirical correlation of heat transfer coefficient in gas-liquid dispersion, namely
air-water system is developed. The findings of previous literature studies (Steiff and
Weinspach, 1978; Kolbel et al., 1964; Deckwer, 1980) clearly show that the main impact
on the heat transfer coefficients result from the gas velocity and liquid phase properties.

The column geometry, sparger design and bubble diameters are claimed to be less
effective.

Based on these remarks, several authors proposed similar empirical correlations of
heat transfer coefficient. These were tabulated in Chapter 2, Table 2.6. In this table, Kast,
1962; Kolbel and Langemann, 1964; Shaykhutdinov et al., 1971, Hart, 1976; Steiff and
Weinspach, 1978; Louisi, 1979; Konsetov, 1966; Joshi ef al., 1980 and Deckwer, 1980
proposed similar correlations in terms of same variables which are the Reynolds, Froude,
Prandtl and Stanton numbers, but with different parameter (coefficient) values. These

* correlations may be generalized as in the form of Equation (5.1).
St= A(ReFr)B PrvC : o 28]

The dimensionless numbers appearing in the Equation (5.1) are expressed below.

h
St=—mn 5.2
o 52)
V,p,D
Re=—878"¢ (5.3)
Hg
‘ 2
V.
Fr=2"8 (5.4)
D¢
C .
pr =PI (5.5)
ki

Here, éubscripts 1 and g stand for liquid and gas phases, i.e. water and air respectively,

expressing the physical properties of the corresponding phases; V, is the gas superficial
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velocity, D. is the column diameter and h is the heat transfer coefficient. With these
- dimensionless numbers the effect of the superficial gas velocity and the liquid phase
properties are reflected as significant parameters on heat transfer coefficient. The column

diameter cancels out when the Reynolds number and Froude number are multiplied,
reflecting the insignificance of column dimension,

In this work, besides the effect of these parameters, the variation of the heat transfer
coefficient with axial and radial location of the probe in the column and with the bed
temperature is also examined. So, in order to propose an empirical correlation to predict
the experimental data of the present work, it is also necessary to express these parameters

as dimensionless numbers in Equation (5. 1). Previous correlations have not taken the effect
of axial and radial position into consideration.

Two different approaches will be applied resulting in two different correlations. In
the following two sections these correlations will be presented. The correlation presented
in Section 5.3.1, is developed by taking the physical properties of gas and liquid phases,
which are air and water respectively, constant and evaluating them at the reference
temperature To = 296 K. The effect of temperature is then introduced with a correction
term (T/To). However, in the second correlation as presented in Section 5.3.2, instead of a
correction term, the effect of temperature is reflected in evaluating the physical properties
of the phases at corresponding temperatures. Thus, the impact of temperature is in a way
enclosed within the physical properties, hence in the dimensionless numbers. The
correlation in this form may be expected to be more genéral, covering other liquid and gas

systems.
5.3.1. Correlation Developed by a Temperature Correction Term

Introducing a temperature correction term, based on the parameters of this study, the

correlation can be expfessed by Equation (5.6).

. D E F |
St = A(ReFr)B PrCG_EI-) (i) (—T—J (5.6)
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Where, x and r are the changing axial and radial locations respectively, where the
 measurements are taken, H and R are the height of the ungerated liquid and the column
radius respectively, T is the various bed temperatures (296 K - 301 K - 310 K - 318 K)
examined in this study and T, is the reference temperature which is taken to be 296 K. The
effect of changing bed temperature is reflected by the ratio to reference temperature. By
changing the temperature of the bed, a change in the heat transfer coefficient occurs due to
the altered liquid phase properties like the density, viscosity, specific heat capacity, etc.
However, the physical properties are assumed to_have constant values taken at the

reference temperature. and a correction term, (T/To)" is added, which accounts for the effect
of temperature. _ |

As the Equation (5.6) shows, the correlation includes 6 variables (Re #, Fr #, Pr#,
x/H, /R, T/T¢) with 6 parameters (A, B, C, D, E, F). Mathematica is utilized as the
software tool and “multi-variable nonlinesr regression technique” is used in order to
optimize the 6 parameters. Mathematica gives the best fit parameters as: A= 0.0659;
. B=-0.30; C=-0.55; D= -0.054; E= -0.011; F= 8.64. Then, the corresponding correlation
can be expressed with Equation 5.7.

x 0054,  \-0011 . \B64
St = 0.0659(Re Fr) 030 Pr‘°~55(—) » (_ = .7
| H R To

The ranges of variables in the above equation are given below.

0.175 <x/H<0.725
~ 0<rR<09
1<T/Tp<1.074 .

As mentioned, the temperature values appearing in the Equation (5.7) are in degrees
Kelvin. When the temperature ratio is taken in degrees Celsius, the estimated parameters
do not change considerably except the coefficient F. The parameter values of A, B, C, D,
E, F ére 0.0659, 40.30, -0.55, -0.039, -0.010, 0.92 respectively when degrees Celsius is
used. It may be noticed that the coefficient F changes from 0.92 to 8.64 in Celsius and

Kelvin substitution respectively.
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Figure 5.51. Test of Correlation Fit Based on the Experimental Data (Fixed axial location

x=7, center and wall data at various temperatures)

Figure 5.51 is plotted to show how well the developed correlation predicts the
experimental data. In this plot the correlation equation is evaluated at fixed axial location
(x/H="0.175) and for various temperatures and radial positions, associated with the
corresponding experimental data.

Figure 5.52 demonstrates the validity of the comelation for a wide range of
experimental data. All experimental heat transfer coefficient values covering axial, radial
locations and temperatures analyzed are plotted against the values predicted by the

correlation proposed.

As can be seen the values lie within 5% confidence interval which means that
correlation predicted the experimental data well. Since axial and radial heat transfer scan
had been carried out at 23°C. Thus the data collection around heat transfer coefficient

values 5-7 kW/m’C is denser as may be observed from figure. Higher heat transfer
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coefficient values are associated with higher temperature measurements which were taken
~ at center and wall sides only.
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Figure 5.52. Comparison of experimental data with the correlation prediction (correlation
developed in Section 5.3.1)

5.3.2. Correlation Developed by Variable Physical Properties

The previous correlation was developed by assuming constant values of physical
properties for air and water. The effect of temperature had been diréctly reflected with a
temperature correction term. However, in the previous correlation it may be noted that the
coefficient F which was the exponent of this correction term, was estimated to be 8.64, in
which n comparatively high value as compafed to other coefficients. This indicated a very
strong dependence of the heat transfer coefficient on temperature. Although in general, the
literature correlations do not report such a strong dependence on temperature, this
correlation predicted the experimental data of the present work quite well since such a

significant dependence on temperature was observed in this work.
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In this section, a different correlation is developed by using a different approach. The
- temperature does not appear explicitly in the equation but its effect is reflected by changes
in physical properties of the phases. As a matter of fact, this correlation would be a more

generalized correlation which may predict various air-water systems. The correlation has
the general form expressed below:

St = AReFr)B prC| X °(rY?
= AReF)B pr (ﬁ) (E) 5:8)

The physical properties appearing in the dimensionless numbers are evaluated at
temperatures 296 K, 301 K, 310 K and 318 K. Similarly, by utilizing MATHEMATICA,
the best fit parameters are obtained as follows: A= 0. 164; B= -0.30; C= -1.005; D= -0.024;
E=-0.009. Then, the corresponding correlation can be given by Equation (5.9).

x -0.024 r -0.009
St = 0.164(ReFr)~0-30 p;~1.005 (—) (—)

= = (5.9)

The ranges of variables in the above equation are given below.

0.175 <x/H<0.725
0<1r/R<0.9

The test of correlation prediction for a wide range of experimental data is
demonstrated in Figure 5.53. This time it is noted that the values lie within 10% confidence
interval. It may be realized that the previous correlation had predicted the data within 5%
confidence interval. Comparing the Figures 5.52 and. 5.53, it can be concluded that the
correlation developed in this section deviates more at high temperatures. However, this

correlation is a more generalized correlation.

The system of the present study was a quite temperature-sensitive system. But, the
temperature effect may not be so significant in different systems. Hence, as compared to
the correlation developed in Section 5.3.1, this correlation may better predict the heat

transfer coefficients in systems where the effect of temperature is not pronounced.
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" Figure 5.53. Comparison of experimental data with the correlation prediction (correlation
developed in Section 5.3.2)

Table 5.2 compares the estimated parameters in several studies based on the
Equation (5.6) type heat transfer coefficient correlation with the ones obtained in this

work. The parameter values are comparable with previous studies.

Table 5.2. Parameter estimations for Equation (5.6)

Parameter | Kolbel | Lousisi | Deckwer | Kawase | Present Work | Present Work
(1964) | (1979) (1980) | (1987) | (Section 5.3.1) (Section 5.3.2)

A 0.124 0.136 0.1 0.134 0.0659 0.164

B -0.22 -0.27 -0.25 -0.25 -0.30 -0.30

C -0.55 | -0.52 -0.5 -0.66 -0.55 -1.005

D - . ; - -0.054 -0.054

E ; - - - -0.011 -0.009

F P E— - - 8.64 -
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As compared to the previously derived correlation, the coefficients A, C and D have
changed significantly. Especially, the coefficient ‘A’

other correlations.

became quite comparable with the
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6. CONCLUSIONS AND RECOMMENDATIONS

Hydrodynamics and heat transfer measurements have been carried out in two-phase
and three-phase bubble column reactor. The gas holdup and bubble characteristics have
been the major parameters of i importance in the hydrodynamics experiments. Four different
systems have been investigated. Initial experiments were performed with the commonly
studied air-water system and followed by the addition of 1 mm glass beads of 10%
concentration by volume, as an inert packing material to air-water slurry. As industrial
manufacture of many bioproducts require the use of ‘microorganisms, experiments in
bubble columns were performed with yeast cells (S.cerevisiae) having approximately 10
um diameter and bacteria cells (E.coli) diameters between 0.2-0.7 pm, as the solid phases.
For both yeast and bacteria cells, 0.1% and 0.4% concentrations by volume were
investigated. The experiments carried out with yeast cells in the present work has been one
of the very few studies, while the use of Escherichia coli cells has not been reported in

‘ literature on investigation of hydrodynamics and heat transfer characteristics of bubble
columns so far.

For all types of systems, at all solids concentrations and operating temperatures
studied, the gas holdups were found to be an increasing function of supei-ﬁcial gas velocity.
This increase of gas holdup with superficial gas velocity has been determined to be in a
linear manner in the homogeneous regime and more gradually in the churn-turbulent
regime. Based on the methodology proposed by Krishna et al. (1991) the transition point
has been determined and the transition point superficial gas velocity and gas holdup have
been estimated to be 0.038 m/s and 0.082, respectively. Among the proposed gas holdup
correlations for air'-water system, best predictions were obtained by Hikita and Kikukawa
(1974), Smith et al. (1984) and Hughmark et al. (1967). Nevertheless, the correlation by
Hikita and Kikukawa (1974) was the most applicable one to the gas holdup results of the

present air-water system. The comparative analysis of gas holdup results of the air-water
| system with the published data of experimental studies reported in literature have shown
that the work of Li and Prakash (1997, 2000) has presented quite similar results. The gas
holdup experiments have also shown that temperature has a negligible effect on gas

holdup.. Addition of glass beads into air-water system has reduced the gas holdup
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significantly. The best prediction for the air-water and glass beads system was obtained by
- Smith et al. (1984). Unlike the glass beads, addition of yeast cells (S.cerevisiae) as well as
bacteria cells (E.coli) into air-water System has increased the gas holdup, at a higher extent
with yeast cells as compared to bacteria cells, Increasing the concentration of yeast cells
and E.coli cells has also increased the gas holdup of the corresponding system. This has
been attributed to very different nature of glass beads, yeast cells and E.coli cells.
Basically, their different interactiong with bubbles in the shurry have altered the bubble
characteristics of the related System. Hence, variations in bubble populations and
properties has lead to various hydrodynamics results. In the case of glass beads addition,
the drop in gas holdup has been attributed to the promotion of bubble coalescence caused
by the increase in pseudo-viscosity of suspension. On the other hand, increase in gas
holdup values in the presence of yeast cells and E.coli cells has been attributed to possible
adhesion of the cells on bubble surfaces and hence hindering the bubble coalescence rate,
thus increasing the gas holdup. Since the concentration values investigated with yeast cells

and E.coli cells were quite low, the apparent viscosity of the medium was said to be
 invariant. '

Bubble populations and their rise velocities were estimated by using dynamic gas |
disengagement technique. Both small and large bubble contributions to total holdup
increased with gas velocity. Gas holdups due to small bubbles were higher than gas
holdups due to larger bubbles for all systems. For the air-water system, the large bubble
rise veiocities increased with increasing gas velocity, howéver, the small bubble rise
velocities slightly decreased with the increase in gas velocity. With the presence of glass
beads, both bubble class contributions have reducéd. The decrease of small bubble holdup
was more considerable than that of large bubble holdup, indicating the formation of larger
size bubbles due to promoted bubble coalescence in the presence of glass beads. The
addition of yeast cells on the other hand, resulted in the increase of small bubble holdup an
in a slight decrease in large bubble‘holdup; This has been attributed to reduced rate of
coalescence due to possible adhesion of yeast cells on bubble surfaces. The gas holdups in
the E.coli cells system were slightly lower than the yeast cell system. This might be due to
different behavior of ycaét cells and E.coli cells in terms of degfee of bubble coalescence
hindrance. As a matter of fact it inay be concluded that the yeast cells are probably more
adhesive than E.coli cells for their gas holdup values are higher.



150

The heat transfer probe has provided instantaneous heat transfer measurements at
different axial and radial locations in the column. The effect of slurry properties, the gas
velocity, the axial-radial location of the probe and the bed temperature were investigated.
For all the systems, at all locations and bed temperatures, the heat transfer coefficients
increased with increasing gas velocity, indicating the enhanced turbulence in the system.
Every type of solid addition (glass beads, yeast cells and bacteria cells) has resulted in
enhanced heat transfer ag compared to two-phase air-water system; hence higher heat
transfer coefficients were obtained in three-phase slurry systems. Additionally, increésed
concentrations of solids also increased the heat transfer coefficients, in the range of
concentrations measured. At all gas velocities and for all éystenls, an increase in bed
temperature has resulted in increased heat transfer coefficients. This has been attributed to
reduced viscosity of the slurry at higher temperatures and thus promoted turbulence in the
system. Except the glass beads system, for all the systems, the heat transfer coefficients
were higher at the top section (bulk section) of the column as compared to bottom section
(distributor section); and again higher at the center of the column as compared to near wall
region. These positional differences have arisen from the positional variations in bubble
properties. Since the increase bubble sizes due to pressure drop, as they rise up further
from the sparger to the column top, higher heat transfer coefficients are obtained with large
bubbles in bulk section. Similarly, the large bubbles collect at the center of the column,
while the small bubbles at the wall side, and hence result in higher heat transfer
coefficients at the center as compared to wall. The exception of glass beads system was
actualiy due to uneven distribution of glass beads in the column. The air from the sparger
was not sufficiently efficient for homogeneous distribution of 1 mm glass beads all
throughout the slurry. Better to say the glass beads were somewhat heavy and the
concentration of glass beads at the column bottom were always highér than the column top.
Thus the heat transfer coefficient was higher at the bottom section of the column as
compared to top. The axial and fadial profiles of heat transfer coefficients plotted for all
systems have shown that the profiles became flatter at high gas velocities, indicating the
increased uniformity due to enhanced turbulence in the column. The addition of E.coli
cells into air-water system has induced the heat transfer properties slightly more than yeast
cells. This was explainevd by less adhesion impact of E.coli cells on bubble surfaces as
compared to yeast ceﬂs, which in turn has resulted in slightly higher heat transfer rates. As

a matter of fact it may be summarized that all solid phase additions increase the heat
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transfer. However the extend depends on their .interactions with bubble surfaces and

-associated bubble properties encountered. Several center-wall heat transfer coefficients
results can be summarized in the tables below.

Table 6.1. Central heat transfer coefficients for the four systems

(measured at x=7 ¢m axial distance from top and at gas velocity 0.15 m/s)

T air-water air-water-bead air-water-yeast air-water-bacteria
C) (10%) (0.1%) (0.1%)

23 6.35 , 1.76 10.68 11.01

28 7.44 - 12.33 » -

37 9.98 12.98 - 13.90

Table 6.2. Wall heat transfer coefficients for the four systems
(measured at x=7 c¢m axial distance from top and at gas velocity 0.15 m/s)

T air-water air-water-bead air-water-yeast air-water-bacteria
0 (10%) . (0.1%) (0.1%)

23 6.02 6.59 9.96 10.35

28 7.09 - 11.92 -

37 9.8 11.10 - . 13.61

Development of an empirical correlation was carried out for experimental data of
heat transfer coefficient ranging from 5 kW/m’C to 13 kW/m?C. Two different correlations
based on different approaches were developed. The two correlations differed by the fact
that the temperature dependencies are reflected differently. One correlation, developed in
Section 5.3.1, assumed constant values for physical properties whereas the other
correlation accounted for the dependence of physwal properties on temperature The

correlations obtained with the best fit parameters are given below.

030 - —0.55( X -0.054 ¢ \-0.011¢ 3.64
=0.065 0O 2 — — 5.
St=0.0 9(ReFr) r (H) (R) _(To] (5.7
' X -0.024 r -0.009
St = 0.164(ReFr) 030 py~1.005 (ﬁ) (EJ (5.9)
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The correlations haye differed from the e)iisting correlations in the aspect that, the
effect of bed temperature and axial-radial location in the column are taken into
consideration. The effects of these parameters have not been reported in literature so far.
The developed correlations haye predicted the experimental data within + 5% and + 10%
confidence intervals, for Equations (5.7) and (5.9) respectively.

In view of the experimental study that has been carried out and the results obtained,
some further investigations may be proposed. These include the study of the effect of
column internals design on the parameters studied. Various gas sparger designs other than

arm-sparger can be used. The effect of column diameter and height on gas holdups and
bubble characteristics may be investigated,

According to publishes studies, the diameter of glass beads used in this work was
considerably high. Smaller diameter beads should be used for ease of operation and more
uniform solids distribution in the column. Bead concentration of 10% by volume was the
only concentration investigated in the present work. Future studies should investigate the
effects of solid diameter and concentration on hydrodynamics and heat transfer rates.
Studies on axial solid distribution profiles and solids dispersion coefficients would better

illustrate the column operation in the presence of solid phases.

Axial and radial distributions of heat transfer coefficients were widely analyzed in
the présent work. The associated differences encountered in axial and radial directions
were attributed to the varying bubble populations, sizes and rise velocities, The results
should be strengthened by quantifying the changes in bubble characteristics in different
regions of the column. Bubble size distributions can be analyzed and since bubble sizes
can be directly related to gas-liquid mass transfer rates, mass transfer coefficients can also

be estimated.

This study investigated the presence of yeast and bacteria cells in the air-water
system. The cells were metabolically inactivated for ease of operation. Further studies can
be carried out by using living cells, by replacing the water phase with proper substrate

environment for cell cultivation. However, it should be noted that the column design would
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be modified to resemble the fermentors for this purpose. For instance, sterilization
operations, pH controllers, sampling probes would be some of the requirements.

The results of heat transfer coefficient changes with addition of solid phase and
change in bed temperature were attributed to apparent viscosity changes of the slurry.
Quantitative estimations of viscosity should also be carried out. Experiments can be

performed with viscous liquid media instead of water, to verify these estimations.

In the present study, an empirical model to predict the heat transfer coefficient for
air-water system was developed. Air-water-yeast and air-watei-bacteﬁa system can also be
modeled. Moreover gas holdup modeling can also be carried out.

Several improvements over the present status of the experimental set up and the
equipments may also be carried out for future work. The most important one would be the
data acquisition system which required faster chart speed. Thus, faster data acquisition
equipment may be selected for better estimation of bubble properties.

In conclusion, it mayv be noted that the present experimental study led to the
determination of new data such as axial and radial distribution of heat transfer coefficients,
gas holdup values and estimations of bubble characteristics in the presence of various
microorganisms, i.e. yeast and bacteria cells, Moreover, an empirical equation that may be
used for design purposes' for predicting the heat transfer coefficient in air-water bubble
columns was developed.



APPENDIX A : GAS HOLDUPS

Table A.1. Gas holdups in air-water System at various bed temperatures

Gas holdups

gas velocity | T=16 | T=23 T=28 | T=37

(m/s) O | CO | CO | Co
0.020 0.044 { 0.044 |.0.044 | 0.042
0.025 0.054 | 0.055 | 0.055 0.055
0.030 0.066 | 0.066 | 0.065 | 0.065
0.035 0.076 | 0.075 | 0.076 | 0.072
0.040 0.085 | 0.086 | 0.084 | 0.085

’ 0.045 0.088 | 0.092 | 0.088 | 0.091
| 0.050 0.093 | 0.095 | 0.097 | 0.098
0.055 0.100 | 0.102 { 0.105 | 0.105
0.060 0.106 | 0.109 | 0.111 | 0.109
0.100 0.163 | 0.155 | 0.162 | 0.151
0.122 0.184 | 0.179 | 0.181 | 0.179
0.150 0.204 | 0.200 | 0.201 | 0.193
0.171 0.222 | 0.212 | 0.216 | 0.207
0.200 0.226 | 0.223 | 0.223 | 0.223

Table A.2. Gas holdups in air-water-glass beads system

(10% by volume concentration)

gas velocity | gas holdup

(m/s) )
0.030 0.041
0.050 0.057
0.100 0.097
0.122 0.107

- 0.150 0.119
0.200 0.140
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Table A.3. Gas holdups in air-wéter—yeast cells system
(0.1% and 0.4% concentrations by weight)

gas velocity Gas holdup

| @S | 0.1% cons. [0.4%c0mc.
0.030 0.078 0.087
0.050 0.107 0.124
0.060 0.126 | 0149
0.100 0175 | 0204
0.122 0.203 0.234
0.150 0.223 0.256

Table A.3. Gas holdups in air-water-bacteria cells system
(0.1% and 0.4% concentrations by weight)
gas velocity " Gas holdup

(m/s) 0.1% conc. {0.4%conc.
0.030 0.064 0.074
0.050 0.098 0.111
0.060 0.116 0.132
0.100 0.163 0.186
0.122 0.194 0.214
0.150 0.221 0.239
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APPENDIX B: BUBBLE HOLDUPS AND RISE VELOCITIES

Table B.1. Bubble properties for air-water system
gas velocity €0 €m Eig Up,sm Ubllg
(m/s) © Q) ¢) (m/s) (w/s)
0.100 0.155 0.093 0.062 0.228 1.273
0.122 0.179 0.112 0.068 0.211 1.426
0.150 . | 0.200 0.122 0.077 0.197 1.628
0.200 0.223 0.131 0.092 0.184 | 1.905

Table B.2. Bubble properties for air-water-glass beads system

gas velocity 2 Esm Eig Upsm Upig
“(mls) & O O | @9 | @)
0.100 0.096 0.056 0.040 0.248 2.131
0.122 0.107 0.063 0.044 0.238 2.384
0.150 0.119 0.070 0.049 0.228 2,752
0.200 0.140 0.077 0.063 0.211 2.920

Table B.3. Bubble properties for air-water-yeast cells system (0.1% concentration)

gas velocity €0 Em €15 Ub,sm Uplg
(ms) ® ® O | @9 | @b
0.100 - 0.175 0.113 0.062 0.204 1.252
0.122 0.203 0.138 0.065 0.190 1.438
0.150 0.223 0.149 0.074 0.178 1.660

Table B.4. Bubble properties for air-water-yeast cells system (0.4% concentration

gas velocity: ) €sm Eig Ubsm Ubtg
(m/s) ) ¢) ¢) (m/s) (m/s)
0.100 0.204 0.147 0.057 0.190 1.271
0.122 | 0.234 0.174 0.059 0.168 1.527
0.150 0.256 0.188 0.068 0.143 '1.819




157

APPENDIX C: HEAT TRANSFER COEFFICIENTS

Table C.1. Heat transfer coefficients for air-water system at various axial locations
(Thea= 23°C; /R = 0)

gas velocity heat transfer coefficient (kW/m’C)
(m/s) x=7Tcm | x=14cm | x=21cm | x=28 cm
0.03 5.57 5.48 .5.26 504
0.06 5.87 5.75 554 | 535
0.10 6.11 6.09 6.00 5.93
0.15 6.35 6.26 6.21 6.13
0.20 6.69 6.62 6.54 6.46

Table C.2. Heat transfer coefficients for air-water system at various radial locations
(Toea= 23°C; x =7 cm)

gas velocity heat transfer coefficient (kW/m’C)
(m/s) _ I/R=0 | /R=0.2 | i/R=0.5 | i/R=0.7 | r/R=0.9
0.03 5.57 541 5.27 5.14 5.04
0.06 587 | 568 | 553 | 541 | 529
0.10 6.11 6.02 5.87 5.77 5.70
0.15 6.35 6.26 6.15 6.07 6.02
0.20 6.62 6.53 6.42 6.32 6.28

Table C.3. Heat transfer coefficients for air-water system at various bed temperatures

(x=7 cm)
gas velocity 23°C 28°C . 37°C 45°C
m/s center |wall |center |wall |center |wall |center |wall
0.03 5.57 | 504 624 | 575 895 | 891 10.18 | 9.42

0.06 5.87 [529] 665 |6.12| 955 |9.18 | 10.84 | 10.25
010 | 611 |570| 7.12 | 6.55| 9.60 |9.47 | 11.37 | 10.92
0.15 635 |602]| 744 | 7.09| 998 |980| 12.00 | 11.61
0.20 6.62 | 628 | 7.67 730 10.11 | 995 | 12.32 | 11.99
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Table C.4. Heat transfer coefficients for air-water-glass beads system at
various axial locations (Toea=23°C; /R = 0)

gas velocity | - heat transfer coefficient (kW/m*“C)
(m/s) x=7Tem | x=14cm | x=21cm | x=28 cm
0.03 5.69 5.45 5.66 6.13
0.06 6.68 6.88 7.01 7.53
0.10 7.21 8.09 8.94 10.79
0.15 1.76 8.87 .9.57 12.07
0.20 8.68 10.38 11.48 13.20

Table C.5. Heat transfer coefficients for air-water-glass beads system

at various radial locations (Tpe = 23°C; x = 7 cm)

gas velocity heat transfer coefficient (kW/m’C)
(m/s) /R=0 |r/R=0.2| /R=0.5 | /R=0.7 | i/R=09
0.03 5.69 5.54 541 5.29 5.19
0.06 6.68 6.51 6.00 5.7 5.52
0.10 7.21 7.05 6.69 6.27 6.08
0.15 1.76 7.68 7.16 6.80 6.59
0.20 8.68 8.62 8.10 7.60 7.35

Table C.6. Heat transfer coefficients for air-water-glass beads system

at various bed temperatures (x = 7 cm)

gas velocity - 23°C 37°C
m/s center wall center wall
0.03 5.69 5.19 8.96 8.82
0.06 6.68 5.52 10.38 9.84
0.10 721 6.08 11.62 10.51
0.15 - 1.76 6.59 12.98 11.10
| 0.20 8.68 735 14.12 11.65
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Table C.7. Heat transfer coefficients for air-water-yeast cells system at

various axial locations (Toea=23°C; /R = 0; 0.1% concentration.) .

gas velocity heat transfer coefficient (KW/m’C)
(m/s) x=Tem | x=14 cm | x=21cm | x=28 cm
0.030 8.01 7.74 7.31 6.89
0.060 8.40 7.99 7.56 7.23
0.100 9.52 9.29 9.03 8.70
0.122 10.20 10.10 .9.69 9.43
0.150 10.68 10.62 10.35 10.02

Table C.8. Heat transfer coefficients for air-water-yeast cells system

at various radial locations (Toea=23°C; x =7 cm; 0.1% concentration.)

gas velocity heat transfer coefficient (kW/m>C)
(m/s) /R=0 /R=0.2 | t/R=0.5 | /R=0.7 | i/R=0.9
0.030 8.60 8.02 7.56 7.15 6.65
0.060 8.93 8.42 7.97 7.58 7.08
0.100 9.64 9.57 9.22 9.00 8.69
0.122 10.20 10.03 9.73 948 9.25
0.150 10.68 10.46 10.25 10.16 9.96

Table C.9. Heat transfer coefficients for air-water-yeast cells system at

various axial locations (Tpeq= 23°C; r/R =0; 0.4% concentration. )

gas velocity heat transfer coefficient (kW/m’C)
(m/s) x=7cm | x<14cm | x=21cm | x=28 cm
0.030 9.99 9.24 8.67 8.16
0.060 10.05 9.49 9.02 8.74
0.100 10.87 10.53 10.32 10.14
0.122 11.26 10.97 10.79 10.62
0.150 11.54 11.41 11.25 11.13




160

Table C.10. Heat transfer coefficients fo.r air-water-yeast cells system

at various radial locations (Thea=23°C; x =7 cm; 0.4% concentration.)

gas velocity heat transfer coefficient (kW/m*C)
(m/s) "R=0 | /R=02 [ /R=05 | /R=0.7 | /R=0.0
0.030 9.93 947 8.91 8.57 8.21
0.060 10.16 9.73 9.37 9.04 8.73
0.100 10.87 | 1060 | 1025 10.03 9.93
0.122 11.26 11.04 10.70 10.48 10.35
0.150 . 11.54 11.34 11.06 10.98 10.82

Table C.11. Heat transfer coefficients for air-water-yeast cells system

at various bed temperatures (x =7 em; 0.1% concentration.)

gas velocity 23°C 28°C
(m/s) center wall center wall
0.030 8.60 6.65 9.95 8.87
0.060 8.93 7.08 10.40 9.45
0.100 9.64 8.69 11.50 10.65
0.122 10.20 9.25 11.89 11.30 -
0.150 10.68 9.96 12.33 11.92

Table C.12. Heat transfer coefficients for air-water-bacteria cells system at

various axial locations (Tyea= 23°C; /R = 0; 0.1% concentration.)

Gas
velocity heat transfer coefficient (KW/m*C)
(m/s) x=7cm | x=14cm | x=21cm | x=28 cm
0.030 8.18 7.84 7.46 7.07
0.060 8.68 8.13 71.77 7.34
0.100 9.86 9.50 9.21 8.89
0122 | 1039 | 1018 | 994 | 978
0.150 11.01 10.81 10.66 10.52
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Table C.13. Heat transfer coefficients for air-water-bacteria cells system

at various radial locations (Thea=23°C; x =7 cm; 0.1% concentration.)

gas velocity heat transfer coefficient (kW/m*C)
(m/s) /R=0 | 1/R=02 [ /R=05 | /R=0.7 | /R=0.9
0.030 8.18 7.71 7.35 7.02 6.60
0.060 8.68 8.12 7.64 737 7.08
0.100 9.86 940 | 921 8.91 8.64
0.122 1039 | 1017 | 998 | 982 9.62
0150. | 11.01 | 10.76 | 1057 1048 | 1035

Table C.14. Heat transfer coefficients for air-water-bacteria cells system at
various axial locations (Tyeq= 23°C; /R =0; 0.4% concentratxon)

Gas

velocity heat transfer coefficient (kW/m?C)
(m/s) x=7cm | x=14cm | x=21cm | x=28 cm
0.030 9.77 9.30 8.85 8.42
0.060 10.26 9.80 9.30 9.05
0.100 11.18 10.87 10.58 10.46
0.122 11.51 11.38 11.05 10.85
0.150 11.88 11.67 | 11.38 11.22

Table C.15. Heat transfer coefficients for air-water-bacteria cells system

at various radial locations (Tves= 23°C; x = 7 cm; 0.4% concentration.)

gas velocity heat transfer coefficient (kW/m*C)
(m/s) /R=0 | r/R=0.2 1/R=0.5 | /R=0.7 | //R=0.9
0.030 9.77 9.40 8.99 8.68 8.38
0.060 - 10.26 9.75 9.26 8.97 8.76
0.100 11.18 10.83 10.59 10.34 10.22
0.122 - 11.51 | 11.32 11.17 10.98 10.85
0.150 11.88 11.65 11.52 11.38 11.30




Table C.16. Hegt transfer coefficients for air-water-bacteria cells system

at various bed temperatures (x=7 cm; 0.1% concentration.)

gas velocity 23°C 37°C
(m/s) center wall center wall
0.030 8.18 6.60 11.40 10.16
0.060 8.68 7.08 11.87 11.00
0.100 9.86 8.64 12.85 12.25
0.122 10.39 9.62 .13.41 12.96
0.150 11.01 10.35 13.90 13.6‘l
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APPENDIX D: CORRELATION DEVELOPMENT

Table D.1. Experimental and corresponding correlation predicted
heat transfer coefficients values

Heat Transfer Coefficient (kW/m’C)

Vg | (experimental | (correlation in (correlation in

(m/s) velues) Section 5.3.1) | Section 5.3.2)
r/R=0; x=7;T=23C | 0.03 5.57 542 5.20
0.06 5.87 5.81 | 5.57
0.10 6.11 6.12 5.86
0.15 6.35 6.37 6.11
0.20 6.69 6.55 6.28
r/R=0; x=14; T=23C 0.03 5.48 522 5.11
0.06 5.75 5.60 5.48
0.10 6.09 5.89 5.77
0.15 6.26 6.13 6.01
0.20 6.62 6.31 6.18
r/R=0; x=21,T=23C | 0.03 5.26 5.11 - 5.06
0.06 5.54 5.48 5.43
0.10 6.00 5.76 5.71
0.15 6.21 6.00 5.95
0.20 6.54 6.18 6.12
r/R=0; x=28;T=23C | 0.03 5.04 | 5.03 ' 5.03
0.06 5.35 5.39 5.39
0.10 5.93 - 5.67 5.67
0.15 6.13 5.91 5.91
: 0.20 6.46 6.08 6.08
r/R=0.2,x=7;T=23C | 0.03 5.41 5.25 5.06
0.06 5.68 5.62 5.42
0.10 6.02 5.92 5.71
0.15 6.26 6.16 5.94
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Table D.1. Experimenta] and corresponding correlation predicted
heat transfer coefficients values(continued)

Heat Transfer Coefficient (kW/m’C)
[ Vg | (experimental | (correlation in (correlation in
. | (m/s) velues) Section 5.3.1) | Section 5.3.2)

VR=0.2x=7,T=23C | 020 | 6353 6.34 6.12
rR=0.5; x=7:T=23C 0.03 5.27 5.19 5.02
0.06 5.53 . 5.57 5.38
0.10 5.87 5.86 5.66

0.15 6.15 6.10 5.90
0.20 6.42 6.28 6.07

VR=0.7;x=7:T=23C 0.03 5.14 5.17 5.00
0.06 541 5.55 5.36

0.10 5.77 5.84 5.64
0.15 6.07 6.08 5.88
0.20 6.32 6.25 6.05

r/R=0.9;x=7 ;T=23C 0.03 5.04 5.16 4.99
0.06 5.29 5.53 535
0.10 5.70 5.82 © 5.63

0.15 6.02 6.06 5.86

0.20 6.28 6.24 6.04
/R=0; x=7 ;T=28C 0.03 1 6.24 6.27 6.51
0.06 6.65 6.72 6.98
0.10 7.12 7.07 ' 7.35

0.15 | 7.44 7.36 7.65

0.20 7.67 7.57 7.87

¥/R=0;x=7; T=37C 0.03 8.58 8.08 - 844
0.06 8.99 8.66 9.04

0.10 9.37 9.12 9.52

0.15 9.72 9.49 9.91

0.20 9.95 9.77 10.20




Table D.1. Experimental and corresponding correlation predicted

heat transfer coefficients values(continued)

165

Heat Transfer Coefficient (kW/m’C)

Vg | (experimental [ (correlation in (correlation in
, (m/s) velues) Section 5.3.1) | Section 5.3.2)
MR=0;x=7 ;T=45C 0.03 10.18 10.07 9.57
0.06 10.84 10.80 10.26
0.10 11.37 11.36 10.79
0.15 12.00 11.83 11.24
0.20 12.32 12.18 11.57
r/R=0.9; x=7; T=28C 0.03 5.75 5.96 6.25
0.06 6.12 6.39 6.70
0.10 6.55 6.73 7.05
0.15 7.09 7.00 7.35
0.20 7.30 7.21 7.56
/R=0.9; x=7;T=37C | 0.03 7.86 7.69 . 3.85
0.06 8.35 8.24 7.88
0.10 8.87 8.68 8.93
0.15 9.32 9.04 11.87
0.20 9.62 9.30 14.52
r/R=0.9 ;x=7; T=45C | 0.03 9.42 9.59 9.19
0.06 - 10.25 10.27 9.85
0.10 10.92 10.81 10.36
0.15 11.61 11.26 10.79
0.20 11.99 11.59 11.11
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