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Abstract

Multiphase reactors are widely used in chemical himthemical industry. Among
these, bubble columns have several advantagesxéonple low energy input due to the
absence of mechanical parts and low-end construdéiobble columns are employed in
many plants for use in Fischer-Tropsch synthesisiararge scale fermentators. They
are also applied to different systems, not onlg invo phase system, e.g. air-water, but
also in three phase systems, e.g. gas-liquid-dtaly gas-liquid-enzymes, and for
various conditions such as pressure, temperatureviscosity. However, the
hydrodynamic is still not well understood and thléads to problems in scale-up and
prediction of main parameters.

Gas hold-up and mass transfer coefficient are twoy important parameters. To
describe their behavior many correlations have baeveloped. Different kinds of
equations and methods were used to obtain aca@suéis from the experimental data.
These include empirical equations, as well as shevoretical correlations implemented
in the last decade. Nevertheless, the wide rangesdible conditions and the narrow
and undefined range of validity of the correlatidimsit the applicability of one specific
correlation.

The purpose of this master thesis is to analyzstiagi models of gas hold-up and
volumetric mass transfer. After extensive literaturesearch, the models are
quantitatively and qualitatively compared, undenign whether important aspects are
considered or not, for instance the use of distillgater instead of tap water.
Experiments will finally test the same importantgraeters. In the focus of interest are
the height to diameter ratio, the gas distributesign and the presence of tap water
salts. For this purpose the gas hold-up has todssured while varying the superficial
gas velocity.






Riassunto

Questa tesi vuole analizzare nel dettaglio lo ssdtivale dei modelli per la previsione
del grado di riempimento e del coefficiente volunoet di scambio di materia nelle
colonne a bolle. Per I'analisi dei modelli &€ stateato un database attraverso il quale
possibile visualizzare istantaneamente le caratieie di un modello, trovare il valore
del grado di riempimento o del coefficiente volurieet di scambio di materia in base ai
parametri desiderati, e.g. dimensione colonnagibligbre del gas e densita, confrontare
differenti modelli in base a parametri predefigitconfrontare I'effetto di un parametro
nei differenti modelli. Infine sono stati effettuategli esperimenti in laboratorio per
verificare l'efficacia dei modelli esistenti e ptrstare l'influenza delluso di acqua
d’acquedotto, invece che di acqua distillata, pesviluppo di modelli empirici.

Nella prima parte della tesi viene approfonditapkrte teorica, viene analizzata la
colonna a bolle come sistema fisico e vengono dgsgrarametri che ne influenzano il
comportamento. In particolare, € importante conaide la caratterizzazione
fluidodinamica di una colonna a bolle, ovvero ilgiree di flusso omogeneo o
eterogeneo e l'influenza del distributore del dastutti i modelli analizzati infatti, le
correlazioni differiscono in base al regime fluidmamico. Inoltre, il distributore del gas
risulta avere un’influenza molto marcata in quafdosua scelta influenza l'intera
fluidodinamica del sistema, dal profilo al valorassimo del grado di riempimento per
esempio.

Nella seconda parte vengono analizzati, prima iderfondamentale e poi attraverso i
modelli presi in considerazione, il grado di riempnto e il coefficiente di scambio di
materia. Per quanto riguarda I'analisi dei modé&bittenzione € incentrata sul sistema
sperimentale usato, i fluidi utilizzati e le ipatéstte per lo sviluppo del modello. Molti
autori cercano di creare condizioni possibili peguali le variabili di interesse, ovvero
il grado di riempimento e il coefficiente di scamhdi materia, sono indipendenti da
alcuni parametri, ad esempio, il diametro delleonok e la dimensione del distributore
del gas. Per confrontare diverse correlazioni, dadzioni di indipendenza vanno
verificate, ma in alcuni casi gli autori non sp@aho informazioni necessarie come per
esempio se I'acqua utilizzata negli esperimenisélidta 0 meno. Infatti, la presenza di
ioni nell'acqua influisce sullo stato idrodinamidel sistema ostacolando la coalescenza
delle bolle. Per questo motivo il rapporto minima altezza di liquido e diametro della
colonna deve essere maggiore affinché il gradaedngimento sia indipendente dal
rapporto altezza di liquido - diametro della colane quindi si vogliono confrontare
correlazioni diverse su esempi specifici, risuliflialle trovare modelli compatibili.



Queste considerazioni sono state dedotte da esprapci ricavati dal database e
riportate nella tesi. Tramite altri esempi sondis#ettuati studi sulla sensibilita delle
correlazioni ai diversi parametri, e.g. viscosik&jdenziando come alcuni parametri
possono avere una grande influenza nelle variednisiderate.

Nell'ultima parte della tesi vengono descritti géperimenti e i risultati ottenuti con il
sistema aria-acqua. Vengono condotte piu seriespéeranenti, variando il rapporto
altezza di liquido - diametro colonna, a diversdoe#a del gas e variando la
concentrazione di sali nell’acqua. Esperimenti aogua distillata e con aggiunta di sali
sono stati effettuati alternativamente, tuttaviaidei di sali sul distributore del gas
hanno influenzato gli esperimenti successivi caquaddistillata. Nonostante il parziale
inquinamento degli esperimenti e stato possibilee falteriore considerazioni, i.e.
sull’effetto di quantita residue di sali nellacquBer esempio, anche una minima
presenza di sale nellacqua come potrebbe essaia qiell’acqua del rubinetto, e
sufficiente a modificare il sistema idrodinamicandendo necessaria una maggiore
altezza di liquido affinché il grado di vuoto siadipendente dal rapporto altezza di
liquido - diametro della colonna. Il confronto W esperimenti con acqua distillata e
acqua del rubinetto sono stati di particolare ggee in quanto 'argomento non era
ancora stato trattato in letteratura. E’ statotneotvidenziato come, nonostante le molte
correlazioni presenti, sia difficile rappresentadati ottenuti dai nostri esperimenti, in
particolare a causa dell’'utilizzo di distributorildjuido diversi. Altre ipotesi sono state
invece confermate, come per esempio il fatto chgrédo di vuoto, nel caso di
distributori di liquido a piu orifizi, sia massim bassi valori del rapporto altezza di
liquido — diametro della colonna.

modelli per la stima del grado di vuoto e del cioeghte di scambio di materia per le
colonne a bolle. Sono inoltre evidenziate anchetiade che sono considerate piu
promettenti per lo sviluppo futuro.
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Introduction

The behaviour of bubble columns has been analgsading from the knowledge of the
physical parameters, then analysing the availaiMeskations in literature regarding gas
holdup and volumetric mass transfer. All the catiehs have been digitalised in a
database, in order to use and compare them. Fiegtigriments have been performed,
to verify the validity of the correlations and tovestigate critical issues.

The physical knowledge of a system, e.g. the bubblemn, is important to develop
correlations that are going to be used in diffeygtems from where they have been
deduced. In the first chapter a physical backgroointhe bubble columns is given. A
bubble column is complex system itself, moreovereéhare many configurations that
lead to different behaviours. In particular is aaald the role of the gas distributor and
the fluid dynamic behaviour. Moving inside the culy some parameters have been
identified as more representative of fluid dynaraid analysed in details. All these
things have to be taken in account for developicgraelations to predict the behaviour
of a bubble column.

In the second chapter have been used the corredatiegarding gas holdup and
volumetric mass transfer available in the literatufach correlation has been first filed
in a database as function of its parameters artl@lbossible combinations of values of
its parameters have been performed in the rangelility of the correlation. First the
gas holdup and the volumetric mass transfer aresitgated in relation to the
parameters that most influence them, accordingly & the assumptions made by the
different authors in their correlations. Then theinto the database the correlations are
compared, testing different cases are underlinedvibaknesses and the potentialities of
the correlations and of the database created. Mereis showed how it is possible,
through the database, to perform sensitivity anslgs a single parameter in different
correlations.

The third chapter collects the experimental dataedo the labs of the TUHH’s
University. For these experiments have been usedcblumns of the same dimensions
but with different spargers and in one column hbgen also performed experiments
with salts. The sparger used are a single orifeezie and a multi orifice membrane,
the effect of the sparger has been studied atrdiftegas velocities and different height
to diameter ratios. Another set of experiments lbeen done to study the effect of tap
water instead of distilled water, comparing distllwater and different simulated tap
waters. The experiments have all been comparediwgthture data.



The study of the physic of a bubble column, of ttwerelations available in the
literature, of the database and of the comparigdheocorrelations, of the experiments
with distilled and tap water show how the comprediem of a bubble column is still far
from even a sufficient knowledge. This paper esgcunderline which are the issues
of the different correlations and of the methodsdu® develop such correlations.



Chapter 1

Theoretical Background

The knowledge about bubble columns is still limjtéde macroscopic effects are
strongly influenced by molecular phenomena, espgciggarding coalescence of
single bubbles, amplified by the complex structofdubbles and their interactions in
the whole column. For this reason, even if the detepbehavior is not clear, a strong
physical background is important to try to underdthow the bubble column interacts
in the different conditions.

1.1 Bubble columns

In bubble columns gas phase is brought into contébta liquid through bubbles. The
simplest operation is just to mix the liquid phak&reover, complex operations are
possible, bubble columns are employed in strippargl adsorption, transferring
chemical species from one phase to another, evaheasame time. Chemical or
biological reactions can also take place, usuallythe liquid phase. For specific
applications is needed also to intensify the massster or to modify the residence time
distribution.

The liquid can contain also a third phase suchnas,icatalyst or reactive particles.
Typical reactions are Oxidation, hydrogenation, odhktion, phosgenation and
alkylation, these processes and many others haee lmng developed. Industrial

bubble column reactors have volumes of 100-308 RReactors that perform

fermentations for protein production from methahalve capacities of approximately
3,000 m. The biggest units are employed for waste-wagatiment with a volume of

20,000 n (Zehner and Kraume, 2005).

Before the 1970s few publications regarded bubblenens, after a growing interest
brought towards many empirical correlations andtétcal models to simulate the
behaviour of a bubble column. Since the 1990s éweldpment of CFD models entered
also the study of bubble columns, leading to anrawgment in the comprehension of
the flow structures without and with reactions. Bekieless up to date, the
computational power limits the simulation to feworFan entire bubble column,

especially for the heterogeneous regime, is diffita simulate the fluid dynamics

which describes momentum, mass transfer and reaette at the same time.
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1.1.1 Different Designs

The simplest design is the bubble column (Fig. A)lwhere the gas passes from the
bottom, where is fed, to the upper surface andidgjuéd is not recycled. This solution is
also called semi-batch (batch respect to the ligmid continuous respect to the gas). In
case that the gas still contains valuable reactaintie outlet, it can be recycled. The
liquid can also be led in a co-currently or cowt@rently operation mode with
negligible differences in the residence time if pamred to the gas phase residence time.
Therefore the gas is always from the bottom to top.

Recycle gas
Recycled liquid
Liquid

G
as l

Fig. 1.1 Simple Bubble columns configurations
A) Bubble column; B) Down-flow bubble column; C)léep reactor

If a longer gas-phase residence time wants to bewad, a down-flow bubble column
(Fig. 1.1 B) can be employed. The liquid is pumpgledvn through the column at a
velocity of more than 20 cm/s, so that gas lettitha top is entrained in the flow and
can even be held in a suspension-like state urt&s reacted completely. Usually the
gas is collected with the liquid and is then sefgataUsually this solution is utilized
when large streams of liquid are to be contacted small gas streams in a small liquid
residence time. The necessary liquid residence tiamnot always be obtained within a
single passage. Thus, like the gas in an ordinabple column, the liquid in the down-
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flow bubble column can be recycled. A typical apation of these bubble columns is
the ozonation of drinking water and the treatmédnvater in swimming pools.

In both types of column energy must be suppliedinanusly to the two-phase system
to keep the liquid and gas mixed. Only in this Wag separation of the phases can be
counteracted or reversed. In the first case, thglsi bubble column, this energy is
supplied by the gas. In the down-flow bubble coluthea energy is supplied by the
down-flowing liquid.

The jet loop reactor (Fig. 1.1 C) utilises anothechanism, an internal circulation is
produced instead of a net flow of gas or liquid.eOmay to achieve this is with a
propeller, but other approaches exist. In the nmmostmonly used type of loop reactor,
the jet loop reactor, the flows driven by a higheegy liquid jet. As in the down-flow
bubble column, gas is let in at the top and diggzktsy the jet energy. Bubbles can be
distributed throughout the reactor volume onlyhié downward liquid flow velocity in
the internal tube is greater than the slip velomfythe bubbles. Accordingly, a
minimum power input is required.

These simple forms of bubble columns are rarelg uisenodern complex chemical and
biotechnical engineering, instead a combinatiothem led to many different devices.
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Fig. 1.2 Types of bubble column reactors.
A) Simple bubble column; B)ascade bubble column with sieve trays; C) Packdable column; D)
Multishaft bubble column; E) Bubble column withtstanixers;
F) Airlift loop reactor.

The back-mixing of gas and liquid phases in thepgnbubble column and the non-
uniform distribution of gas bubbles over the cregstion can be reduced by the
installation of trays (Fig. 1.2 B), packings (Fig2 C), or shafts (Fig. 1.2 D). All these
devices can operate either in co-currently or cauotirrently operation mode. To set
up the most homogeneous possible bubble flow,cstatker elements can also be
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placed in the ascending flow section (Fig. 1.2@)e can use the action of gravity to
generate a global circulation as it is done irifaldop reactors (Fig. 1.2 F).

1.1.2 Gas Distribution
The gas is dispersed by creating small bubblegjluised homogeneously throughout

the column, in order to increase the mass transfer.
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Fig. 1.3 Static gas spargers.
A) Dip tube; B) Perforated plate; C) Perforated gisparger; D) Porous plate.

Figure 5 shows typical forms of‘stati¢’ gas spargers, in which bubble formation
occurs without any additional energy supplied frooiside. The simplest of these
devices, the dip tube (Fig. 1.3 A), only gives aceptably uniform gas distribution
over the cross section at some distance aboveptrges. Perforated plates (Fig. 1.3 B)
and perforated ring spargers (Fig. 1.3 C) are nafiective. Both of these require a
certain minimum gas flow rate to achieve uniformstidbution and prevent the liquid
from getting into the sparger. Very fine bubblea && generated by the use of porous
plates (Fig. 1.3 D), but their pores are susceptiblfouling, and this type of sparger is
seldom used in full-scale equipment.

Dynamic spargers offer an alternative to the stgpes. They use the power of a liquid
jet to disperse gas in a zone of high energy dasisip rate.
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Fig. 1.4 Dynamic gas distributors.
A) Two-phase jet nozzle; B) Two-phase jet nozzle momentum-transfer tube; C) Ejector jet nozzlg; D
Ejector; E) Venturi nozzle

Figure 1.4 illustrates several frequently used dyinagas spargers. The simple two-
phase jet nozzle alone (Fig. 1.4 A) or with momentuansfer tube (Fig. 1.4 B) is not
able to simultaneously disperse gas and suck irgdisestream. This can be achieved,
however, with the ejector jet nozzle (Fig. 1.4 @)e ejector (Fig. 1.4 D), and the
Venturi tube (Fig. 1.4 E). In nozzle selection tladio of the gas — liquid volumetric
flow rates must always be considered. Common vdiedmtween 0.5 and 2.

1.1.3 Flow Regimes

Three main regimes characterize the gas flow inkble column. The main factor that
affects the transit from one regime to anothehésduperficial gas velocity.

The homogeneous flow regime is marked by a narrabble-size distribution, and
bubbles are distributed relatively uniformly ovke tcross section of the apparatus. This
regime extends to superficial gas velocities 080-00.08 m/s, depending on the gas —
liquid system and column design as the bubble diam&he uniform distribution of
gas bubbles vanishes at higher gas rates, andhly thigbulent flow structure appears.

In this heterogeneous or churn-turbulent flow regimarge bubbles or agglomerates of
bubbles form and travel upward at high velocityjnyain the axis of the column. The
circulating flow that results may be so vigorouatthubbles of a size corresponding to
that in the homogeneous regime are actually tratespp@lownward in the zone near the
column wall.
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Fig 1.5 3D flow structure in bubble columns proposed Ine€ (Chen et al. 1994) in the heterogeneous
flow regime.
a) Central plum region; b) Descending flow regia);Vortical-spiral flow region;
d) Fast bubble flow region

In the small-diameter columns often used as laboyagquipment, slug flow occurs at
high gas flow rates. Large bubbles are stabilizgdhie column wall and take on the
characteristic slug shape.

The relationship between superficial gas velocitgd aeactor diameter is illustrated by
the flow map of Figure 1.6 (Shah et al. 1982). W4thall diameter the wall-effect
influences the hydrodynamic behaviour. The bubhks the wall are slowed down by
the wall friction and over a certain gas velocibatescence of the bubbles starts, and if
the diameter of the column is comparable to thgedbubbles diameter slug flow
occurs. At low gas velocities independently frome tlsuperficial gas velocity,
homogeneous flow regime predominates. The tramsielocity, especially at small
column diameters, e.g. for water air 0.15m, is fiomc of the diameter itself. For
different systems these dependences can totalhygeha
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Fig. 1.6 Flow regimes in a bubble column for the water-gstem.

The broad transition regions are due to the effetthe gas distributor, the gas—liquid
system, and the liquid rate. Knowledge of the fleagime is particularly important
because it strongly affects the productivity of bigcolumn reactors.

1.1.4 Fluid dynamics

The liquid is moving upward in the wakes of the lbels, with a velocity that is much
greater than the net flow rate. Therefore, becafiske continuity, there are regions of
the column where the liquid is moving downward floand Shah, 1981). Several
models describe this behaviour, both in homogeneand in heterogeneous flow
regime, even if the homogeneous models are judulusigeoretically and not for

applications. For example, Miyauchi used a forcéaf@e over an annular, axially
symmetrical volume element to obtain the velocitpfie shown in Figure 1.7,

(Ueyama and Miyauchi, 1979). Calculation of the oedles, however, requires
knowledge of the gas holdup as a function of rag@dition. Models of circulation

velocity based on energy balances, in contrasyjnassa cell structure in the bubble
column similar to that shown in Figure 1.8 (Josid &harma, 1979).
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Figurel.8: Cell structure in a bubble column.

Joshi and Sharmiake into account the energy input due to gas cesgwn and energy
losses by dissipation in the wakes of the risingplbes, as well as liquid transport
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across the liquid surface (hydraulic pump), thutaming a velocity profile over the
Cross section.

The velocity profiles derived from the models aimdparticular, the mean velocities
enable calculation of the essential fluid-dynanacgmeters in bubble columns.

1.2 Important Parameters
To describe and to predict the fluid dynamic bebaxi many parameters can be
measured and calculated. In this paragraph a simpteduction of the most important
parameters is given and in the next chapter, aetesmlysis will tell more about the
more industrially relevant ones.

1.2.1 Bubble size

The evaluation of bubble size and bubble sizeilligion has to be distinguished within
the bubble column, according to radial and axiaiggmn. Two main zones are to be
considered: right after bubble formation at thergpa and further away from the
distributor. Because of breakup and coalescencehef rising bubbles, the two
distributions can differ significantly. Since th&i@ency of bubble columns depends
mainly on bubbles far from the gas distributor, tbkowing discussion only concerns
these. The analytical methods (photography and eprtaichniques) to measure the
bubble size however, lead to realistic results oiflfhe column is operating in
homogeneous regime, i.e. bubbles with a narrow leutibe distribution.

If bubbles are generated in a region of high tuebaé, e.g. with dynamic gas spargers, -
the following formula (Calderbank, 1976) can beduse describe the Sauter diameter
dos (mean bubble diameter, calculated from the volumsurface ratio) (Nagel et al,
1978).

dbs _ %(1)0.6 68.5 (77_6)0'25 (11)

eym \PL nL
This formula is based on Kolmogorov’s theory oftispic turbulence.
When static gas spargers are used, the bubble @iarm@nly weakly dependent on gas
velocity. Descriptive correlations (Akita and Yodhj 1974; Koide et al.,, 1979;
Miyahara et al., 1983) are applicable only to tlgstams and sparger geometries for
which they were obtained; a generally valid desmip of bubble size does not yet
exist. The maximum bubble diametdy; max can be used for purposes of estimation
(Mersman et al., 1989). For low viscosity liquidee maximum bubble diameter is
given by:
s[a

< (1.2)

db,max = 9L

where ¢ is the surface tension. For the water—air systdynmax = 8 mm. Larger
bubbles have a high probability of being unstabild ¢hus breaking up. The Sauter
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diameter for real distributions is between 40 afd% of the largest stable bubble
diameter. However this estimation is not applicablehe heterogeneous flow regime
due to the binodal bubble-size distribution in tiegime.

1.2.2 Bubble rise velocity

In the homogeneous flow regime, bubbles of almogbtm size and shape rise in the

form of a swarm distributed uniformly over the awolo cross section. When the regime
changes, larger bubbles or agglomerates of bulfines in addition to the bubbles that

already exist (Wezorke, 1986). These aggregatesatia markedly higher velocity than

the small bubbles. Figure 1.9 shows measured Vigsdor large and small bubbles.

Large bubbles first appear at a superficial gasaml of ca. 0.03 m/s. The formation of

large bubbles, however, depends strongly on the tfpsparger used. With sintered

plates, for example, larger bubbles do not appegasrates lower than ca. 0.1 m/s. As
shown in Figure 1.9, large bubbles have a risecitgiohat is four or more times larger

than small ones. Thus, a bigger volume of the gasansported in the heterogeneous
flow regime thanks to large bubbles. In this regitie quantity of gas transported by
small bubbles remains constant, whereas the quanéihsported by large bubbles

increases linearly with gas velocity. This relasbip applies to coalescing and

coalescence-hindered gas — liquid systems.
10

Large bubbles

-

Small bubbles ¢

Bubble rise velocity v,, m/s

1 L | L |

1
0.01 0.1 1
Superficial gas velocity vg, m/s ——

=
—

Fig. 1.9 Rising bubble velocities in the water-air system.
Reactor: D = 0.44 m, ht = 5m; Gas distributor: perated plate (dH = 3 mm).

1.2.3 Dispersion of the liquid phase

Because of the large-scale circulation flows, baking occurs in both phases. The
resulting dispersion flowb is usually governed by an equation analogous tk's$-fost
law for molecular diffusion. For the one-dimensiboase of axial dispersion, which is
generally sufficient for a description, follows
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Jp = _DLZ_E (1.3)

The dispersion coefficied, is essentially a function of the superficial gakery and
the column diameter (Shah et al., 1978) Flow dioacor liquid velocity does not show
any effect, provided the superficial liquid velgciemains within the range common in
industry (1. <0.03 m/s). The dispersion coefficient can be edechéairly accurately on
the basis of fluid-dynamic models (Joshi and Shadfd9).

1.2.4 Dispersion of the gas phase

Whereas the gas phase in a bubble column with desrdéameter flows with virtually
no back-mixing, large units behave more like stirtanks. The gas-phase dispersion
coefficient depends more strongly on gas veloaily eolumn diameter than the one of
the liquid phase. For this reason, the degree iaf gas mixing is especially relevant for
scale-up when the gas phase is expected to shomgstoncentration variations.

1.2.5. Gas Holdup

The Gas holdup is one of the most important pararediecause it defines the gas-
liquid volumetric ratio, moreover it affects thesgahase residence time and the mass
transfer. A short definition is given here and apir analysis in chapter number 3.

Gas holdup is defined as the volume of the gaseptizded by the total volume of the

dispersion:
__Ve
& =y (1.4)

The relationship between gas holdup and gas vglagigenerally described by the
proportionality

g ~ Ug (1.5)

In the homogeneous flow regime,s close to unity. When large bubbles are present,
the exponent decreases, i.e., the gas holdup sesdass than proportionally to the gas
flow rate (Fig. 1.10). The higher the contributioh large bubbles to the total gas
holdup, the smaller is the exponemt In the fully developed heterogeneous flow
regime,n finally takes on values between 0.4 and 0.7, depgnoin the gas — liquid
system.
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Fig. 1.1Q Gas holdup and fraction of large bubbles in a evadir system , gas distributor: perforated
plate d=3mm.

1.2.6 Specific interfacial area

The gas-liquid interface area is another very irtgpdrparameters, especially at higher
reaction rates (e.g. absorber bubble column) ttegfacial area becomes a crucial factor
in equipment sizing.

Similarly to gas holdup, interfacial area dependshe geometry, operating conditions,
and gas-liquid system. Gas holdup and interfacesd ger unit volume are related as

A 6€g

_ (1.6)

VR dps
whereVr is the volume of the reaction mixture asid is the mean bubble diameter. As
Figure 1.11 shows, the interfacial area increasw#ls imcreasing gas flow rate. An
exception occurs when a porous plate sparger @, like gas holdup, interfacial area
decreases on transition to the heterogeneous #gune and then approaches the same
values observed with perforated plates. The grawtimterfacial area with increasing
gas velocity is always greater in the homogenedbias in the heterogeneous flow
regime. The reason lies in the formation of largblides in the heterogeneous regime:
the interfacial area of large bubbles per unit woduis markedly lower than that of
smaller ones.
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Fig. 1.11 Specific interfacial area as a function of supadi gas velocity.
a) d=0.102 m; b) & 0.29 m; ¢) & 0.14 m; d) & 0.1 m;
— — Porous plate; — Perforated plate

The specific interfacial areas attainable in vasigas — liquid reactors can be compared
on the basis of power inpiy per unit volume (Nagel et al. 1978). Experimental
values can be described by the relation

_ g, (Pw\™
a=k (V_R) €q (1.7)
The exponentm is between 0.4 and 1. The plot in Figure 1.12 eswala direct

comparison to be made between reactors with respele energy required to produce

a given interfacial area.
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Figure 1.12: Specific interfacial area as a function of specgf@mwer input
a) Stirred tank; b) Bubble column with porous pjatgBubble column; d) Bubble column with two-phase
jet nozzle ( jet loop reactor); e) Packed columphBiubble column with injector nozzle
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1.2.7 Volumetric mass-transfer coefficient

The overall mass-transfer between the liquid ardgts takes in account the resistance
in both phases, however in most of the cases, é¢sestance is the gas phase is
negligible. The mass transfer in the liquid ph&ses then multiplied by the specific
interfacial area to obtain a volume specific maagssfer coefficient.

To determine the mass-transfer rate, however, filvend concentration difference must
be known which in turn requires knowledge of mixipghaviour in the gas and the
liquid phase. In industrial units, estimates carbhsed on the assumption of complete
mixing in both liquid and gas phases. Like gas tplénd interfacial are& a also
depends on the gas flow rate, type of spargergasédliquid system. The mass-transfer
coefficient and the gas rate are again proportiomahe another:

kia~up (1.8)
wheren can be between 0.7 and 0.92 (Deckwer et al., 197d3s-transfer coefficients
two- to threefold higher can be achieved in the bgemeous flow regime if a porous
plate is used as sparger instead of a perforatee @Fig. 1.13). In the heterogeneous
regime, however, the effect of the sparger is gdge.

(=]
T
b

[~ Porous plates
(150 pm)

Volumetric mass-transfer coefficient ka, s~ —=

0.01}
0.002 1 1 1 1 1
0.002 0.01 01
Superficial gas velocity ug, m/s —
Gas distributor d,, m h,, m Flow Symbol
direction
Cross sparger 0.20 0.250 11 =

0.723
0.723

1
Tl
Porous plate 0.10 0.250 11
11
Tl

0

0.15 0.440

0.15 0.440 <

Fig. 1.13 Mass transfer coefficients in bubble columns.

Further analyses on the volumetric mass transédane in chapter number 2.2.



Chapter 2

Modelling

In the following chapter the literature researchhaf models to predict Gas Hold-up and
Volumetric Mass Transfer is presented. After titerature analysis, a database of over
390Mb, with the most important correlations andirthmssible outcomes, has been
realized. Therefore, due to the impossibility towhthe whole tables only a fragments

will be shown and the results of the comparisonsvéen models and the sensitivity

analysis.

2.1 Gas Holdup

A deep study of the gas holdup will enables to ustded and to be more critical
regarding all the amount of information concernihig very important parameter. First,
a “classical” background is given and then, whatas rigorous among the hypothesis
and the results of the gas holdup correlationsviestigated.

After the theoretical part, it is going to be teiste practice, thanks to the correlations’
database created, the real possibility to utilieehscorrelations.

2.1.1 State of art

The gas holdup, as already introduced in eq. $.4lefined as the volume fraction of

gas in the gas-liquid dispersion. It is governed thg design parameters and the
operating parameters. The valuesgincreases with increasing superficial gas velocity

(see eq. 1.5). The superficial gas velocity isrtias:
4

= —nD 2/4

Thees- Ug relationship depends upon the regime of operation.

Uc (2.1)
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Fig. 2.1 Schematic of various regimes in bubble columrtiea

To identify the flow regime a first visual obseneat is possible, the heterogeneous (or
churn turbulent) regime is characterised by intelng@id circulation, whereas more
orderly flow prevails in the homogeneous regimee Thlow regime can be also
identified from the plot gas holdup vs. superfiags velocity as described in chapter
1.2.5.

Homogeneous regime is characterized by almost umijo sized bubbles. All the
bubbles formed at the sparger rise virtually veiticif the bubble size is less than 1-
2mm. However, ellipsoidal bubbles tend to followzigzag or spiralling path or rise
with transverse and axial oscillations. For all $ieed of bubbles there is practically no
coalescence or dispersion in the homogeneous regime

Increasing the gas velocity, from the heterogeneegsne, recirculating turbulent two-
phase flow is observed. The radial variation of lgalslup provides the driving force for
the recirculation opposing turbulent viscous dgigyauchi and Shyu, 1970). Properties
of two-phase flow are closely related to the radiatribution of gas holdup, since the
buoyant force of the bubble swarm is the drivingcéoof the recirculation flow in
bubble columns. Three types of gas holdup distidbutan be observed: relatively flat
distribution, saddle-shaped distribution and ceéntgathering distribution. Flat
distribution is observed in the region of bubbl@aflwithout liquid feed, where a swarm
of bubbles rises uniformly at a low superficial gadocity (usually less than 2 to
4cm/sec). Saddle-shaped distribution is observedhe bubble flow regime with
upward liquid flow. Central gathering distributios observed in the turbulent flow
regime, either without continuous liquid flow orttviupward liquid flow.

Since wide settings for the design of a bubble molare possible, many authors tried
to find which conditions could be sufficient to lmdependent of these geometric
variables. To accomplish this, the dependenceefiis holdup from column diameter,
liquid height and type of sparger has been studied.
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The effect of column diameter on hydrodynamics idely investigated in literature.
Shah et al. (Shah et al., 1982) reported that bbleucolumns, the effect of column size
on gas holdup is negligible when the column diamistéarger than 10-15 cm. Possible
wall effects can appear by using small diameteurools (<10 cm) were also pointed
out (Deckwer et al., 1980). It was reported thatghs holdup was not highly dependent
on column diameter when the column diameter wagefathan 10 cm, as long as
mixing was well maintained. It was observed that lioldup in small diameter column
was slightly higher than that in larger diametelunoms. According to the two-phase
model developed by Krishna et al. (Krishna et H096) the effect of column diameter
on gas holdup should be separately analyzed foll sime large bubble gas holdups. It
was found out that the small bubble gas holdumpéependent of column diameter,
while the large bubble gas holdup decreased witheasing column diameter, at the
same gas velocity. As a result the overall holdupeported to decrease with increasing
column diameter due to large bubble holdup.

As far as the height of the column is concernedjeineral, three regions of different gas
holdup are recognized. At the top of the columerehs often a kind of foam structure
with a relatively high gas holdup, while the gaddop near the sparger is sometimes
measured to be higher (for porous plate spargerd)sametimes lower (for single-
nozzle spargers) than in the main central parhefdolumn. Obviously the extent to
which the gas holdup in the sparger region anchenfbam region contributes to the
overall average gas holdup depends on the colunghthén other words, if the bubble
column is very high, then gas holdup near the saaigd in the foam region at the top
of the column has little influenas the overall gas holdup, while the influence can be
significant for low bubble columns. Furthermoree ttolumn height can influence the
value of the gas holdup due to the fact that liguiidulation patterns (that tend to
decrease the gas holdup) are not fully developesthant bubble columnd4{D<3). The
above-mentioned factors tend to cause a decreagesiholdup with increasing column
height. Most authors who studied this influencecofumn height on gas holdup,
however, also claimed that this influence is nelglegfor column heights greater than
1-3 m and with height to diameter ratios abovgkastanek et al., 1980).

Gas sparger type is an important parameter thaalt@nbubble characteristics which in
turn affects gas holdup values and thus many qthemmeters characterizing bubble
columns. The sparger used definitely determines bihieble sizes observed in the
column. Small orifice diameter plates enable thentdion of smaller sized bubbles.
Some common gas sparger types that are usedratlite studies are perforated plate,
porous plate, membrane, ring type distributors ama spargers. Bouaifi et al. (Bouaifi
et al., 2001) stated that, the smaller the bubltesgreater the gas holdup values. Thus,
they concluded that with small orifice gas disttdrs their gas holdup values were
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higher. In another study by Luo et al. (Luo et 4B99), gas holdup was found to be
strongly affected by the type of gas distributoheTeffect was more pronounced
especially for gas velocities below 6 cm/s. Schurapé Grund (Schumpe and Grund,
1986) worked with perforated plate and ring typs gpargers. They concluded that
with ring type distributor, the total holdup wasalhar. They also added that the small
bubble holdup showed a gradual increase with isomgasuperficial velocity with ring
type sparger. Another conclusion about the typspairgers was that the contributions
of both small and large bubbles to gas velocity evawer with ring sparger as
compared to the perforated plate.

In order to find a relation of independence frome 8parger, Wilkinson (Wilkinson,
1990) has shown that the influence of the spargsigd on gas holdup is negligible (for
various liquids and at various pressures) provithedsparger hole diameters are larger
than approximately 1-2 mm (and care is taken togremaldistribution of gas at the
sparger). Spargers with small hole diameters ({leas 1 mm), however, lead to the
formation of smaller bubbles and thus to a highes boldup and a higher interfacial
area, and appear to be used most frequently fadesic research on bubble columns.
In spite of the advantageous characteristics adetspargers, in industry usually less
effective spargers are used with larger hole diarsehat are less sensitive to fouling.
In high bubble columns, the influence of the spanggually diminishes due to the
ongoing process of bubble coalescence. Consequéndyrelatively high gas holdup
that can occur in small bubble columns as a redutie use of small sparger holes will
not occur in general as noticeably in a high (indal$ bubble column. It has been
argued that the gas holdup is virtually independgrtolumn dimensions and sparger
layout (for low as well as high pressures) providied following three criteria are
fulfilled:

1. The column diameter has to be larger than 0.15 m

2. The column height to diameter ratio has to bexitess of 5

3. The hole diameter of the sparger has to berddinga 1-2mm.

Once the design configuration is fixed to the opegaconditions can be analyzed.
Changing liquid and gas properties influence tre lgaldup, the regime transitions and
the hydrodynamic in general.

The liquid phase property has an impact on bubblendtion and/or coalescing
tendencies and hence is an important factor affgaias holdup. An increase in liquid
viscosity results in large bubbles and thus highdble rising velocities and lower gas
holdup. It is also reported that adding a small amoof a surface acting material
(surfactant) to water, results in significantly g gas holdup values. Moreover, the
presence of electrolyte or impurities also increagas holdup. Oztirk et al. (Oztirk et
al., 1987) investigated the gas holdups in varanggnic liquids and they reported that
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in several mixed and adjusted mixtures, the gadups were higher as compared to
pure liquids with the same properties (surface itensdensity, viscosity). They also
concluded that the gas holdups were higher with dignsity gases. Veera et al. (Veera
et al., 2004) investigated gas holdup in the presei foaming liquids and concluded
that the effect of foaming agent concentration oidip profiles depended upon the
sparger design, column aspect ratio and superfgaal velocity. The authors also
claimed that the gas holdup profiles were flattdrigher foaming agent concentrations.
The liquid velocity in a bubble column is usualBlatively low, and consequently its
influence on gas holdup is often claimed to be igédge (for example, Akita and
Yoshida, 1973, with U,<0.04 m/s) or small (Kelkarag, 1983). In principle, however,
liquid flowing cocurrently upward will lower gas ltup, while a countercurrent liquid
flow will increase gas holdup (Otake et al., 1977).

When bubble columns are used for chemical reacsospended catalyst particles are
present. Numerous examples have been listed by &hah (Shah et al.,, 1982) and
Mashelkar (Mashelkar, 1984) including biochemiasdations, hydrogenation of liquid
petroleum fractions, and coal liquefaction, whilatanber of books and review articles
have been published (Pandit and Joshi, 1983; Fi80; 1Beenackers and van Swaaij,
1986) that deal with the estimation of paramete¥sessary for the design of slurry
bubble columns (and other three-phase reactorsin Enese publications it has become
clear that the addition of solids to a bubble catumill in general lead to a small
decrease in gas holdup (Reilly et al., 1986) ared fdrmation of larger bubbles; an
exception occurs for very small particles (0-100) @nlow weight fractions (usually
below 4% by weight). For such conditions, Khare dodhi (Khare and Joshi, 1990)
have given numerous examples that can be explaimgdy assuming that coalescence
of bubbles is hindered by small particles and th#& leads to smaller bubbles and
higher gas holdup values.

The effect of operating pressure and temperatuigasrholdup of bubble columns were
also investigated in many studies. It is commorgepted that elevated pressures lead
to higher gas holdups. Empirical correlations haeen proposed for gas holdup in
bubble columns operated at high pressure and teuper (Reilley et al., 1986;
Wilkinson et al., 1992). Luo et al. (Luo et al. 989 carried out experiments at about 5.6
MPa, to investigate the effect of pressure on the@rddynamics of a slurry bubble
column and found that gas holdup increases witlssure and the pressure effect is
more pronounced in higher concentration slurries.tie study of Deckwer et al.
(Deckwer et al., 1980) typical high pressure caadg of the Fischer— Tropsch process
were investigated, i.e. 400-1,100 kPa. Howevely twncluded that pressure had no
significant effect on holdup. The operating tempaeis another important factor to be
discussed. Although most studies conclude that tdmeperature effect is not so
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significant, some disagree with this argument. iRstance, Deckwer et al. (Deckwer et
al., 1980) reported a decrease in the gas holdtip iwcreasing temperature up to a
certain temperature value and the gas holdup hezheel a constant value with further
increase of temperature. An interesting point iis 8tudy was that these results were
obtained in a small diameter column, suggestingithkrger diameter columns, such a
temperature effect would not be observed. Thus,atlitbors attributed this trend to
possible “wall effects” in the small diameter cohn. Saxena et al. (Saxena et al.,
1990) investigated two and three-phase bubble amurwithin a 297-343 K
temperature range and they found out such a temperdependence of gas holdup
only in the two-phase system.

Another important aspect is the way the overall-paklup is used. If the interest
regards scale-up purpose, Shakih and Dahnan (Shakitbahnan, 2010), noticed that
the mean value of the gas hold-up is not sufficidaintaining similar overall gas
holdup alone can lead to different recirculatiord anixing intensity, if gas holdup
radial profiles were not considered. The similaofyglobal parameter alone does not
necessarily ensure the similar hydrodynamic peréoee. The similarity of gas holdup
and its cross-sectional distribution is pertinenbbtain similar recirculation and mixing
intensity and hence similar hydrodynamic perforneaimctwo systems.

The remarks done so far are valid in precise cadif with their experimental settings,
even if general assumption are done, many authdraat consider other important
factors, especially in the development of empiricafrelations. Beginning with the
column diameter, many authors developed correlation small columns<0.1m),
this enable to use that correlation only for thagcific diameter and make it almost
useless for scale up purposes. The choice of #wgepis also very complicated, many
different spargers are available and each one tsmsspecific influence on the
hydrodynamic, therefore is difficult to comparealatith different spargers. The liquid
height or better the height to diameter ratilg/D) has to be taken in account carefully,
first has to be distinguished between clear licand dispersed liquid. In the operating
condition is the dispersed liquid that makes th#edince in the hydrodynamic
behavior, but if the superficial gas velocity chesgalso the dispersed liquid change,
therefore a starting clear liquid height, high egiotio obtain homogeneous values have
to be utilized if different gas velocities wantlie performed. However also for water-
air systems, that seem to be easy to analyze, ste@ils can produce big deviations.
For example the use of tap-water: the presencartdce active substances changes the
coalescence behavior. Joshi et al. (Joshi et &@)188und that the minimuniy/D
increases with the increasing of the coalescenuagehibehavior of electrolytes and the
minimumHgy/D is believed to be bigger than 7. This brings dsatbso on the minimum
diameter, not to be 0.15m anymore. Moreover, intdpewater are present many other
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substances, different in any city and as Tang aachd¢l (Tang and Heindel, 2004)

reported a time-dependency to coalescence inhibitmsed by the existence of volatile
substances present in tap water. In addition tcstheies done with water-air systems
there are also all the experiments done with watdutions, often obtained from tap
water. The studies done with distilled water ardaspnot sufficient, also for the wide

range of design setting used and because of sothe pfoblems just discusses.

2.1.2 Comparisons

After the literature research, the focus of thesith@vas to create a tool that enables us to
a rapid comparison of the equations proposed bdifferent authors. A list of the main
correlations has been done, 20 correlations wealyzed for a total amount of 283Mb.

Table 2.1: Correlations for gas holdup

Reference Correlation
1
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technique

A sample of the database with all the correlatisnzesented in table 2.2.

To give an idea of how to deal with the correlasi@an be confusing, the example of
the water-air system is considered. In Fig. 2.2amm be noticed how many different
values can be obtained. This is due to the fact, tiee differences are not only
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quantitative but also qualitative. Since the systerater-air) is defined, the differences
should be just in the design variables, i.e. gasidutor, diameter of the column, height
to diameter ratio. Nevertheless also the operatiagables can differ, such as the
quality of the water. The use of tap water insteddlistilled water, because of the
difference salt composition of the tap water, ireRinon-homogeneous results.
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0,45

0,4

0,35

e Akita and Yoshida (1973)
e Hikita and Kikukawa (1973)
e Hikita et al.

e Hikita et al.

e Sotelo et al. (1994)

e Sotelo et al. (1994)

= Sotelo et al. (1994)

e Sotelo et al. (1994)

== KOjima et al. (1997)

0,3

0,25

/-

0,2

0,15

0,1

0,05

e Reilly et al. (1994)
1994)

e Reilly et al. (
(1994)
(

= Reilly et al.
e Reilly et al. (1994)

e lOUZza et al. (2005)

== Kazakis et al. (2007)

e Kazakis et al. (2007)

e Kazakis et al. (2007)

e Kazakis et al. (2007)

e Kazakis et al. (2007)

e Kazakis et al. (2007)

=== Krishna and Ellenberger (1996)

e Krishna and Ellenberger (1996)

Krishna and Ellenberger (1996)
== Krishna and Ellenberger (1996)
= Serrafi et al. (1999)

e 70U €t al. (1988)

Idogawa et al. (1987)

e Nedeltchev and Schumpe (2008)
e \Wilkinson et al. (1994)

Koide et al. (1987)

Joshi et al. (1998)

Behkish et al. (2006)

Behkish et al. (2006)
2006)
2006)

2006)

Behkish et al
Behkish et al
Behkish et al
Behkish et al

Behkish et al. (2006)
2006)

2006)

Behkish et al

(
(
(
(
(2006)
(
(
Behkish et al. (
(

Behkish et al. (2006)

T T

10y / cm-s115

T

20

25

Fig. 2.2 Superficial gas velocity — gas holdup plot in thater-air system.
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Table 2.2: Example of the database for gas holdup
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Air-Ethylen
glycol
Koide
aqueous
21 etal. 0,3 50 | 31 | 2,5 | 0,00525
solution-
(1987)
glass
spheres
Air-Ethylen
glycol
Koide
aqueous
21 etal. 0,3 50 | 31 | 2,5 | 0,00525
solution-
(1987)
glass
spheres
Air-Ethylen
glycol
Koide
aqueous
21 etal. 0,3 50 | 31 | 2,5 | 0,00525
solution-
(1987)
glass
spheres
Air-Ethylen
glycol
Koide
aqueous
21 etal. 0,3 50 | 31 | 2,5 | 0,00525
solution-
(1987)
glass
spheres
Air-Ethylen
glycol
Koide
aqueous
21 etal. 0,3 50 | 31 | 2,5 | 0,00525
solution-
(1987)
glass
spheres
Air-Ethylen
glycol
Koide
aqueous
21 etal. 0,3 50 | 31 | 2,5 | 0,00525
solution-
(1987)
glass
spheres
21 Koide Air-BaCl2 0,3 50 | 31 | 2,5 | 0,000919
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etal. aqueous
(1987) solutions-
glass
spheres
Air-BaCl2
Koide aqueous
21 etal. solutions- 0,3 50 31 2,5 | 0,000919
(1987) glass
spheres
Air-BaCl2
Koide aqueous
21 etal. solutions- 0,3 50 31 2,5 | 0,000919
(1987) glass

spheres
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1088 0,0515 298,2 2 0,097521 2 1 0,7 2500 0,000079 1088
1088 0,0515 298,2 3 0,122061 2 1 0,7 2500 0,000079 1088
1088 0,0515 298,2 4 0,141573 2 1 0,7 2500 0,000079 1088
1088 0,0515 298,2 5 0,157828 2 1 0,7 2500 0,000079 1088
1088 0,0515 298,2 6 0,171781 2 1 0,7 2500 0,000079 1088
1088 0,0515 298,2 7 0,184014 2 1 0,7 2500 0,000079 1088
1088 0,0515 298,2 8 0,194909 2 1 0,7 2500 0,000079 1088
1088 0,0515 298,2 9 0,204731 2 1 0,7 2500 0,000079 1088
1088 0,0515 298,2 10 0,213673 2 1 0,7 2500 0,000079 1088
1088 0,0515 298,2 12 0,229464 2 1 0,7 2500 0,000079 1088
1016 0,0724 298,2 2 0,116471 2 1 0,7 2500 0,000079 1016
1016 0,0724 298,2 3 0,14391 2 1 0,7 2500 0,000079 1016
1016 0,0724 298,2 4 0,16535 2 1 0,7 2500 0,000079 1016
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This huge amount of data seems to satisfy any begdif data regarding a specific
column want to be found, for example operating vdistilled water, diameter bigger
than 0.2m and with porous sparger, the resultas#guent in figure 2.3.

0,24
0,23

0,22 /
~0,21 /

w

Krishna and Ellenberger
(1996)
0,2

/

0,18 T T T T 1
0 5 10 15 20 25

1
u,/ cm-s

0,19

Fig. 2.3 Correlation for water-air system with distilledater, D>0.2m and porous sparger.

Only one correlation satisfy our requirements, anly for high gas velocities.

To perform a more accurate analysis all the possistem are going to be taken into
account. This is possible since the table has besdized with all the possible result (in
a discrete interval) of the gas holdup equationgh\t¥ie intention to be more precise as
possible, the results represent the experimentg donthe fitting of the equations.
Where this was not possible, because of the laakfefmation in the author’s paper, all
the possible combinations of the parameters werforpeed with a MatlaB routine
(appendix A). This procedure generated the largeuatof date in the tables. Thanks
to a filter function, from a dispersive quantity ioformation, is possible to arrive at a
narrow selection of gas holdup values. The seleaan be performed selecting among:
Research group, component system, type of watéorijded or not), type of column,
diameter, height to diameter ratio, type of spargkameter of the sparger, pitch
distance, number of holes, diameter of holes, gisgof the liquid, viscosity of the gas,
density of the liquid, density of the gas, surfdeasion of the liquid, temperature,
pressure, saturation pressure of the liquid, géscitg, gas holdup, operating regime,
type of representation (from experimental valuef@mn a random set), as can be seen
from table 2.2.

Using the filter function some examples are given.
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Example #1

Homogeneous regim®>0.15 m,H/D>5, p. =1,800 Kg/mi 6 Kg/nT < pc< 9 Kg/nt, o
=0.02 N/mu_= 0.055 Pa*s

The following correlations are left: Reilly et £1.994) and Wilkinson et al. (1994)

0,4
0,35 I
0,3 I
0,25 l

/ = Reilly et al. (1994)

:0,2
/ Wilkinson et al.
0,15 / (1994)
0,1

0,05 —J

0 T T T 1
0 5 15 20

ug /1<:?n-s*l
Fig.2.4 gas holdup vs. superficial gas velocity, exandile

The problem of this comparison even if it seemsgy\sgecific, is that in Wilkinson’s
data less information are provided, for exampleengarger is specified and moreover
the data come from a random evaluation, not agseptation of experimental data, the
correlation is considered to be general in itdfigll applicability but as can been seen at
a gas velocity of 5 cm/s there is a deviation @50n gas holdup. In the next example
correlations with same sparger and type of reptatien are going to be compared.
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Example #2

Homogeneous regime, Experimental representation,1.2 Kg/nt' X-type sparger, X-
Type sparger or Perforated plate (otherwise onlg correlation was possible), 0.23
N/m <o <0.25 N/m

0,18

0,16 /
0,14

0,12
0,1 / —Reilly et al. (1994)
~ /
w
0,08 Nedeltchev and
/ Schumpe (2008)
0,06

0,04 /

0,02

0'_ T T 1

4 6
0 2 uG / cm-s-1

Fig. 2.5 gas holdup vs. superficial gas velocity, exan#{fie

Even if many physical variables are similar, thenparison is between two different

liquids, one is Isopar-G (Reilly et al.) and thehet is Butanol (Nedeltchev and

Schumpe). This lead to a difference in gas holdup.® at a superficial gas velocity of

2cm/s and with increasing gas velocity this valnereases. This means that the
exponent related to the superficial gas velocithigher for Reilly. The correlation by

Nedeltchev and Schumpe however is not explicithie gas velocity, as can be seen
from table 2.1, therefore a graphical represemasouseful also to analyze the single
correlations.
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Example #3
Heterogeneous regime, Sparger not specified, aerwa

0,45 -+
0,4

0,35 /

/

/ Hughmark (1966)
< 0,25
// === \\ilkinson et al.
0,2

€

(1994)
0,15 = Joshi et al. (1998)
0,1
0,05 —#
O T T 1
0 20 40 60
ug / cm-s?

Fig. 2.6: gas holdup Vs. superficial gas velocity, example #3

In this example can be noticed how the curves &sec even if the Hughmark's
correlation does not seem to be very trustablessine exponent for the superficial gas
velocity is one, and not smaller than one as gugposed to be for the heterogeneous
regime.
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Example #4

Heterogeneous regime, 0.3 < Slurry concentrati@¥s0.0001 Pa*sg,. < 0.001 Pa*s,
900 kg/ni < p. < 1300 kg/nt 0.2 kg/mi < pg < 1.2 kg/n? & = 0.75 N/m,pp= 2300
Kg/m* D>0.15m

0,25
0,2
0,15 Luo et al. (1999)
< / / ——Behkish et al. (2006)

0,1 // Koide et al. (1987)
0,05 /

0 T T 1
0 10 s1 20 30

ug/ cm:
Fig. 3.2 gas holdup Vs. superficial gas velocity, exanifgle

Also in this case the problem has been to selectolgeneous data, since the random
evaluation of a correlation has limits in coverisignilar range of the variables. For
example, if in a correlation the viscosity is iretrange [0.0001;0.001] and in another
one [0.0001; 0.01] and if for each one, 4 differealues are wanted, the result is the
following: for the first range [0.0001; 0.00033;00066; 0.001] and for the second
[0.0001; 0.0033; 0.0066; 0.01]. Only the first valof each set is the same, but if even
the extremes of the sets are different is even rdifieult. The solution should be to
increase the number of elements for each set, hewea correlation has 8 parameters,
and with the slurry bubble-columns can be even mamd for each parameters a set of
4 values is created, the total number of possibigigurations is #=65,000, with 6, the
maximum number of rows in excel is exeeded.
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Example #5
The work presented by Ghandi and Joshi (GhandiJastli, 2010) seems to redefine
the whole apparatus of empirical correlations. Thsgd the genetic algorithm to
analyze 3300 experimental point to create a tootHe calculation of gas holdup. The
tool is available online as excel paper. With ttesl is it possible to change 15
parameters, between physical and design variables.
The system analyzed is water-air, the only variablenged is the sparger design. To
identify the gas distributor, 3 parameters are labée: sparger distributor coefficient,
number of holes and diameter of holes. Multi-o&fgpargers, in the configuration of
porous/sintered plate and perforated plate andeshnge sparger have been tested.

1

0,9

0,8

0,7

e 6600 holes 0,318
mm
0,6 (Porous/sintered)

~ 6600 holes 0,318
w mm (perforated
0’4 plate)

0,3 N S
’ N
02 36mm

O | T T T 1
(P 10 20 30 40

ug /cm-s?

Fig. 2.8 holdup Vs. superficial gas velocity, example #5

The trend of the 3 curves is totally different fortine “conventional” behavior.
Oscillation for the blue curve, maximum for the @it and gas holdup different from
zero at no gas velocity for the green one are pte3éese behaviors do not represent
possible situation, therefore this correlation &tiis to be refined to be usable.

2.1.3 Sensitivity analysis

In this section, the effects of variables differéotm superficial gas velocity are tested.
Beginning with the surface tension, is interestingee in which range and with what
kind of sensibility the surface tension affects tes holdup, to create homogeneous
conditions the other parameters are kept constahtwath similar values. During the
selection of the data, in this case is more diffionhen the data represent the
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experimental results since the other parameters rente constant, creating not
comparable results, for this reason, this datakep only if the correlation is not
influenced by these parameters.

Example #6
The conditions filtered areis=15cm/s p, =1500 kg/ni, p.=0.01 Pa*sps=1.2 kg/nt
0,35
0,3 \ \ Hughmark (1966)
0,25 \ \ = Akita and Yoshida
(1973)
0,2 == Hikita and Kikukawa

el -

\N (1973)
0,15 * Joshi et al. (1998)

=== \\/ilkinson et al. (1994)

0,1 — =~
0,05 === Behkish et al. (2006)
0 Luo et al. (1999)
0 0,02 0,04 0,06 0,08
o /Nm1?

Fig. 2.9 gas holdup vs. surface tension, example #6

The differences in the gas holdup in this casenaterelevant, since different spargers
and slightly different operating conditions are qamet in the different correlations,
however, excepting the older correlations, sinfk@naviors are represented.
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Example #7

The diameter of the column is present in 10 coticda among our selection, even if it
is said that it has little influence. Moreover ionge correlations the diameter was not
studied with its direct influence but for examptarough its ratio with the bubble
diameter or the sparger diameter. In these casesftine is not possible to compare that
data since the diameter results constant.

The conditions filtered are: diameter dependenakwgal5cm/s, the other condition
were dictated by the single correlation.

0,4
0,35 \
03 e Krishna and
Ellenberger (1996)
0,25
—_— e Krishna and
' Ellenb 1996
< 0,2 enberger ( )
Haque et al. (1986)
0,15
== Behkish et al. (2006)
O,l ————
=== Jrsenau et al. (2003)
0,05
0 T T T 1
0 0,1 0,2 0,3 0,4
D/m

Fig. 2.10Q gas holdup vs. column diameter, example #7

In all the correlation analyzed, as expected, the lgoldup decreases with increasing
column diameter and the behavior is similar irtladl correlations.
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Example #8

Studies at high pressure are limited since expensguipment are required, especially
if diameters larger than 0.15 want to be utiliZEderefore most of the data collected for
this example do not come from the representatidghetxperiments, but from a general
correlation. Some correlations did not specify phessure but rather than the density of
the gas, for this reason this last one was used.

0,35

== Nedeltchev and Schumpe
0,3 (2008)

Nedeltchev and Schumpe
0,25 (2008)

/ Reilly et al. (1994)
0,2

Idogawa et al. (1987)

E /
0,15 -

/ == \ilkinson et al. (1994)
01 'r/' Wilkinson et al. (1994)

0,05 — Luo et al. (1999)

0 T T \ Luo et al. (1999)

0 50 100 150
P/ m

Fig. 2.11:gas holdup Vs. gas density, example #8

The data represented by the correlation of Nedelteimd Schumpe, in this case, are the
only ones that represent experimental data and mystrtant thing, they are in the
homogeneous regime. For the heterogeneous regimiérsbehaviors are represented,
with the exception of Reilly et al. that is onlyeowith opposite behavior.

2.2Volumetric Mass Transfer Coefficient

Also for the mass transfer a deep research has d@m® however the complications
already encountered in the understanding of thehgddup are increased. For this
reason fewer correlations are available and foitddhreaction conditions, especially
slurry bubble columns. All the systems analyzedsater the mass transfer between gas
and liquid phase without reaction.
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2.2.1 State of art

The fundamental transport relations (mass balaacédsliffusion flux relations) and the
transport properties (diffusivities) allow the aaktion of the rate of mass transfer
within a single phase. However this is possible\ietl-defined geometries and flow
situations or sufficient simplicity. For the bubl@elumns is not the case, for this reason
the mass transport across the interfaces is deschip using mass transfer coefficients
instead of diffusivities. These coefficients playoe similar to diffusivities in that they
describe the transport rate of mass that occurausecof molecular motion. Once this
coefficient has been determined experimentally, aodelated by dimensionless
groups, the coefficients for analogous situatioss lbe estimated and used for process
design.

Mass transfer occurs because of an imbalance ofectrations, a departure from
equilibrium. This imbalance provides a driving ferfor mass transfer. Uniformity of
composition is the equilibrium state in a singlagdt if mole fractions are not uniform,
then a non-equilibrium condition exists and diftusoccurs until uniformity is reached.
Two-phase thermodynamic equilibrium is the equilibr state across an interface; to
the extent that the two phases on opposite sides afiterface are not in equilibrium,
mass transfer tends to occur in such a way as teertie system toward equilibrium.
The degree of departure from equilibrium direcfifgets the rate of mass transfer. In a
single phase, the degree of departure from equitibris represented by the mole
fraction (or mass fraction) gradient, and Fick'ssftfilaw of diffusion (the most
commonly factor defines the diffusivity). For massnsfer across interfaces, an
analogous relationship is normally used to defiressraransfer coefficients. The mass-
transfer flux of a species at an interface is mediels proportional to the driving force
(concentration difference) which exists for thansfer, through a thin film next to the
interface. This situation is depicted in Figure22.At the interface the two phases are
normally assumed to be in thermodynamic equilibriswvay from the interface,
however, the bulk concentrations of the two phasesnot necessarily at equilibrium
with each other, and possible concentration or nii@etion profiles are shown as a
function of distance from the interface. The majof the concentration change is
modeled to occur over a laminar film region nearititerface.
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s
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Fig. 2.12 Concentration profiles across the gas — liquiteifiace region with the transfer of A from the
gas to the liquid As= mole fraction of A in bulk gas phase;s gas-phase mole fraction of A at
interface; xi = liquid-phase mole fraction of A at interfacepx mole fraction of A in bulk liquid phase.

The actual concentrations and film depths are moiva, however, which makes the

definitions quite empirical and dependent on patamsesuch as fluid flow and

turbulence. In Figure 2.12, concentration profilge shown in both phases and, for
simplicity, one phase is called a gas phase andttier a liquid phase, although this is
not a limitation or constraint on the situation.eTtiscussion could just as well be for
two liquid phases or for a fluid and a solid phadge model also normally assumes that
concentrations at the interface are at steady, $laxeto the interface through one phase
equals that away from the interface through themntklass-transfer coefficients, then,
are defined for each of the two phases. The defmivf a liquid-phase mass-transfer

coefficient (based on a liquid-phase mole fractioring force) is
Flux of A = Ky (Xai — Xap) (2.2)

Likewise, the defining relation for the gas-phasassitransfer coefficient for species

based on the gas-phase mole fractions is
Flux of A = ky (Xab — Xai) (2.3)

In each of these equations, a departure from équiln exists that represents the extent
to which the interface mole fractiona(®r ya) differs from that in the bulk fluid ¢xor
ya) of the same phase. Whereas the above relatidime sheass transfer coefficients for
a driving force within a single phase at an integfainterphase mass transfer
coefficients are also defined according to conediain or mole fraction differences that
exist across the two phases, where the averagellocbncentrations are used for each
phase. In this case the mass-transfer coefficienésd K are defined according to the

relations
Flux of A = Ky (Xae — Xab) (2.4)
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Flux of A = Ky (Xab — Xae) (2.5)
and are called overall mass-transfer coefficieiteey describe the flux in terms of
mole fractions in the bulk phases.

Here, instead of defining a driving force that &xiwithin one phase or the other, a
driving force that spans the two phases is defifié@. mole fractions and driving forces
are shown relative to a typical interfacial equililn curve in Figure 3.12. For a mass-
transfer coefficient based on liquid-phase moletfoas, the driving force that is used is
the difference between the actual mole fractiol af the bulk liquid phase ) and
the mole fraction of A that would existaéxif the liquid phase were in equilibrium with
the mole fraction of A in the bulk gas phase. Likmay in terms of gas-phase
concentrations, mass transfer of A occurs to thenéxthat the bulk gas-phase mole
fraction (yw) differs from the value that would existady if the gas phase were in
equilibrium with the actual bulk liquid-phase mdhaction. The slopes of lines that
represent the ratios of mass-transfer coefficiemts also shown in Figure 2.11. If
species A does not accumulate at the interfaceligb&l- and gas-phase relationships
for flux in terms of mass-transfer coefficients s equal. Accordingly,

Kx (Xai — Xab) = Ky (Xap — Xai) (2.6)
which gives
_kx _ xaimxap 2.7)

ky Yab=Yai
and the ratio of the interphase mass-transfer ictaits is the slope of a tie line
connecting the point with composition coordinaggsial to the liquid- and gas-phase
bulk concentrations to a point with coordinatesada the equilibrium interface liquid-
and gas-phase concentrations.
Similarly, a ratio can be obtained for the ovenahsfer coefficients:
_KRx _ xaimxap (2.8)

Ky Yab—Yai
In the limit of small driving forces or for a lineesotherm this ratio is the slope of a
tangent to the equilibrium curve in the concentratiegion of interest.
From the definition of the mass-transfer coeffitkeeand for a locally linear isotherm
(slope = m),
1 1 1

_ 1, (2.9)

Ky ke mky

and
1

=14 (2.10)

Ky ky Ky

Hence, the overall or combined resistance to massfer through the two phasesk(l/
or 1Ky) is equal to the sum of the resistances through e&the phases individually.
Before summing, however, one of the individual ghasefficients must be scaled by
using the (local) slope of the equilibrium curve order to be consistent with the
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resistance offered by the other mass-transfer icomit. Note that itk/m >> ky, then
the gas phase mass transfer is limiting lénd ky.

Because the flux of A is the number of moles of & pme per (cross-sectional) area,
the mass transfer coefficients as defined by thedations must also have the
dimensions of number of moles per time per aredeOdefinitions using different
driving force concentration units are employed, begr, and the dimensions of the
mass-transfer coefficient vary accordingly. Forragée, number of moles per volume is
frequently used for liquid-phase concentrations gdgtial pressure for gas-phase
concentration. In these situations, mass-trangiefficients may be defined according
to

Flux of A = k¢ (Cai — Cab) (2.11)
Flux of A = kG (pAb — pAi) (212)
Flux of A = K¢ (Cae — Cab) (2.13)
Flux of A = Kg (Pab — Pae) (2.14)

Here, k. and K. have the dimensions of volume per time per aregytteper time), and
keandKehave the dimension of number of moles per timeapea per unit pressure.

The mass transfer between the gas and liquid phasbubble column can be generally
described by the volumetric mass-transfer coefiiciea, which is the liquid-phase
mass transfer coefficient. multiplied by the specific interfacial area. Gasapé
resistance can usually be neglectedkisogives an adequate description. To determine
the mass-transfer rate, however, the driving comagon difference must be known
which in turn requires knowledge of mixing behaviorthe gas and liquid phase. In
industrial units D: > 1 m), estimates can be based on the assumptiomroplete
mixing in both liquid and gas phases.

Like gas holdup and interfacial ardaa also depends on the gas flow rate, type of
sparger, and gas—liquid system. The mass-transfeffident and the gas rate are
proportional to one another:

Kia ~ Uug" (2.15)
where n can be between 0.7 and 0.92 (Akita and idasti974; Deckwer et al., 1974).
Mass-transfer coefficients of two- to threefold g can be achieved in the
homogeneous flow regime if a porous plate is used sparger instead of a perforated
plate.

Interested in the effects of the design parametbeseffects of column dimension, gas
sparger and operating conditions are investigated.

Vandu and Krishna ( Vandu and Krishna, 2004) olesrthat ka/e showed a slight
increase with column diameter. Krishna and Van B&&ishna and Van Baten, 2003)
carried out CFD simulations and showed thed Kecrease with column diameter.
Verma and Rai (Verma and Rai, 2003) reported tmatnass transfer coefficient was
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independent of initial bed height. Higher valuesrevebtained with the spargers for
whom the gas holdup values were also higher, iighen values of mass transfer
coefficient were obtained with perforated platdriisitor.

As far as the liquid properties are concerned, exmnts performed with viscous
media showed that the volumetric mass transfer ficamit, kia, decrease with
increasing liquid viscosity (Fukuma et al., 198%).was pointed out that higher
viscosity led to increase of the volume fractiontlodé large bubbles, leading to much
lower gas—liquid interfacial areas. Oztirk et @z{iirk et al., 1987) investigated mass
transfer coefficient in various organic liquids aolserved that .k values increased
with increasing gas density. Interestingly, thehaut reported that.& values in mixed
liquids were close to those in pure liquids of $amproperties. Muller and Davidson
(Muller and Davidson, 1992) performed experimenith wiscous media and pointed
out the effect of surface active agents on the rrassfer. They reported thaakalues
increase in the presence of surfactants. The authtiributed this increase to the
creation of small bubbles and reduced bubble coate® due to surfactants. Vandu and
Krishna (Vandu and Krishna 2004) reported expertademwork on estimation of
volumetric mass transfer coefficient in a bubbléuom. While most of the published
work is restricted to low gas velocities, low sjuoncentrations and small column
diameters, the study of Vandu and Krishna dealh wigh slurry concentrations and
high superficial gas velocities. They reported that values closely followed the trend
in gas holdup and that&kt was found to depend on the liquid-phase Schmidtosum
Vafopulos et al. (Vafopulos et al, 1975) investegghthe mass transfer in an air—water
bubble column at pressures from 0.1 to 1 MPa. Tiegprted that pressure has no
significant effect on gas holdup and volumetriauldtphase mass transfer coefficient.
However, many studies report a significant effédgiressure on mass transfer rates. For
instance, Wilkinson and Haringa (Wilkinson and Hge, 1994) worked in the pressure
range of 0.1-0.4 MPa and reported that both thexfatial area and volumetric mass
transfer coefficient increase with pressure. Siryij@xperiments in the pressure ranges
0.1-0.8 MPa showed thatakvalues increased with increasing pressure (Belatisl.
1984). This was attributed to the correspondingeiase of the gas—liquid interfacial
area. Still higher pressures (up to 5 MPa) werangxed in the study of Maalej et al.
(Maalej et al., 2003) and it was reported that baoterfacial area and the volumetric
mass transfer coefficient &) were affected by pressure, whereas the massfdran
coefficient (k) was independent of pressure. It was concludedfdha fixed gas mass
flow rate, the interfacial area and the volumetniass transfer coefficient decrease with
increasing operating pressure. However, for a fixgdssure, they increase with
increasing gas mass flow rates.
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2.2.2 Comparisons

The work regarding the volumetric mass-transferbdeen done, like for the gas holdup,
collecting first the correlations in a table witletpossible results and then analyzing the
results. For the volumetric mass-transfer feweratations were taken into account
since the industrial interest of this parametemie limited than for the gas holdup.
Most of the correlations do not even concern theewair system. The bubble columns
usually employed in this case are slurry bubblaurmwols. The presence of this third
phase increases also the number of parameters tatemccount and therefore the
number of possible combination of the variablesQMbB is the amount of data to
represent thirteen correlations. The correlatiordiated in table 3.3.

Table 2.3: Correlations for volumetric mass-transfer.

Reference Correlations
Akita und Yoshida k,ad} 06 (2)0'5 (gd,%pL>0’62 <@)0’31 11
(1973) D, T \Dy oL Vi ¢

Deckwer et al. (1981)  Kkia = 0,00315u >,z =%

Nakanoh and Yoshida kjadi 009 <pLng2>0'75 <gd§>°'39 (VL)O,S < ug >

(1980) D, o v ) \o) \Jgdn

2
147

Hikita et al. (1981) kg = 14,9gf (anL)lﬂe (nL4g >‘°'248 (,7_6)0,243 ( . )_0,604
k Ug 93 pLoL3 nL pLDy,

f=1,0 for non electrolyte

f =1070,04141I for electrolyte with lonic strength

I<1 kg lon/m?

f=1,1 For electrolyte with lonic strength 1>1 la@n/m3

Oztirk et al. (1987) k,ad}

= 062(- )0'5 (gd%,pL)"'” <gpfd2> < ug ) (P_c)““
D, " \pDy 97 n.? v gdp PL
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Kawase and Moo-  k,ad3 _ 0452 (U_L)O'S (dRuG)3/4 ( Ug )7/60 <pLgd,%>3/5
Young (1987) Dy, ’ D, )3 gdr g
Deckwer et al. (1974)  kia = 0,00208ug >,z =%
Godbole et al. (1984)  Kia = 8,35 107 ug " n e, 7101
Alvarez et al.(2000) kpa = kyug?a 3/*n, *p 32

k1 depends on the spargee1*1019=[1.924;1.969;2.079]
Lau et al. (2004) kpa=1,770,""*exp(0,0165u, — 65,31n,)e;"?
Terasaka and Tsuge k,ad? e 34( L )0'5 <pLng2>0’56 <gdg>°'261 _)o zeN 0313
(2991) D, " \p.Dy oL Vi gdg
Sotelo et al. (1994) ke aug
9

0,908

~169(e )™ <nL4g )‘0'518 (167 (1) ()
" \nLo pLoL? nL pLDyL D

Popovic and Robinson ki@ = 0,005u6%52D, %% p; 103, ;=089 =075
(1989)

gy,

The mass transfer correlations present a narrovetyaof types of correlations, while
for the gas holdup the empirical correlations pnésery different structures, not only a
product of variables and exponential fitting anthéinsional numbers. The differences
are just in how the variables are arranged butsthecture is always similar with the
exception of Lau et al., the most recent appro&ehk presented.

The behavior of the liquid in these systems is roften-Newtonian, therefore the
viscosity depends on the velocity and an effectiiggosity n.; is introduced. The
different correlations use also different formuwas of the effective viscosity; a
common agreement of this variable’s definition maisyet been found.

Regarding the water-air system, it is taken intcoaat by only three correlations, the
results are presented in figure 3.13, further exarage going to be presented.
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0,1
0,09
0,08
0,07
006 = Nakanoh and
C Yoshida
< /
2005 / (1980)
0,04 / Koide et al
o / / (1987)
0,02
0,01 ,/ / Kawase and
0 / Moo-young

0 5 10 15 20 25 (1986)

w1
u,/ cm-s

Fig. 2.13 Volumetric mass transfer vs. superficial gas eloin oxygen-water system

In this case the differences between the diffecemves are, first of all, due to the
different design configurations, however also défg behaviors are remarkable. This
bring again the focus first on the importance of tifferent design also for the
calculation of the volumetric mass transfer, ancbed on the effect of the operating
variables.
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Example #9

Higher densities and viscosities are taken intmatfor the volumetric mass transfer
in compared to the gas holdup experiments. Thexebor example will focus on the
possibility to analyze this kind of settings.

The variables filtered are: Newtonian behavior,shary phase, 0.01 Pa*gs < 0.02
Pa*s, 1170 kg/fh< p. < 1250 kg/m, 0.1 m<D<0.15 mP,~10*°m?%s, 0.6 N/m<s <
0.75 N/mpe~1 kg/n?

0,04
0,035 Nakanoh and Yoshida
(1980)
0,03 Koide et al. (1987)
0,025
o Schumpe and
(2]
: Deckwer (1987
20,02 (1987)
L] Popovic and Robinson
2z

/ - (1989)

0,015 A
/ Lau et al. (2004)
0,01 — ~
0,005 /// Ozturk et al. (1987)

0

0 10 ug/cm-st 20 30
Fig. 2.14:Volumetric mass transfer vs. superficial gas vigfpexample #9.

For the volumetric mass transfer coefficient seémas more correlations are available,
however this due to the fact that half of themraotderived directly from experimental
data. Despite of this, the correlations are simgjaantitatively, except for the oldest
correlations (Nakanoh and Yoshida, Oztiirk et ald also qualitatively the behavior is
similar. It is has to be noticed that the type parger is not specified for Lau et al.,
since his correlation is considered general, aedotily apparatus with similar sparger
are Nakanoh and Yoshida and Ozturk. However thisdmrrelation have total opposite
values (almost 0.015 1/s of difference gtb cm/s), one important design parameter
that differs between the two is the diameter ofdbleimn, smaller for Oztiirk et al., and
also the ratio between the liquid diffusivitiestbé two systems is almost 10.



50 d&giter 2

Example #10

Since some correlations consider also the casemfNewtonian liquid, an example of
this category is going to be analyzed. The vari#tid¢ characterize the non-Newtonian
behavior is the index n, when n=1 the fluid haseavidnian behavior.

The conditions filtered are: 0.5 < flow behaviodéx n < 0.6p,~1000 kg/ni, 1 Pa*s<
ML< 4 Pa*s.

0,012

0,01

0,008 pa

Schumpe and
F;:,, Deckwer (1987)
20,006

Godbole et al. (1984)

/ Popovic and Robinson
/ / (1989)
0,002 +—

/

0 10 _/cmest 20 30

Fig. 2.15 Volumetric mass transfer vs. superficial gas el example #10.

Only three correlations fulfill these extreme cdmufis and the results are based on
direct experimental data, therefore there are nueige correlations so far, able to

predict the non-Newtonian behavior. The differen@s correlated more to the

difference settings considered for the experimelitferent spargers and slightly

different liquids are employed.

2.2.3 Sensitivity analysis
A similar approach to the gas holdup is presentethis part the important variables in
the calculation of the volumetric mass transferaaralyzed.
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Example #11

For the volumetric mass transfer, differently fraihve gas holdup, is important to
consider the diffusivity in the liquid of the compent analyzed. In this example the
direct influence of the liquid diffusivity on thelumetric mass transfer is considered.
The conditions filtered arez=0.15 (since correlations as Akita and Yoshidabased
on the gas holdup and not on the gas velocity)s11Q cm/s, 700 kg/f< p. < 800
kg/m®, 0.00033 Pa*s, < 0.00058 Pa*s, D=0.15m.

0,14
0,12
0,1
;_.m 0,08 e Akita and
= 006 Yoshida
= (1973)
0,04 ~
/ Ozturk et
0,02 al. (1987)
O T T T 1
0 2E-09 4E-09 6E-09 8E-09

D,/ m2st

Fig. 2.16 Volumetric mass transfer vs. liquid diffusivigkample #11.

To perform this comparison homogeneous data areleded.e. all the design and
operation variables are constant, this is possds@ach curve itself and only with the
correlations that are not representative of theegrental data. However, to analyze
the influence of one parameter would be enougle&oits exponent on the correlation,
on the other hand in this way can be also notibedrange of utilization of the target
parameter. From the graph is evident how the aiczl of Oztiirk et al. considers a
wider range of liquid diffusivities, the differercceof the volumetric mass transfer
coefficient are due to the non homogeneity of tlaadi.e. different design and
operating variables.
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Example #12
Since is more efficient to show the range of theamant parameters, the range of the
liquid density is investigated, in this case howewaly the correlations representative
of experimental data are going to be selected aed & the viscosities and surface
tensions of the liquids used in each correlatiamsdifferent, the density is considered
representative of the entire liquid with its chaesistics. Only the design variables are
considered for the selection.
The conditions filtered are: oga10 cm/s and Newtonian behavior.

0,09

== Nakanoh and
0,08

v\ Yoshida
0,07 (1980)
Koide et al.

0,06 \ (1987)

® 0,05 \
i

\ Schumpe and

~ Deckwer
2004 (1987)
003 \/\ Godbole et al.
' \ (1984)
0,02 |

\ Popovic and
0,01 | k Robinson
) e (1989
O T T 1
950 1050 1150 1250
p./ Kg-m?3

Fig. 2.17 Volumetric mass transfer vs. liquid density, egla#12.

From the diagram some interesting things can beeathtfor example the density of the
liquid employed for the mass transfer coefficiexpeiments is in the range [975;1250]
Kg/m3, a smaller range than for the gas holdup.nGimgy liquid, but maintaining the
same experimental setup, is it possible to obtaratia, between the biggest and the
smallest value of volumetric mass transport, of ib&his case for the correlations of
Popovic and Robinson and Godbole et al.. The stagptions of the curves highlight
also how the volumetric mass transfer is influenfredh the other parameters of the
liquid phase and therefore, how with a fluid simila density different values of the
mass transfer can be obtained.
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Validation

The information elaborated in the theoretical gaiggested some experiments, in order
to test the doubts encountered. Despite the largruat of data gathered in the tables,
the fewer amount of correlations available in therature for a specific system has

already been noticed. In particular, the possybiiit study the air-water system in the

laboratories of the university has been verifiedrtirermore the consistency of the

literature and the experimental data has been tigatsd.

3.1 Experimental apparatus

Set of experiments have been done in the followray.

Distilled water-air system, with multi-orifice spgar, varying the height to diameter
ratio Hq/D)

Distilled water-air system, with single-orifice spar, varyingHqs/D

Water-air system, varying salt concentrations

The diameter of the column is 0.288 m, the columgight is 2m. The gas distributors
are a membrane, designed to create small bubbldsa asingle hole of 5 mm sparger.
The geometric characteristics of the membrane arg difficult to characterize since
there are no real holes, while linear 0.4 mm figssuhat open when the gas passes
through them.
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-— | B -

Fig. 3.: xperiental bubble column with multi-orificeasger.

The intention of this set of experiments varying Height of the dispersed liquid was to
verify the behaviors suggested in the literaturee Thost important purpose however,
was to investigate the minimum height to diame&#ior in order to achieve a constant
value of the gas holdup at a given superficial\gdscity.

To run the experiments at the bottom of the columere are two separated holes
through which the liquid and the gas flow. The trita the gas is in the middle of the
section. Above the bottom is set the membraneaa$e seen in figure 3.2.

/f_/_, bubble column r/_/-—— bubble column
Hy
H
gas distributor gas distributor
L A {membrane) L " {membrane)

E liguid inlet E liguid inlet
gas inlet gas inlet

Fig. 3.2 Experimental set-up sketch.
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The liquid is handled with a simple valve, sincetla¢ operations are in batch operation
mode, there is no need to control the flow. For ¢jas flow, a flow-meter and a
manometer are available to measure the superfiagl/elocity.

The liquid supply for the distilled water was dilgaconnected to the column, through a
rubber pipe, the gas supply too. The temperaturihefdistilled water is 23.5°C, the
ambient temperature during the experiments was’€2.5

To carry on the investigation in distilled wateiffetent height to diameter ratios have
been chosen, depending on the sparger type. Wailaglthe experiments with salts,
the clear liquid was fixed and the dispersed liqraded.

The dispersed height is the liquid height in theragon mode, and is this one that is
correlated to the hydrodynamic properties. The ahoif these values has been dictated
by measurement feasibility, e.g. 3.5, and limitasioi.e. 6.5. The liquid height was
identified with adhesive tape, as it is shown gufe 3.3, and in all the experiments or
the dispersed height or the clear liquid height wasstant and the other one was
measured to calculate the gas holdup, how it hes kepresented in figure 3.2.

Fig. 3.3 Dispersed liquid height setting. Water-airg/B=6.5, us;=0.8 cm/s.

The photo from figure 3.3 has been taken with tleeimum value of liquid height and
the minimum value of superficial gas velocity. #ncbe noticed that the liquid level is
not homogenous in the space, moreover it is notdgemeous in the time either. This
was a problem for precise measuring. However aisihe literature, most of the data
were gathered with this measurement technique.
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Decreasing the height to diameter ratio and inangathe superficial gas velocity, the
space and time fluctuations increase, as can leeddh figure 3.4. For high superficial
gas velocities, e.g. 4.5 cm/s, the fluctuationsawerthe order of 5 cm, &iy/D=6.5.

b/ -

Fig. 3.4 Dispersed liquid height at maximum superficiabgelocity (¢=4.5 cm/s) and minimum height
to diameter ratio (H/D=1)

During the experiments with distilled water, beingnterested also in the influence of
the height to diameter ratio, the dispersed heigid kept constant, in order to achieve
similar hydrodynamic condition. For each disperigdid height, also the superficial
gas velocity was changed. The lower speed limit eesesto the flow-meter lower limit,
and the maximum limit was due to the membrane teesie. For every gas velocity, the
clear liquid height had to be adjusted, this wasedduring the operation mode, making
align the dispersed liquid height with the tapensignd after, without gas flow, the clear
liquid height was measured.

The gas holdup in the experiments with salts, foacfcality, was calculated
maintaining a fixed clear liquid height and therefomeasuring the dispersed liquid
height, using the maximum height to diameter ramailable. In this way the
hydrodynamic conditions should be constant.

To recap, a variable among clear liquid heightispersed liquid height is fixed and the

other is calculated according to the following foiten
Hp—Hy

&= T (31)
To obtain the superficial gas velocity the flowirggation was used.
P1V1 = PZVZ (32)

The flow-meter was the reference since a set afeghas been chosen in advance.
v, =1[2,2.5,3,3.5,4,4.5,5,6] m®/h

For each volume flow rate, the gas pressure charthedefore, Pwas red from the
manometer. Hs the normalized pressure and
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P,=Po=1 atm (3.3)
Finally the gas volume flow rate was calculated &nch that one, through the column
diameter, the superficial gas velocity was obtairBztause of the fact that the pressure
from the manometer was sometimes slightly differamimetime the superficial gas
velocities for the same gas volumetric flow rate different.

3.2. Distilled water-air system, with multi-orifice sparger,

varying Hd/D

According to Joshi et al. (Joshi et al., 1998) hwitulti-orifice spargers, the gas holdup
iIs maximum atHy/D=1 and then decreaseRhis issue has been investigated varying
also the superficial gas velocity for every heightliameter ratio.

3.2.1 Experimental Setup

The set of height to diameter ratios chosen Hsl/D=1, 3.5, 5, 6.5. For every
experiment, to reach the height to diameter ragteded, the liquid content was
adjusted. Because, to change superficial gas ¥glarid maintaining the dispersed
height constant, also the liquid in the column teashange. For example, with a certain
superficial gas velocity, a certain height to diéeneatio is reached, if the gas velocity
increases, the dispersed liquid height increases (fo the homogeneous and
heterogeneous regime), and to come back to thil llepight prearranged, liquid has to
be removed from the column.

Therefore the reference parameter for the calamatf the gas holdup is now the
dispersed height.

The volume flow rates selected, in order to av@cedges to the sparger were: 2, 2.5, 3,
3.5, 4, 4.5, 5 rih.

3.2.2 Results and discussion

The experiments have been repeated three timessveowhe first set was different
from the others because after that, the experimeailts salts were done and the
impossibility to clean perfectly the column affettdhe composition of the new batch.
Nevertheless important evaluation can still be dsinee the first set is available, just
less accurate values are available.

The second and the third set of experiments caw sisamportant things regarding the
accuracy of the measurements.
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(a) (b)
Fig. 3.5 gas holdup vs. superficial gas velocity, meamgalof experiment 2 and 3. (a)¢/B=1; (b):
Hy/D=6.5

The higher space and time fluctuation make the oreasent more difficult and more

imprecise, especially at low height to diameteroréfigure 3.5), the increasing of the
gas velocity seems to have less effect on the giceci

The gas holdup versus superficial gas velocitydasito the understanding of the flow
regime. In figure 3.6 the gas holdup is shown #edint height to diameter ratios, the
values are the mean values of experiments 2 and 3.

0,2
0,19 ¢
0,18
0,17 CA
0,16
0,15 =
oia K ¥ X Hd/D =1
0,13 )a ®Hd/D=3.5
o 012 WHd/D=5

0,11 )’

0,1 6.5 hom
0,09 A |
0,08 >4
0,07
0,06
0,05 %
0,04 T T T T T 1
0 1 2 3 4 5 6
ug/ cm-st

Fig. 3.6 gas holdup vs. superficial gas velocity at diéfetr Hy/D.

A 6.5 non hom

This diagram is difficult to interpret regardingetleffect of the height to diameter ratio,
however can be analyzed the hydrodynamic flow regifiter fitting the data, has been
noticed that the exponential law fits all the dexaept the first 3 points &td/D=6, for

this reason in the figure 4.6, the set of points5™6has been divided in hom
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(homogeneous flow regime) and non hom (heterogenesgime). If the flow map in
figure 1.6 is taken into account, this low valuewdohave not been expected. The
transition velocity in our system is around 1.5 €rahd only for the highest height to
diameter ratio. The flow map is therefore imprecstside some conditions that are not
even specified.

To understand better the effect of different hetghdiameter ratios another diagram has
been employed, as it is shown in figure 3.7.

0,22
0,2 S
\ e 8 =0, 65 #2
0,18
~ e Ug=0,65#3
0,16 ug=1.3#1
ug=1.3#2
0,14 ———=
\l —ug=1.3#3
w
0,12 = ug=2.6#1
o \ ug=2_6#2
— ——ug=2.643
0,08 = ug=4.55#1
- ¥ ug=4.5542
’ /
e g=4.55#3
0,04 T T T T T T 1
0 1 2 3 4 5 6 7
H/D /-

Figure 3.7. Gas holdup vs. height to diameter ratio at conssuperficial gas velocity (e.gq®2.6
cm/s) for the all 3 the set of experiments (#1#32,

This diagram contains important information to euplthe influence of the height to
diameter ratio and its sensibility. The data in tthegram however are not the
experimental ones, since as it can be seen foffigjuee before, there are slightly
differences in the gas velocities. The data hawnlig with the exponential law and

common values were taken. Except at the loweswgeity since, in the first (out of

3) set of the experiment that values were not taken

Analyzing the figure can be noticed that the fgst of experiments differ from the
others, as explained before. The pointsldiD=1 are more unpredictable and but still
for two points over three the gas holdup at theelstwheight to diameter ratio is the
highest, as suggested for multi-orifice spargersrdasing the height to diameter ratio,
the gas holdup seems to stabilize soon, at ledst t#fe value of 5. However, not
enough data are available to allow a precise etialuegegarding this.



60 d&giter 3

Now the experimental data are compared with theetairons available in the literature.
From the database have been selected correlatmnbeterogeneous flow regime,
porous sparger and both distilled and tap water.distilled water only the correlation

from Krishna and Ellenberger (Krishna and Ellenkeerdl996) is available, but the
range were this correlation is defined is out of experimental range, therefore an
extrapolation of our data has been done, as cahdan in figure 3.8.

0,35
—— Krishna and Ellenberger
0,3
(1996)
0,25
v 0,2 —— Potenza (distilled water
~
w 0,15 #1)
0,1
Potenza (water #2 )
0,05
0 T T T T 1
0 5 10 15 20 25
u,/ cm-st

Fig. 3.8 gas holdup vs. superficial gas velocity, companisvith literature correlation. Water-air system
heterogeneous flow regime, porous sparger, digtilater

The experimental extrapolation of interest is theebine, the red one was used just for
additional comparison. As it can be seen, the tairom represent in a good way the

experimental results even if the fact that the detee extrapolated do not allow us to
make strong considerations.

On the other hand, it is possible to compare dirébe results for tap water, with even

two correlations: Sotelo et al. (Sotelo et al., 4;9Behkish et al., 2006). Figure 3.9

shows the comparison. For tap water have been demesi the experiments 2 and 3
since the very low concentration of salts stiltlie column was enough not to consider
the water distilled anymore.
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Fig. 3.2 gas holdup vs. superficial gas velocity, compamisvith literature correlation.

In this case even if the more correlations arelalks, they do not fit the experimental
results, Behkish’s one is closer and the trenthida to our results.

3.3 Distilled water-air system, with single-orifice sparger,

varying Hd/D

Differently from the multi-orifice sparger, with e¢hsingle orifice the gas holdup starts
from lower values and then it always increaseshiet al., 1998)

This behavior has been verified, changing the digergas velocity too, as it has been
done in chapter 3.2.

3.3.1 Experimental setup

The single orifice sparger is a 5mm hole spargemgared to the membrane, the single
hole produces bigger bubbles, and the turbulentomad increased. A large area nearby
the sparger is predominated by clear liquid.

The experiments performed in this apparatus ardasito the others in the multi-orifice
sparger column. However the turbulence producedeases also the difficulty to
identify the dispersed liquid height. For this @asthe set of values fddd/D starts

from a higher value.
Hd/D=4, 5, 6.5 (3.4)

Moreover the gas velocity is no more limited by flosv-meter, but by the manometer,
the maximum volume flow rate achievable is &mRegarding the flow rate, there is
also to notice that small intervals of 0.5/mwere difficult to distinguish, therefore a
gap of 1 n¥h has been chosen, and the final set of volunve rifges is 2,3,4,5,6 .



62 d&giter 3

3.3.2 Results and discussion

The set of experiments performed with the singlke lsparger were not affected by the
salts since no experiments with salts were donethat column. However the
turbulences created by the single hole sparger \wagger. The set with height to
diameter ratios of 4 and 6.5 are reported in fighd®.
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Fig. 3.10Q gas holdup vs. superficial gas velocity, meamgalof experiment. (a):4D=4; (b): H4/D=6.5

In both cases (a and b) there is not a big diffie@an terms of deviation from the mean
value, a good reproducibility is therefore obtain€de mean values for all the height to
diameter ratios are taken and plot together, stsatvn in figure 3.11.
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Figure 3.11: gas holdup vs. superficial gas velocity at different Hd/D.
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In this diagram is more clear the effect of thegheito diameter ratio is more clear,
increasing it also the gas holdup increases, arfdrake multi-orifice sparger, at high
gas velocity, the effect is less pronounced. Reggrthe flow regime, homogeneous
flow regime is detected, through the error founthwe fitting of the data, in the first 3
points of the set withld/D=6.5.

As it has been done for the multi-orifice spargbe data are evaluated through the
point of view given by figure 3.12
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Fig. 3.12 Gas holdup vs. height to diameter ratio at constuperficial gas velocity (e.gg%12.5 cm/s)
for the all 2 the set of experiments (#1, #2)

For all the gas velocities, the gas holdup increasad is not clear when the value
stabilizes. Another thing that can be noticed & the gas holdup reaches a lower value
if compared to the multi-orifice sparger, even iittwthe single hole higher gas-
velocities are reached. This is due to in partictdaa dead zone near the sparger that is
most composed of pure liquid.

Regarding the correlations available in the lit@r@t three are available with the
characteristics comparable to our experimentalpsahd the result are plotted in figure
3.13
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Fig. 3.13 gas holdup vs. superficial gas velocity, compamisvith literature correlations.

Even in this case, the experimental results arecaotparable with the literature data.
The literature correlations were chosen also with ¢ondition that the experiments
were done with distilled water, therefore the deéfece stands in the design parameter.

3.4 Water-air system, varying salt concentration

The third set of experiments was done trying taadpce tap waters of different places
and to compare the results of gas holdup measutsntame with distilled water.
Furthermore, it has been investigated how diffe@ntelations proposed in the past
with tap water, can differ by varying the concetitnas of salts in the water.

3.4.1 Experimental setup

The analysis of the correlations in the literatsi®owed that many of them were

produced with tap water. The problem is that tapewa not the same everywhere. And
most important thing is that tap water is very eliént from distilled water. In tap water

are dissolved salts, metals, polluting elementgreoorganisms and many other things
that make it a very unpredictable fluid and theasoriration of these elements changes
in every place.

Trying to reproduce the tap water, only the saticemtrations were taken in account.
Salt is probable the most affective component pfueater to gas holdup since very

small concentrations of salts decrease the suttat®on. In addition to the synthetic

tap water, tap water from the university has beseduThe use of tap water has been
suggested from the first experiments with the sgtichwater, in order to allow

For the salt concentrations, tap water from Unittdtes and Italian database of
drinking water were analyzed
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(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC149%&able/tbl2/
http://www.cheacquabeviamo.it/lombardia.htm ),tas shown in table 3.1.

Table 3.1: Salt concentrations of the water tested in the plant.

Ca++ Mg++ Na+ K+
Boston 4 1 7 0
New York 21 4 18 0
Los Angeles 21 5 37 0
Milan 71 13 37 1
Gonzaga 98 53 50 2
Hamburg 34 3 8 1

The salt concentrations refer to the concentratioions. Therefore to reproduce these
concentrations the relating salts have to be uBed.the Calcium it has been used
Calcium carbonate. For Magnesium: Magnesium catieonBor Sodium: Sodium
Chloride. For Potassium finally: Potassium Chloride investigate the effect of the
salts, conductivity test were also done.

In the literature some papers describe the effesalts (Akida an Yoshida, 1973; Yoshi
et al.,, 1998) but not in particular the effect ap twater salts. Another recent paper
(Tang and Heindel, 2004) investigate the tap wpteperties but in terms of volatile
substances. It is common to accept that increabimgalt concentration increases also
the gas holdup but it is still not in depth anatyznd shallow evaluations are often
done.

3.4.2 Results and discussion

The first experiments performed were done with #néficial tap water, i.e. just
considering the salt concentrations. It has beeasipte to use one batch for all of them
since the salt concentrations were always incrgadihe results of the first two sets of
experiments are shown in figure 3.14.
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Figure 3.14 Gas holdup vs. superficial gas velocity varyihg salt concentrations.

It is easy to notice how the distilled water isaclg the smallest value of gas holdup,
even if very small amounts of salt were added. Idoee, only with distilled water was
possible to reach over 4cm/s of superficial gasaigt because in the other cases, the
liquid height would have exceeded the maximum value

The fact that, it was only possible to overpassviglecity of 4cm/s with distilled water
made clear that, even if the column was cleaneceraévtimes, the following
experiments were corrupted by the presence ofuessdlts. It is still not clear where
the salts were stuck in, since the column has blamed in several different ways. The
only thing that is not done was do dismount theuewl, since it would have stopped
also other experiments for a too long time. Thisdkof problem has also been noticed
by Sandra et. Al. (Sandra et al., 2009), usinggratéd plate as gas distributor and
water solutions of pure Sodium Chloride the probleas the crystallization of the salt
on the orifices, because of the high purity. Thiebtem was not encountered with
normal kitchen salt. In our case the salt was hlgh purity and the orifices are even
smaller. The crystallization of the salt changes® @he flow behaviour of the membrane
since some orifices can be closed.

Even if some salts were left in the column, thded#nce with the distilled water was
still very clear. To simplify the previous plot, lgnthe smallest and the biggest salt
concentration are going to be plot in the followthggram. According to figure 3.15 it
is very clear the effect of salt concentrationap tvater on the first experiment.
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Fig. 3.15 Gas holdup vs. superficial gas velocity at difier salt concentrations.

Once having performed experiment with “artificiédp water, our interest came up real
tap water. According to the data gathered in t8dle Hamburg tap water has a mid salt
concentration of salts compared to the other waberisthe result was surprising, as can
be seen in figure 3.16.
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Figure 3.16 gas holdup vs. superficial gas velocity at difer salt concentrations.
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Hamburg tap water has the highest gas holdup tthalbther water. The explanation
could stand on the fact that in the artificial tapter the salts are not completely
solubilised while in the tap water there are so ynatfier components that change the
thermodynamic equilibrium of the solution. And pabky all this additional compound
have an additional influence of the gas holdup.rétoee conductivity test were done,
and the results are presented in table 3.2.

IH

Table 3.2: Conductivity tests of the water employed in experiment 1 and 2 with “artificial” tap

water and of the Hamburg tap water experiment.

Conductivity [uS/cm]

Distilled 7,8
Boston#1 60,7
Boston#?2 71,4
New York #1 184,1
New York #2 196
Los Angeles#1 289
Los Angeles#2 301
Milan#1 322
Milan#2 338
Gonzaga#l 559
Gonzaga#2 582
Hamburg Tap 250
Artificial Hamburg 94.3

The test was performed at the ambient temperatu3&°C, and the results show also
the differences between the two set of experimientise column and make it clear that
some residue salts were still in the column siheesalts added were the same. It also
worth noticing the difference between the “artdiiCitap water and the “real” tap water,
this shows the difference of solubility. While coanimg the results in figure 3.16,
seems that even if the tap water of Hamburg hasvarlconductivity than the other salt
solution, the gas holdup is higher. For this reasomparing real tap water just on the
conductivity may be wrong, especially if comparedalt solution.

The presence of different salts influence in défégrways the conductivity, tests on the
single salts were done. Figure 3.17 shows the rdiffees on the salts employed to
create the “artificial” tap water.
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Fig. 3.17% Conductivity vs. concentration of the ion in wadelutions.

Here can be seen how the different salts behad#ferent ways, and if the solutions
are mixed, the resulting conductivity stands betw#ee maximum and the minimum
values of the mixed solutions.

The problem of using different salts, especiallypubble columns, is underlined also by
the comparison with the literature correlationskitdi el al. (Hikita et al., 1980) just
used a correlation factor, according to the iontrergyth, to characterize water-salt
solutions. The factor is the following

f(eg) = 10-exp(0.0414 1) (3.5)
Wherel is the ionic strength.

Using this factor to our experimental data the ltastsshown in figure 3.18.
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Fig. 3.18 Gas holdup vs. superficial gas velocity, using torrection factor.
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From the experimental data gathered (distilled wdteyellow points), an exponential

fitting has been done (red line), the exponenaal Equation of the red line has been
multiplied by the correlation factor, obtaining théue line. However the blue line

should fit the purple values (Gonzaga#1), sincectireection factor has been calculated
on its base.

The use of this correction factor underestimateseaperimental data. This is probably
do to the different design conditions of the bubtidumn employed for the estimation

of this factor or for the different salts and espkg the different mixture of salts used.

3.5 Conclusions

The analysis of the correlations for gas holdup aoldmetric mass transfer, but also
the way the authors proposed them in their artideew that the comprehension is still
limited. There are not rigorous methods and commstonctures of comparison. The
design of a bubble column (diameter, sparger arighhdo diameter ratio) is the
basement for any experiments but its influenceat defined yet. Moreover are not
clear the precise conditions and, if a correlattam be really independent from the
design variables, as it has been seen with thehhéq diameter ratio in water-
electrolyte solutions. The authors sometimes at@wen fully aware of these problems,
for example using tap water instead of distilledeavaSometimes, they do not precise
the set of validity of the correlation, to give @me hand more generality to their
correlation but on the other hand a lower scientifieaning, since the results are usable
only in their specific case.

Since the experiments are not well defined in theary settings, it also difficult to
comprehend the influence of the operating condstidihe different systems studied by
the different authors improve the possibility todfia rough prediction of the gas holdup
or of the volumetric mass transfer, but the phylsehind is still far from being
understood. For this reason, also the correlastiigoresent too many different forms.
The use of a specific structure instead of anotrer is often not explained, this is
another way to hide the effective validity of a retation. Even if a correlation is
rigorous, in many cases happens that it has baeedaut in very small columns, e.g.
high pressure conditions, therefore the aim ofstinéy should be specified. The authors
instead, tend to give general validity of their retmtions without warming of the
limited application. Using these correlations fandustrial applications is still
inaccurate.

Performing the validation made us aware of the tfalress of the results and if the
data collected can be really compared. For exangaleulating the gas holdup for
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different gas velocities, many authors do not dgatithe clear liquid or the dispersed
liquid height is constant, if it is the clear liguithe independence of the gas holdup
from the height of dispersed liquid should be prbveor the distilled water-air system
with single nozzle, it was still not clear if a @ant value of gas holdup was achieved
atHd/D=6.5 withD=0.288, in a region of conditions where most ofahéors consider
gas holdup independent from design variables. Maethe utilization of average gas
holdup does not assure a comparable behaviorfefeiiit operation modes.

Correlations derived from very different conditionan lead to errors, even if used
within their range of application because, différdasign and operation settings are at
the end unified in the same correlation. For exagiperiments with one type of
column, sparger and liquid-gas system, and expetsneith another column, sparger
and liquid-gas system, are at the end unified targa the range of application, but
leading in this way to an error that increases iclamably if also other parameters do
not agree with the experimental settings useddduyare the correlation.

A relevant example of all these problems is theafsmap water instead of the distilled
one. Some authors precise is tap water, some dtheot even mention which one they
use. The use of tap water can lead to differentrddghamic behaviors since the
composition can be very different from country tmuotry and also from city to city.
The gas holdup increases and even very small ctratien of salts, e.g. the residual
salt after cleaning the column, can lead to evidéfdrences.






Chapter 4

Summary and Forecasts

An extensive literature research has been perfarrttezl knowledge regarding gas
holdup and volumetric mass transfer, and the vhsalhat affect them, has been
studied.

Both gas holdup and volumetric mass transfer anetion of the design parameters;
column diameter, height of liquid and gas distrdsuffect the hydrodynamic behavior,
leading to relevant differences between differemfigurations. Also the gas-liquid
system affects the hydrodynamic by modifying thalescence behavior of the bubbles.
The research of common settings, in order to aehieonstant values for some
variables, led to important evaluations, regardmgarticular the minimum diameter,
minimum height to diameter ratio and minimum diaeneif the sparger’s holes. Other
variables, however, influence these relations, tike presence of electrolytes in the
solution, hindering the coalescence behavior, tleddynamic is modified.

From the correlations collected in the literatueeearch, a database with a discrete set
of all the possible exits has been produced. Taialthse made possible to compare the
different correlations, noticing where the resatgee and especially how they differ.
This tool enables also to visualize the range dfliegbility of a correlation and to
compare it with the others, in order to choose Wwhioorrelation can be used for
analyzing a specified system. Since the use of reelation, as suggested by the
research, is more precise in its specific cond#jaio select the right correlation is
important, and filtering the information from theatdbase can lead directly from
millions of data to the very specific ones. The abkéhe database is useful, in addition
to analyze a specific system, also for evaluathwg range of validity of a correlation
and also for analyze the sensitivity of a parame®er the other hand, comparing the
different correlations is not efficient, since thesign conditions are always different.
Finally, experiments in a bubble column have beeriopmed by changing superficial
gas velocity, gas distributor, height to diametdrorand salt composition of water. The
experiments confirmed some theoretical issues thie different dependence of the
height to diameter ratio/superficial gas velocigiieeen multi-orifice sparger and single
hole sparger. The practical investigation clarifialdo the limits of the literature
correlations since the influence of the diametet #re height to diameter ratio is very
relevant. Adding salts to the distilled water ansing tap water underlined the
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differences between the different systems. Theafigap water in the literature is not
limited to the water-air system but also to all Hystems that consider water solutions,
e.g. water-CMC for the simulation of high viscosiiguids. In many of the papers
analyzed, it was not specified whether the watedwgas distilled or not.

These facts suggested some possible future in-@eatlyses. Since the design variables
of a bubble column can be the same in the diffevapbr-liquid settings, their behavior
should be deepened, not only in precise casesnbaitnnore general way. A common
factor just for the design variables, to add to aoyrelation should be designed. To
achieve this, it should be proved if really thistéa is constant in any system. Often the
independence of gas holdup or of volumetric mamsster coefficient from the design
variables is assumed. However the correlation;mareomparable in most of the cases,
this means that also the independence from soni&bles is limited in specific cases.
A factor, able to overcome these problems, capttblsompare single holes spargers
and membrane should be developed. A first apprdas been done by Behkish
(Behkish et al., 2006) and then Gandhi and JosAn{Bi and Joshi, 2010) in another
way. These methods, however, are mainly based tangddéhered by other publications,
therefore affected by several possible problents, the use of distilled water. New
independent experiments should focus on these meltbgies.

To obtain comparable results the methodologies ldhtwe standardize, from the
measurement of gas holdup and volumetric mass férart®e a more accurate
specification of the liquid and gas properties, aficcourse the type of sparger. Too
many different spargers are used, standard measungscharacteristics should be
employed throughout the several experiments.

The use of a type of correlation instead of anothee should be specified, e.g.
exponential law. In this way the correlations wobll easily compared; to see where
and why the correlations differ could lead to acré@ased accuracy of the authors in the
articles. To do this, to be more accurate, a peeesn has to be defined. The
development of correlations for extreme conditiomg,. non-Newtonian behavior, but
developed in very small columns is useless foradesap aim. If a research wants to
have industrial purposes, it has first to satisfgle up rules, rules that still have to be
defined precisely. Therefore if the survey has gesentific purposes, the considerations
achieved should not be generalized.

The understanding of the homogeneous regime ihefarthan the heterogeneous
regime, semi-theoretical theories are available, dbhievements of the first one can
support the research in the other one. For exaropiesidering the gas holdup as sum of
small bubbles and big bubbles, since in heterogeneegime the gas holdup due to
small bubbles is supposed to be constant and doigelated to the homogeneous
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regime. Wilkinson et al. (Wilkinson et al., 1994)daKrishna and Ellenberger (Krishna
and Ellenberger, 1996) used this type of approadtile in more recent times, the
researchers tend to use a larger amount of datguantit the data in a correlation. The
semi-empirical approach of Nedeltchev and SchuriMagl¢ltchev and Schumpe, 2008)
for the homogeneous regime could be unified to ttleer approaches for the
heterogeneous regime, in order to obtain a moreiggeevaluation of the latter. The
empirical correlations can be more accurate as &mglso the physical knowledge is
understood.
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Nomenclature

Superficial gas velocity
Velocity

Column Diameter

Reactor Diameter
Sauter-mean bubble diameter
Diameter

Clear liquid height

Dispersed liquid height
Gravitational acceleration
Interfacial area

Volume specific interfacial area
Diffusive flux

Diffusion coefficient

Volume

Volumetric flux

Power input

Pressure

Vapor pressure

Mass transfer coefficient in phase i

Overall mass transfer coefficient
Mole fraction in the liquid phase
Mole fraction in the vapor phase
Molar concentration

Greek letters

&

|Jeff

Hold-up

Density

Viscosity
Effective viscosity
Surface tension

[-]

[Kg'm?]

[Pas]
[Pa]
[x]
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Subscripts

A = Component A

X = Liquid phase

y = Gas phase

[ = Interface

b = Bulk

e = Equilibrium

G = Gas

L = Liquid

t = Total

b = Bubble

H = Holes of the gas distributor
N = Nozzle

0 = Ambient conditions

trans = Transition from homogeneous to heterogeneousegi
part = Particles
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Given n vectors, with €110, each vector vi composed of i elements, witk0j the
program calculates a matrix with n columns and le tows, all the possible
combinations of the elements of thevectors.

clear all

close all

clc

in=0;

disp('This program calculate in one matrix all the possible
combinations of a set of at most 10 elements, each one composed of

choosen values')

disp(")
while in==
var=input(Insert now the number of variables, from 1 to 10
);
disp('the number choosen is )]
disp(var)
if var>0 && var<=10 && (var-fix(var)==0)
in=1;
else
disp('the insert number is not correct, ple ase check that it

is between 1 and 10 and that it is integer’)
end

end

in=0;

A=zeros(var,20);

for i=1:var
in=0;
while in==
disp('select a linear set of elements in th e variable or a
custom composition’)
disp('press L for a linear set or C for a c ustom composition

for variable")
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disp(i)
disp(")
set=input('type= ','s");
disp(")
if set(1)=="L" || set(1)=="I'
disp('insert now the minimum value of t
disp(i)
min=input('min=");
disp(" )
disp('insert now the maximum value of t
max=input('max=");
disp(" )
disp('insert now the number of values i
20

punti=input('n. of points= ");

disp(’

if min<kmax && punti<=20 && (punti-fix(
min>=0 && max>=0 && punti>0
mat=linspace(min, max, punti);
in=1;
else
disp('The insert values are not cor
numbers with min<kmax and number of points integer a
20"
end
elseif set(1)=="C' || set(1)=='c'
disp(*)
disp('insert the elements of the variab
disp(i)
disp('max 20 elements’)
disp(")
disp(insert the elements within bracke
vector es. [273 293]")
matl=input('value= ");

disp(’

if size(matl,1)==1 && size(matl,1)<=20

he variable")

he variable")

n the variable, max

punti)==0) &&

rect, please set

nd smaller than

le"

ts in a (1,x)



mat=mat1,
in=1;
punti=size(mat,2);
else
disp('The insert values are not cor
elements in a one row vector and with less or equal
end
else
disp('there is something wrong, please
determine the configuration of the variables, try a
end
end
for j=1:punti
A(i,j)=mat(j);
end

end

prename=zeros(1,20);
for i=1:var
count=1,;
ind=0;
k=0;
prename(1,1)=A(i,1);
for j=2:20
if A(i,j)~=0
count=count+1;
prename(j)= A(i,j);
else
ind=ind+1;
if ind==1
k=j;
end
end
if count==20
k=21,
end
end

eval(['var' num2str(i) ' =zeros(1,k-1);)
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for kk=1:(k-1)
eval(['var' num2str(i) '(kk)' '=prename(kk)
end

end

vl=1,
v2=1,
v3=1,
v4=1,
v5=1,
V6=1,
v7=1,
v8=1,
vo=1,
v10=1,

for vwv=1:var
eval(['v' num2str(vv) '=size(var' num2str(vv) ',2);

end

if var<10
for zz=(var+1):10
eval(['var' num2str(zz) '=zeros(1);)
end

end

A=zeros(v10*v9*v8*v7*v6*v5*v4*v3*v2*v1,10);

for I=1:v10

A(1+v1rv2*v3*v4*v5*v6*v7*v8*v9*(l-1),1)=varl0(1

for [I=1:((v1*v2*v3*v4*v5*v6*v7*v8*v9)-1)

A(1+I+v1*v2*v3*v4*y5*vE*v 7*v8*vO*(I-1),1)=

end
for i=1:v9
A(1+v1*v2*v3*v4*y5*vE*v 7*v8*(i-

1)+v1rv2*v3*v4*y5*ve*v7*v8*vO*(l-1),2)=var9(l,i);

for ii=1:((v1*v2*v3*v4*v5*v6*v7*v8)-1)

o))

)

A);

varl0(1,l);



A(L+ii+v1*v2*v3*va*y5*v6*v7*v8* (i-
1)+v1*v2*v3*v4*y5*ve*v7*v8*vO*(l-1),2)=var9(l,i);
end
for h=1:v8
A(1+v1*v2*v3*v4*y5*v6*v7*(h-1)+v1*v2*v3
1)+v1*v2*v3*v4*y5*v6*v7*v8*v9*(l-1),3)=var8(1,h);
for hh=1:((v1*v2*v3*v4*v5*v6*v7)-1)
A(1+hh+v1*v2*v3*v4*y5*vE*v7*(h-
1)+v1*v2*v3*v4*y5*vB*v7*v8*(i-1)+v1*v2*v3*v4*v5*v6*
1),3)=var8(1,h);
end
for g=1.v7
A(1+v1*v2*v3*v4*y5*v6*(g-1)+v1rv2*y
1)+v1*v2*v3*v4*v5*vE*v7*v8*(i-1)+v1*v2*v3*v4*v5*v6*
1),4)=var7(1,9);
for gg=1:((v1*v2*v3*v4*v5*v6)-1)
A(1+gg+v1*v2*v3*v4*v5*v6*(g-
1)+v1*v2*v3*v4*v5*v6*v7*(h-1)+v1*v2*v3*v4*y5*v6*v7*
1)+v1*v2*v3*v4*y5*ve*v7*v8*v9*(l-1),4)=var7(1,9);
end
for f =1:v6
A(1+v1*v2*y3*v4*y5*(f-1)+v1*v2*
1)+v1*v2*v3*v4*v5*v6*v7*(h-1)+v1*v2*v3*v4*y5*v6*v7*
1)+v1*v2*v3*v4*v5*v6*v7*v8*v9*(l-1),5)=var6(1,f);
for ff=1:((v1*v2*v3*v4*v5)-1)
A(1+Hf+v1*v2*v3*y4*v5*(f-
1)+v1rv2*v3*v4*y5*v6*(g-1)+v1*v2*v3*v4*v5*v6*v7*(h-
1)+v1*v2*v3*v4*y5*vB*v7*v8*(i-1)+v1*v2*v3*v4*v5*v6*
1),5)=var6(1,f);
end
for e=1:v5
A(1+v1*v2*v3*v4*(e-1)+v1*v2
1)+v1*v2*v3*v4*y5*v6*(g-1)+v1*v2*v3*v4*v5*v6*v7*(h-
1)+v1*v2*v3*v4*y5*v6*v7*v8*(i-1)+v1*v2*v3*v4*v5*v6*
1),6)=var5(1,e);
for ee=1:((vl*v2*v3*v4)-1)
A(1l+ee+v1*v2*v3*v4*(e-

1)+v1rv2*v3*v4*y5*(f-1)+v1*v2*v3*v4*v5*v6*(g-
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*v4*v5*VB*V7*V8*(i-

V7*v8*vO*(l-

3*va*y5*v6*v7*(h-
V7*v8*vO*(l-

v8*(i-

v3*v4*v5*v6*(g-
v8*(i-

V7*v8*vO*(l-

*y3*v4*y5*(f-

V7*v8*vO*(l-
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1)+v1*v2*v3*v4*v5*v6*v7*(h-1)+v1*v2*v3*v4*v5*v6*v 7*
1)+v1*v2*v3*v4*y5*v6*v7*v8*v9*(l-1),6)=var5(1,e);
end
for d =1:v4
A(1+v1*v2*v3*(d-1)+v1l*v
1)+v1rv2*v3*v4*y5*(f-1)+v1*v2*v3*v4*v5*v6*(g-
1)+v1*v2*v3*v4*v5*v6*v7*(h-1)+v1*v2*v3*v4*y5*v6*v7*
1)+v1*v2*v3*v4*y5*ve*v7*v8*v9*(l-1),7)=var4(1,d);
for dd=1:((v1*v2*v3)-1)
A(1+dd+v1*v2*v3*(d-
1)+v1rv2*v3*v4*y5*(f-1)+v1*v2*v3*v4*v5*v6*(g-
1)+v1*v2*v3*v4*v5*v6*v7*(h-1)+v1*v2*v3*v4*y5*v6*v7*
1)+v1*v2*v3*v4*y5*ve*v7*v8*v9*(l-1),7)=var4(1,d);
end
for c=1:v3
A(1+v1*v2*(c-1)+v1*
1)+v1rv2*v3*v4*(e-1)+v1*v2*v3*v4*y5*(f-1)+v1*v2*v3*
1)+v1*v2*v3*v4*v5*v6*v7*(h-1)+v1*v2*v3*v4*y5*v6*v 7*
1)+v1*v2*v3*v4*v5*v6*v7*v8*v9*(l-1),8)=var3(1,c);
for cc=1:((v1*v2)-1
A(1+ccHvl*v2*(c
1)+v1*v2*v3*v4*(e-1)+v1*v2*v3*v4*v5*(f-1)+v1*v2*v3*
1)+v1*v2*v3*v4*v5*v6*v7*(h-1)+v1*v2*v3*v4*y5*v6*v7*
1)+v1*v2*v3*v4*v5*v6*v7*v8*v9*(l-1),8)=var3(1,c);
end
for b=1:v2
A(((b-1)*v1+1)+
1)+v1*v2*v3*(d-1)+v1*v2*v3*v4*(e-1)+v1*v2*v3*v4*v5*
1)+v1*v2*v3*v4*y5*v6*(g-1)+v1*v2*v3*v4*v5*v6*v7*(h-
1)+v1*v2*v3*v4*y5*vE*v7*v8*(i-1)+v1*v2*v3*v4*v5*v6*
1),9)=var2(1,b);
for bb=1:(v1-1)

A(1+bb+v1*(
1)+v1*v2*v3*(d-1)+v1*v2*v3*v4*(e-1)+v1*v2*v3*v4*v5*
1)+v1rv2*v3*v4*y5*v6*(g-1)+v1*v2*v3*v4*v5*v6*v7*(h-
1)+v1*v2*v3*v4*y5*vB*v7*v8*(i-1)+v1*v2*v3*v4*v5*v6*
1),9)=var2(1,b);

end

v8*(i-

2*v3*v4*(e-

v8*(i-

1)+v1*v2*v3*v4*(e-

v8*(i-

v2*v3*(d-
vA*y5*y6*(g-
v8*(i-

)
-1)+v1*v2*v3*(d-

vA4*v5*v6*(g-
v8*(i-

v1*v2*(c-

(f-

V7*v8*vO*(l-

b-1)+v1*v2*(c-

(f-

V7*v8*vO*(l-



for a=1:vl
A(a+vl*(b-1

1)+v1*v2*v3*(d-1)+v1*v2*v3*v4*(e-1)+v1*v2*v3*v4*v5*
1)+v1rv2*v3*v4*y5*v6*(g-1)+v1*v2*v3*v4*v5*ve*v7*(h-
1)+v1*v2*v3*v4*y5*ve*v7*v8*(i-1)+v1*v2*v3*v4*v5*v6*
1),10)=varl(1,a);

end

end
end
end
end
end
end
end
end

end

Al=zeros(size(A,1),10);
for j=1:10
AL(L)=AC L),

end

A2=zeros(size(A,1),var);
for i=1:var
A2(:,)=AL(,D);

end

filename = input('Enter name of file: ', 's");

xlswrite(filename, A2)

)+v1*v2*(c-

(f-

V7*v8*vO*(l-
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