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ABSTRACT

The study of oxygen absorption in airlift reactors has encompassed
various reactor types and design configurations as well as a wide range of
operational parameters and fluid compositions.  Recent investigations have
concentrated on airlift reactor types with liquid recycle. Many workers
report the volumetric mass transfer coefficient, kja for oxygen in terms of
superficial gas velocity. Although the works are for absorption in reactors of
similar design, reports from independent sources are seemingly inconsistent.
In an attempt to unify in one correlation mass transfer from different
systems, one report in particular relates kja to operational parameters and
gassing rates on dimensionless coordinates for two reactor types.

Three gassing rates each for three liquid compositions -- distilled water,
five weight percent sucrose, and wild carrot media (pH = 4.5) -- were studied to
determine the volumetric mass transfer coefficient as well as the specific
interfacial area for oxygen in absorption and desorption operations of a single
concentric tube airlift reactor (internal diameter = 14 cm) with sparging in
the central draft tube (internal diameter = 6.3 c¢cm). Preliminary experiments
in a bubble column were performed to determine how bubble diameter related
to orifice size, liquid composition and gassing rate. Air or nitrogen was
sparged at relatively constant bubble size through one of three perforated
plate spargers into 2300 milliliters of liquid at volumetric gas flow rates
ranging up to 26.6 mls/sec.

The average liquid-phase mass transfer coefficient, kja, the specific
interfacial area, a, and the liquid phase mass transfer coefficient, k; were
analysed relative to gassing rate and operational parameters. The results are
compared to data and correlations produced by reporters working with
reactors of similar design. The data correlated to the gassing rate alone
produced results similar to other reports, but indicate that more operational
parameters should be incorporated into the correlations. The data from the
present work were also compared to those reported on dimensionless
coordinates. The present work produced smaller dimensionless mass transfer

data than the reported values such that a correlation on the data extrapolated

below but parallel to the reported correlation. The disparities among data




produced in the present work and data to which they were compared have
been attributed to the differences in sparging configuration and bubble size

and to the lower gas phase turbulence generated in the present work.
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1 INTRODUCTION

"Airlift" generally refers to the principle on which two- or three-phase
bioreactors or fermentors of this type are constructed. Gas dispersed in the
liquid phase rises and tends to lift and suspend the biomass that is maintained
in the liquid phase. The airlift principle has received a lot of attention ever
since its first application in the Scholler-IG vat more than 50 years ago
(Onken, Weiland, 1983). A large number of fermentation processes of interest
are aerobic; that is, the reactor must supply oxygen to the suspended biomass
to maintain it. The problem is that it is difficult to fulfill the oxygen demand
in a production size fermentor due to the low solubility of oxygen in the
medium (Goldberg, 1985). As the biomass accumulates, the demand for oxygen
usually increases until the oxygen availability becomes growth limiting (Aiba,
Humphrey, Millis; 1973). Thus, it becomes increasingly important to supply
oxygen to all parts of the airlift reactor.

The conventional method for oxygenating an airlift reactor is with a
continuous flow stirred tank bioreactor (CSTR). The CSTR design has
dominated the fermentation industry since its successful application to
submerged culture systems during the antibiotic era (Margaritis, Wallace
1984). The CSTR uses a mechanical agitator to force liquid convection
throughout the reactor vessel. Also, the agitator (e. g. an impeller)
contributes to the redistribution of the dispersed gas bubbles.

The CSTR is not without its disadvantages. The controlled cultivation of
biomass requires aseptic fermentation. In order to maintain these conditions
in a CSTR, special seals are required around the rotating shaft (Margaritis,
Sheppard, 1981). It has been argued that the CSTR is not cost effective; power
required to run a CSTR is consumed by the mechanical agitator. More
importantly, plant cells which are many times larger than bacterial cells are
much more sensitive to the shearing rates produced by mechanical agitation
(Townsley, Webster, 1983).

The recent development of several new cell growth technologies has
led to the increased demand for a design of airlift reactors that do not utilize
mechanical agitation. For example, the explosive growth of recombinant DNA

technologies (Margaritis and Wallace, 1984) and the development of new



methods for producing single-cell protein from unconventional carbon

sources (Onken and Weiland, 1983) have led to further investigations of bubble
columns and other airlift reactor designs. Some airlift reactor designs do not
have mechanical agitation and use only the power input from the dispersed
gas to mix the system. Reactors of this type are more cost efficient than the
CSTR because the only power input is the pneumatic power. There are also no
special design considerations for a rotating shaft.

The bubble column is a common design of nonmechanically agitated
airlift reactors, but the high gassing rates required for aerobic fermentation
can produce plug flow of the liquid phase. However, it has been shown that
the addition of baffles to the bubble column will stabilize and control the flow
of liquid in the airlift reactor (De Nevers, 1968). The production of stable flow
patterns in the airlift reactor reduces the oxygen mass transfer rate for a
given gassing rate (Bello, Robinson and Moo-Young, 1985), but allows gassing
rates to exceed those at which plug flow would occur in a bubble column
(Sheppard, 1978). The result is greater mass transfer potential in airlift
reactors with liquid recycle. Thus, with liquid recycle produced by the
addition of baffles to bubble columns, greater mass transfer rates can be
achieved.

Several designs of liquid-recycle airlift reactors have been developed,
the external loop reactor, the concentric-tube reactor and the split-cylinder
airlift reactor, to name a few. The production of single-cell protein and the
biological treatment of wastewater are two examples of industry's utilization of
the airlift principle (Kanazawa; 1975 and Hines; 1975). However, airlift
reactors with liquid recycle are generally not used in industry on a large scale
yet because of the lack of know-how in their design and construction. Most
airlift reactor designs still operate only at the laboratory scale.

The oxygen volumetric mass transfer coefficient, kja, indicates how
well a gas-liquid system is able to absorb oxygen into the liquid. The ability
(k;) of the liquid phase to transfer oxygen across the specific gas-liquid
surface area (a) is reported as the product of the two (kja). The goal of many
airlift investigations is to quantify kja so that the resulting information can
be used to predict how well an airlift system will be able to maintain its

biomass. Extensive studies in specific areas of airlift operations have led to




numerous correlations pairing kja with reactor hydrodynamics, distributor

design or a limited number of fluid physical properties. Some investigators
attempt to enhance the abilities of the liquid phase while others try to
increase the surface area (or interfacial area) through which the oxygen
must pass. Independent sources tend to report data that seem to be
inconsistent. The variables against which kja has been correlated do not
explain the differences among data from similar systems.

One report (Bello, Robinson and Moo-Young, 1985) has summarized
some important operational parameters for three prominent reactor designs.
However, the results of the report do not indicate any considerations given to
bubble size and changing interfacial area. Also, while the report considered
liquid composition as a factor influencing mass transfer, only two media
compositions were studied. Further investigations using more varied liquid
compositions were recommended.

A goal of the present investigation was to perform airlift operations in
one type of reactor studied by Bello et al and to determine how the mass
transfer coefficient, kja, for oxygen is effected by changes in gassing rate. In
addition, the interfacial area would be controlled in an attempt to show
whether k; or a was the major contributing factor producing the changes in
the kja product. Also, three different liquid compositions -- ranging from
distilled water to a full plant cell culture media -- would be studied to indicate
to what extent mass transfer is effected by liquid composition. The reactor
type studied was chosen because it was the most readily available design for
the range of operational parameters of interest. The reactor type chosen for
the present work was of the single concentric tube design and had gas sparged

in the central draft tube.



2 BACKGROUND AND SIGNIFICANCE

Airlift operations lift and suspend biomass, but more importantly supply
the aerobic biomass with life-sustaining oxygen. The first application of the
airlift principle in fermentation is reported to date back more than 50 years
(Onken and Weiland, 1983). Other examples of airlift applications on the
industrial scale include the production of fodder yeast from sulphite cellulose
waste liquor using reactors with and without liquid flow baffles. Modern day
technology has developed methods for producing single cell protein from
unconventional carbon sources (Onken and Weiland, 1983) using airlift
reactors. The biochemical industry is thus becoming increasingly interested

in reactors of the airlift type.

2.1 Bubble Column:

Bubble columns utilize the airlift principle and can be considered airlift
reactors. In fact, mass transfer in bubble columns has been studied quite
thoroughly.  Reports correlating bubble column mass transfer coefficients
and mixing characteristics to liquid physicochemical properties, gas holdup
and gassing rates are numerous. Schugerl, Lucke and Oels (1977) investigated
the effects of individual liquid constituents on kja in two connected bubble
columns. Both bubble columns were about 4 m high and had diameters of 14
cm. The experiments performed in the columns were continuous liquid flow
operations that absorbed oxygen in one column and desorbed oxygen in the
other. A relatively wide assortment of alcohol and sugar solutions were studied
at various operating parameters and designs. Some of the researchers'
relevant conclusions were that in bubble columns with perforated plate
spargers (1) 2% glucose had greater mass transfer capabilities than the
alcohol/salt solutions studied; (2) both the glucose solutions and the
alcohol/salt solutions produced larger kja values than pure water systems.

Also, the increase in kja due to added liquid constituents was due more to a

change in interfacial area, a, than an increase in the liquid phase mass

transfer coefficient, kj. A correlation was reported relating kja to superficial

gas velocity, ug and mean bubble diameter, Dy




kja = 0.0023 (%%)1-53 2.1

where superficial fluid velocity is defined by the volumetric fluid flow rate
divided by the area through which the fluid passes.

Another group of researchers, Akita and Yoshida (1973) studied a 15.2
cm ID bubble column that was 400 c¢cm in height to determine the effects that
liquid physical properties had on gas holdup and kja in absorption in aqueous

solutions. The resulting correlation was reported in dimensionless form:

ShaD =0.6 Sc0-5 Bo0.62 Ga0-31 gl.1 (2.2)
Sh= k/D/D

Sc=  W/(p1DD)

Bo= gD2py/y

Ga= gD3u/p)

Akita and Yoshida (1974) later studied bubble size, interfacial area and kjin

the same systems to develop empirical correlations for kj :

ki= 0.5 g5/8 DJU2 p38 y-3/8 Dyl/2 (2.3)
Yg_ ggg7 |[——]-1/8 _w? 1/12 ¢ 10/9 (2.4)
gD~ "7 (gD2py gD3p;2 '

where Dy is the surface-averaged bubble diameter. Equations 2.2 and 2.3

correlate liquid physical properties, bubble diameter, column diameter and
superficial gas velocity to kja and k;, but are limited to bubble column

operations for the given column design. These works are examples of

numerous reports thoroughly investigating mass transfer in bubble columns.

2.2 Significant Reactor Designs with Controlled Liquid Flow:

More promising airlift reactor designs have been developed that



enhance oxygen transfer to the liquid phase. The airlift fermentor designed

with liquid recycle has been the subject of many studies that have revealed its
advantages over the bubble column. Better mixing, better heat transfer and

higher obtainable rates of mass transfer are among the more prevalent of the
benefits of inducing liquid recycle in airlift operations.

Several internal and external loop airlift reactor designs have been
developed that produce controlled liquid flow and increase the achievable
mass transfer rates over bubble columns by producing controlled liquid flow.
In designs of this type, some examples of which are shown in Figure 2.1, the
energy of the distributed gas phase is used to force the recycle of the liquid
phase. The internal loop or draft tube design uses one or more concentric
tubes. Gas is sparged through either the annular space between the tubes or
through the center of the innermost tube. For two concentric tubes, the gas is
usually dispersed into the area between the center tube and the next larger
concentric tube. External loop designs consist of two columns attached at the
base and top. Sparging occurs in one of the two columns. Airlift reactors
designed with liquid recycle control flow rates by forcing the liquid up
through the gassed portion of the reactor (riser) and down through the
ungassed portion (downcomer). The types of sparger designs studied include
injector nozzles, ejector nozzles, and concentric ring configurations; but
common methods of dispersing the gas are with one or more single orifice

tubes, a perforated plate or a porous plate.

2.3 Literature Review:

The airlift reactor designs with recycle are reported to have several
advantages over the conventional bubble column designs. For example Onken
and Weiland (1980) studied an airlift fermentor with an external loop design.
A thorough investigation reported gas and liquid velocities, gas holdup, liquid
mixing and oxygen transfer coefficients in a 10 m high vessel. For similar gas
velocities, Onken and Weiland reported lower volumetric mass transfer
coefficients in airlift designs with liquid recycle than in bubble columns.
However, they also concluded that airlift reactors can be operated at gas
velocities at least two or three times greater than bubble columns. Therefore,

it is possible to supply greater amounts of oxygen to the liquid phase even for
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Figure 2.1: Common airlift reactor designs: (a) bubble column, (b) single
concentric draft tube (sparging in the central draft tube), (c) single
concentric draft tube (sparging in the annulus), (d) double concentric draft
tube and (e) external loop.



very tall reactors. In addition, Onken and Weiland concluded that higher
liquid velocities achievable in the recycle designs produce greater heat
transfer capabilities than those possible in bubble columns.

Sheppard (1978) studied mass transfer and mixing times in concentric
draft tube designs of airlift reactors. Gas holdup, mass transfer coefficients
and mixing times were measured for two sizes of orifice tubes (DIA = 1.27 mm
and DIA = 3.81 mm) in a reactor with four draft tube configurations: no draft
tubes (bubble column); single draft tube (sparging in the central tube); single
draft tube (sparging in the annulus); and double draft tube (see Figure 2.1).
Two advantages of draft tube designs in airlift reactors reported by Sheppard
(1978) are: (1) draft tubes in airlift reactors stabilize the liquid circulation
patterns and (2) they allow gas rates to exceed the point at which plug flow
would normally occur in bubble columns. Using a reactor with a working
height of 32 cm, Sheppard concluded that operations using the smaller size
orifice increased gas holdup and that the mass transfer coefficients increased
correspondingly by 10 to 20 percent. Also, above a superficial gas velocity ug
=1.6 cm/sec the kja values in the bubble column were lower than the reactors
with one or two draft tubes. Sheppard's correlation for kja in the reactors
with the 1.27 mm DIA orifice tube spargers depended omly on superficial gas

velocity
kja= 333 ug? (2.4)

where kja is in hr'! and ug is in cm/s. Use of the smaller diameter orifices also
prevented a plateauing effect observed in the mass transfer - gassing rate
relation measured in the reactors with 3.81 mm DIA orifice tube spargers.
Sheppard also found that sparger design affected mass transfer. One of
the conclusions reached by Schugerl et al in their work with bubble columns
was that porous plate distributors produce higher kja values than perforated
plates for pure water as well as culture media. For a given reactor type,
indications are that changes in reactor design and dimensions will affect mass
transfer characteristics. = Numerous researchers have studied various reactor

types and designs using different fluid combinations and sparging rates to




determine volumetric mass transfer coefficients under specific conditions. A
summary of some of these works is offered in Figure 2.2 and Table 2.1 (Bello,
Robinson and Moo-Young, 1985). With regard to aeration rates, all of these
workers recorded a direct relationship between mass transfer and superficial
gas velocity.

Although this method of reporting is common (kja versus pneumatic
power input or superficial gas velocity) it is evident that it is not reliable for
quantitative comparison of kja values obtained from independent sources.
There are inconsistencies among the reported values, even for those of similar
reactor type and design. For example, curve 11 (Kastanek; 1976) represents a
bubble column with a 0.10 m diameter, a working height between 0.6 m and 1.2
m, and air dispersed in water by a perforated plate. Curve 12 (Yoshida and
Akita; 1965) represents a bubble column with a 0.15 m diameter, a working
height between 0.9 and 1.82 m, and air dispersed in water by a single orifice.
The equipment from which curves 11 and 12 were derived are very similar,
but the curves themselves differ greatly. At a gassing power of 0.08 kW/m3
there is a 60 percent difference in the mass transfer coefficients; at 0.3 kW/m3
there is a 100 percent difference. The operating or design variables to which

these differences are due are not identifiable from the data as presented.
2.4 A More General Approach:

Bello, Robinson and Moo-Young (1985) have included additional
operating parameters in relating mass transfer characteristics to reactor type
and design to bring the seemingly conflicting reports together. Cross
sectional areas of both the riser (A;) and the downcomer (A4), as well as the
superficial liquid velocity, uj, are the additional operating parameters of
interest. Bello et al worked with three of the previously mentioned airlift
reactor types: bubble column, single concentric tube and external loop.
Experiments were performed in batch airlift operations with two different
liquid compositions: tap water and a coalescence inhibited solution of 0.15 M
NaCl. Air or nitrogen was sparged through a perforated plate with 1.02 mm
DIA holes designed on a triangular pitch (for the external loop design) or

through a ring sparger, containing fifteen 1.02 mm DIA holes (for the




o~ 10:
e -
< -
Fl\m’ -
5—
h o
=)
“_j .
X
CONTACTOR
Y = TYPE
I o A BC
: — CT
n sessesas SC+RS
0.5 EL
0.3 {111l 1 { 1t 1111t | L 1 1 1111
0.05 0.1 0.5 1.0 5.0 10

PV T (kwmd)
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Table 2.1: Summary of Significant Airlift Reactor Investigations?

Typebof Aq DorDy Hg(Hop) Type of
No. Ref. Contactor A, (m) (m) Liquid Sparger
1 El-Gabbani CT 0.29 0.095 1.65 Water Ring
(1.47)
2 Fukuda Cr 0.38 - 1.67 0.20 1.82 Na2S03 Perforated
(1.00) Solution plate
3 Gasner RS 1.0  0.20x0.30 1.22 Na2SO3 U-shaped
(0.71) Solution
4 Botton et al CT 1.14 0.19 1.30 Na2SO3 Concentric
Solution ring
5 Hatch cr 1.12  0.30 2.8¢ Ferm'n Ring
(2.6) Medium
6 Lin et al EL 0.11 0.15 3.0 Ferm'n Perforated
(2.87) Medium plate
7 Orazem and SC 1.0 0.15 1.22 Na3SO3 Single hole
Erickson (1.07) Solution
SC 1.0 0.15 0.66 NazSO3  Single hole
(two (0.51) Solution
stage) ecach stage
8 Sinclair cr 3.0 0.15 0.23 Water Concentric
and Ryder (0.18) ring
9 Schugerl BC -- 0.14 4 Water Perforated
et al plate
10 Deckwer BC -- 0.20 7.23 Water Cross of
et al nozzles
BC -- 0.15 44 Water Porous
plate
11 Kastanek BC -- 0.10 0.6-1.2 Water Perforated
plate
12 Yoshida BC -- 0.15 0.9-1.82 Water Single
and Akita hole
13 Onken and EL 0.25 0.10 8.5 Water Porous
Weiland (8.5) plate

aFrom Bello, Robinson, Moo-Young (1985)

bBC, bubble column; EL, external-loop airlift contactor; CT, concentric-tube
airlift contactor; RS, rectangular split airlift contactor; SC, split cylindrical
airlift contactor.

CClear liquid height.



concentric tube design). In the concentric tube design the annulus was the
riser. A range of downcomer-to-riser cross sectional area ratios was studied:
0.11 < Ag/Ar < 0.69 for the external loop reactors and 0.13 < Ag4/Ar< 0.56
for the concentric tube designs.

Supporting previous reports, Bello et al found a direct relationship
between kja and gassing rate. In addition, they concluded that liquid
circulation plays an important part in oxygen transfer to the liquid phase. For
specified liquid-phase physicochemical properties, column configuration,
sparger type and gassing rate superficial liquid velocity, uy is established by
Ad4/Ar. Bello et al also incorporated the total dispersion height in a

dimensionless correlation:

St= Ci(ugfup €2 (1 + Ag/A,) €3 (2.5)
(kja)r Hq
h = — :
where St uD: (2.6)
and (kja)r=kja in the riser

Equations 2.5 and 2.6 were found to best fit the data when Cj, C2 and C3 were
1.99, 0.87 and -1, respectively for water and 2.57, 0.92 and -1, respectively for
0.15 kmol/m3 NaCl. Both sets of the data were represented by an equation with
a correlation coefficient of 0.97 and constants C1, C2 and C3 of 2.28, 0.90 and -1,
respectively. The data reported by Bello, Robinson and Moo-Young are shown
graphically in Figure 2.3. This correlation yields a more general
understanding of the interactions of the parameters that govern airlift
operations, although it does not include liquid properties explicitly such as
viscosity and surface tension. However, Bello et al recommend further
investigations into the effects of liquid physicochemical properties.

Liquid circulation rates (e. g. u]) are not as easily measured as gassing
rates and reactor dimensions (e.g. wug, Ad/Ar). Recognition of the liquid
superficial velocity as a relevant factor in mass transfer in airlift reactors
with liquid recycle has spurred studies into the empirical measurement as well
as the theoretical prediction of liquid circulation rates in these reactors. Jones

(1985) has developed a theoretical model for predicting liquid
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circulation velocities in concentric tube airlift reactors. The predicted values
were compared with data generated in a single concentric tube airlift reactor
with sparging in the central draft tube. The 60 liter reactor had a 25 cm
diameter and was operated with five different draft tubes that had diameters of
44, 7, 9.6, 12.1 and 14.6 cm. Air was sparged through a perforated plate having
twenty-five 2.4 mm DIA holes on a triangular pitch.

Equation 2.7 is the result of Jones' derivation.

a3vad + apvaZ + ajva+ ag=0 2.7)
Pj piHg H
where ag= -2 |loge|l +
0 Pl( ge( P ))(1 + az)
and a;i= 0
a2= Vsb

a3= o= Ad/Ar

2y gD
Vb = =, 80

P1Dp

The liquid velocity in the central draft tube (riser), vy can be calculated from a

mass balance on the liquid in the vessel. Equating the absolute mass flow rate
up the riser (vdA4) with the absolute mass flow rate down the annulus (vaAry)

results in
VrAr =VaAd (2.8)
or vi=  Qvy (2.9).

The absolute liquid velocity in the riser, vy, is related to the superficial liquid
velocity, uj, by the liquid fraction in the riser: 1 - €, where € is the gas holdup.

In other words,

uy= (1 -8)vy (2.10).
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Thus, Jones' (1985) derivation reports the superficial liquid velocity, uj can be
calculated from the absolute liquid velocity in the annulus, the riser and

downcomer cross sectional areas, and the gas holdup in the draft tube:

(1-€e)Agv
u = A—ra (2.11).

Jones concluded that for an air-water system liquid circulation velocity is
dependent on the inlet gas flow rate and the draft-tube diameter. Actual uj
values were measured during airlift operations and compared to those
predicted by the model. Jones concluded that the model developed was
satisfactory for the small draft-tubes (DIA < 12.1 cm) at low gas flow rates (q
< 400 ml/s), but for higher gas flow rates and larger draft tube diameters the
model predicted increasingly excessive liquid circulation.

Bello's empirical correlation -- with the addition of the liquid
circulation velocity as a dependent variable -- seems to explain the behavior
of airlift reactor mass transfer in terms of operational parameters. Additional
similar studies into the effects of liquid physicochemical properties, as
recommended by Bello et al, would apparently complete the mass transfer
picture. There are, however, other design considerations that affect mass
transfer (e. g., sparger design). Specific interfacial area (a) is highly
dependent on bubble size. Bello et al did not explain how bubble size and
specific interfacial area were effected by changing operational parameters in
their work. A method of estimating bubble diameter reported by Treybal
(1980) suggests that there may have been a considerable change in the size of
the bubbles produced in Bello's work. Using Treybal's (1980) method it is
possible to estimate that Bello's bubble size changed by about a factor of two in
his experimental flow rate range (Figure 2.4), but the study does not indicate
whether considerations have been given to the effects of changing bubble
size. For the airlift reactor studies performed by Bello et al it is not known to
what extent each of k;and aeffect kja.
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as predicted by Treybal (1980). Calculated bubble diameters are based on an

air-water system and an orifice diameter of 1.0 cm.
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3 RESEARCH OBJECTIVES

The main purpose of the present work is to measure transient state
oxygen mass transfer characteristics in batch operations of a laboratory scale
single concentric tube airlift type reactor containing air dispersed in aqueous
solutions by a perforated plate. It was intended that volumetric mass transfer
coefficients (kja) for oxygen absorption and desorption be compared to the
system's operating parameters and liquid phase physicochemical properties.
The study was also designed to determine the extent to which the liquid phase
oxygen mass transfer coefficient, k; and also the interfacial area, a, change
with changes in media composition.

Values for kja and a were also determined from airlift operations at
selected gas flow rates and fixed liquid compositions. Changes in gas flow rate
were produced by changing the number of orifices in the sparger plate while
holding constant the pressure gradient across the plate, thereby maintaining
constant bubble size. Three gas flow rates were studied for each change in
liquid phase composition. The three liquid compositions studied were pure
water, five weight percent sugar in water and a complete plant cell growth
medium containing sugars, salts and growth hormones.

For a given gassing rate and liquid phase composition kja values were
calculated from transient oxygen'probc response data. The values for a were
calculated from photographic measurements of gas holdup and stroboscopic
bubble diameter measurements; kja values were extracted from those obtained
for kja and a. In such ways were the mass transfer characteristics of the
airlift reactor measured with the physical and chemical variables of the
system for comparisons among themselves and to data produced by previous

workers.
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4 THEORY

4.1 Measuring the Volumetric Mass Transfer Coefficient for Oxygen:

4.1.1 The film theory:

In the study of aerobic fermentation of plant or mammalian cells one of
the factors essential to successful production is the supply of oxygen to the
living cell. In airlift fermentors without mechanical agitation -- such as
bubble columns and concentric tube reactors -- the source that stirs the
continuous liquid phase is the same source that supplies the oxygen to the
biomass: the dispersed gas phase. The Film Theory models the transfer of
oxygen from the bulk gas phase to the biological cell in the following manner:
oxygen must diffuse from the bulk of the dispersed gas phase bubble through
the theoretical gas film, across the gas-liquid interface, through the
theoretical liquid film and finally through the bulk liquid to the biological
cell. Through each phase of diffusion the oxygen molecule meets resistance.
The driving force for mass transfer is the concentration gradient.

The equation from which an expression for the coefficient k; is derived
relates the steady state flux, N, of material a to the concentration gradient, AC,
in the direction of mass transfer. The proportionality of the two variables is

the mass transfer coefficient, k, such that
Na= -k AC 4.1)

The resistance to the mass transfer of a is proportional to the inverse of k, 1/k.
In steady state oxygen absorption the flux of oxygen, Np,, to the gas-

liquid interface equals the oxygen flux through the liquid film.
Mathematically (Bailey and Ollis, 1986)

No,= ki (cy- cpy) liquid side 4.2)
= kg(cg- Cgi) 8as side

The interfacial concentrations, cg; and cj;, in equations 4.2 are not measurable

by available technologies. A means of solving this problem is by using the

equilibrium proportionality between liquid phase concentration and gas
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phase concentration of pure substances, e. g. Henry's law
Cgi= M C|j 4.3)

where m is Henry's constant. It has been shown experimentally that
interfacial diffusional resistance is nearly always zero in absorption and
desorption operations (McCabe and Smith, p. 719, 1976). Therefore, Henry's
law still applies for the transient values of gas and liquid phase interfacial
concentrations, cg* and c/*, respectively

Cg*= m c* 4.4)

If the overall mass transfer coefficient is K; then the oxygen flux at steady
state is (Bailey and Ollis, p. 464, 1986)

No,= Ki(ep* - ¢p) 4.5).

Mathematical manipulations of equations 4.2 through 4.5 lead to the following

relation:

4] FI+E§ (4.6).
Materials that are sparingly soluble have Henry's constant values much
greater than unity. The solubility of oxygen in aqueous solutions at standard
temperature and pressure is on the order of only 10 parts per million (ppm).
Also, kg is typically considerably larger than k;(Bailey and Ollis, p. 464, 1986).
Thus,

1 1
rI>> — g_ 4.7)
g 1 _ 1
an K-I- = rl (48)

In other words, most of the resistance to mass transfer is in the liquid phase
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and K; can be approximated with k;. Equation 4.5 then becomes
Noy =k (c/* - ¢) (4.9)-

4.1.2 Methods of measuring dissolved oxygen concentration:

Experimental measurement of mass transfer coefficients is simplified if
the oxygen transfer rate per unit volume of reactor, dcj/dt , is considered
instead of the flux per unit interfacial area, No,. Determination of kja is the
ultimate goal; this usually requires some method of measuring transient state
liquid oxygen concentration, c;. The sulphite oxidation method has been used
extensively in airlift studies to measure liquid phase oxygen concentration.
This method depends on the oxidation of sodium sulfite to sulfate in the
presence of catalytic metal ions such as Co2+ (Bailey and Ollis, p. 470, 1986):

S032 + %02 - 5042 (4.10).

However, the kinetics of the rate of oxidation of sulfite solutions to sulfate are
complex (Bailey and Ollis, p. 470, 1986). The method of experimental
measurement requires extracting and analyzing samples of the reactor liquid
phase during absorption or desorption.

Another method of measuring liquid phase oxygen concentration has
been developed and packaged in a "dissolved oxygen probe.” The dissolved
oxygen probe utilizes oxygen oxidation and reduction and requires an
electrical current. The chemical reaction on which this method is based is
(Leeds and Northrup, 1981)

O2 +4Ht + 4e- & 2HH0 (4.11).

A cathode reduces the oxygen (forward reaction) while an anode
simultaneously oxidizes the oxygen (reverse reaction). A third electrode
establishes an electrochemical potential that is sustained by a power source.
The three electrodes are retained in a gas permeable membrane that allows the

apparatus to be submerged in the liquid to be analyzed. Diffusion and
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chemical reaction occurs until the oxygen concentrations on both sides of the
membrane are equal and balanced. There is no depletion of the liquid phase
oxygen concentration since there is no net reaction. The current necessary to
sustain this equilibrium can then be converted to a electrical display. The
dissolved oxygen probe simplifies the measurement of liquid phase oxygen
concentration in that it transmits a continuous signal that may be connected
to a recording device even while it is submerged in the liquid phase. Thus, the
liquid phase oxygen concentration may be measured quickly and accurately.
Theoretically, as conditions approach those of equilibrium the oxygen
concentration in the bulk liquid approaches that at the liquid interface.
Consequently, for oxygen absorption with unchanging gas phase oxygen
concentration: as elapsed time grows large, a value for c;* may be estimated

with the dissolved oxygen probe by measuring the value approached by c;.

4.1.3 Volumetric mass transfer coefficient, kja:

It is possible to show that kja values may be extracted from dissolved
oxygen concentration vs. time data. A steady state material balance on the
oxygen in the liquid phase produces an expression for oxygen absorption to
the liquid phase. The time-change in the oxygen concentration in the liquid

is the product of the interfacial area and the oxygen flux across that area:

dc
Th= Nopa (4.12).

For oxygen absorption NQpj,a = kja (c;*- ¢;). Equation 4.12 then becomes

d%= kja (c;*- ¢p) (4.13).

Mathematical manipulation reveals

dc -
m: kja dt (4.14).

Integrating over the time required to saturate a completely desorbed solution
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produces

-In(c* - ¢))= kja-t + constant (4.15).

Initially (t=0), the bulk liquid oxygen concentration is zero (c; = 0) so the

constant in equation 4.15 is -In(c;*):

-In(cp* - cp=kja-t - In(cj*) (4.16).
* .
or -1n(°—% kja-t (4.17).

Equation 4.17 is a linear expression that, when transformed to a coordinate
system with time as the abscissa and -In(l-cj/c;*) as the ordinate, describes a
line of slope kja.

For oxygen desorption from a saturated liquid phase Npja = kja (c;- c*).

Equation 4.12 then becomes

dc
d_tl= kja (cp- ¢y*) (4.18).

The mathematical manipulation and integration follow the logic of the
absorption case until

-In(cy* - ¢;)=kja-t + constant (4.19).

Initially ¢; = ¢jo and the constant in equation 4.19 is In(cjo - ¢j*). The resulting

linear expression is

- *
-1n(3;°’—)= kja-t (4.20).

Clo - CJ*

If pure nitrogen is used to desorb the oxygen, then c;* = 0. Equation 4.20

simplifies to
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cl
-In (J} kja-t (4.21).

The line described here also has slope kja with time as the abscissa and
In(cj/cio) as the ordinate.

It is important to also consider the size of the dissolved oxygen probe
response time constant, T, relative to the system response time (e. g. 1/kja).
Nakanoh and Yoshida (1976) derived an expression similar to equation 4.20, but

included the time constant T:
In(c/* - ¢f)=In{e-ka-t - kja-Te-t/T] + In[c;*/(1-k;aT)] (4.22)

where c¢j' is the ¢; observed by a dissolved oxygen probe. They worked with
an oxygen probe with T < 10 seconds (1/T > 0.1 s-1) and measured kja values all
less than 0.1 s-1. Nakanoh and Yoshida explain that the straight line portion
of the curve generated by equation 4.22 is practically parallel to the line
generated by equation 4.17. However, if any of their kja values had been
greater than 0.1 s-!, then it would have been necessary to solve equation 4.22
with known values of ¢, t and T.

Thus, the volumetric mass transfer coefficient (kja) for oxygen may be
approximated using a dissolved oxygen meter for both absorption and
desorption. To extract the value of k; it would be necessary to measure the

value of the interfacial area per unit volume of reactor.
4.2 Measuring Specific Interfacial Area:

42,1 Bubble formation at an orifice:

Gas dispersed into a liquid by a single orifice has been studied
extensively by many reporters. Perry (1973) reports three regimes for gas
flow through an orifice: (1) single bubble, (2) intermediate and (3) jet. The
single bubble regime (Re < 200) produces bubbles in a regular and uniform
matter. Bubbles in this regime have a theoretical diameter calculated by
equating the bouyant force on the immersed bubble to the force due to surface

tension. The resulting equation predicts a bubble diameter independent of gas
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flow rate (Treybal, 1980):

3
D
Dy = %Aﬂg— (4.23).

According to Perry (1973), the intermediate gas flow regime covers the
remainder of the laminar gas flow range, or about from Re = 200 to Re = 2100.
Treybal (1980) gives a complicated correlation that can be used to estimate the
lower bound of this regime; it equates the gas flow rate at the orifice to fluid
properties and orifice diameter. In this regime, as gas flow rate increases the
bubbles tend to increase in size and form in chains, but are still fairly uniform
in size at constant gas flow rate. Perry (1973) mentions a range of gas flow
rates over which bubble size decreases in size owing to liquid currents that
shear the bubble prematurely and produce a minimum bubble size at some
particular gas rate. Bubble size in the upper part of this regime is dependent
primarily on orifice size and liquid properties. For air-water systems

operating in the intermediate regime, Treybal(1980) reports

Dp= 0.0287 Dy!/2Re,!/3 (4.24)

where Dp and Dy are in meters; and for other gases and liquids

5

Dp= Q44| 5ot

n2gAp

(4.25).

For most gases and liquids p; >> pgor Ap = p;. It is interesting to note that with

this consideration equation 4.25 simplifies to
Dp= 1.49g70-2 Q.04 (4.26).

According to equation 4.26 -- in contrast to Perry's report -- bubble diameter is
not significantly affected by fluid properties.

The jet regime is the third gas flow rate range reported by Perry.
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Turbulent gas flow occurs in this range of Reynolds numbers (Re > 10 000). As

the gas flow rate increases the emerging gas stream takes on the appearance
of a continuous jet. The dispersed phase actually consists of irregularly
shaped bubbles with a random size distribution and rapid swirling motion.
Reports in this regime are contradictory; bubble size is difficult to measure
experimentally and theoretically hard to predict.

The single-bubble and intermediate regimes include the full range of
gassing rates for which flow is laminar. Another work (Leibson et al) studied
the complete laminar flow range (for single submerged orifices in an air-
water bubble column) and developed a correlation of bubble diameter as a

function of orifice diameter and Reynolds number:

Dp = 0.18 Dy 1/2Re, /3 (4.27).

4.2.2 Rise path and velocity:

In a stagnant liquid, as a single bubble leaves the dispersing orifice it is
initially spherical but deforms and accelerates in a manner depending on its
size. The terminal velocity achieved by the bubble occurs when the bouyant
force on the bubble equals the drag force. Treybal(1980) reports four methods
for estimating the terminal rise velocity of bubbles in liquids. The methods
are separated by bubble size: (1) Dp < 0.7 mm; (2) 0.7 < Dy < 1.4 mm; (3) 1.4 mm <
Dp < 6 mm; and (4) Dp > 6 mm. In the first region the rising bubbles are
spherical and behave like rigid spheres. The terminal velocity for these

bubbles can be estimated using

Dy 2A
v,= 0P (4.28)
181

As the diameter of the bubbles in regions three and four increases the bubbles
begin to deform and oscillate under the dynamic forces. The bubbles have a
random distribution of shapes and tend to rise following a zigzag or helical
path at a terminal velocity that, for low viscosity liquids, can be approximated
by (Treybal, 1980)

25



Vi= —\/ Lee g—b'lg (4.29).
DpPi

Region two acts as a transition region between one and three. The gas
within bubbles of this size tends to circulate as the bubbles rise allowing the
bubble to 'slip' easier through the liquid and achieve a higher terminal
velocity. Treybal does not give a correlation for bubbles with sizes in the
second region, but suggests a linear relationship between terminal velocity
and bubble diameter in the range between the upper-diameter bound of

region one and the lower-diameter bound of region three.

4.2.3 Coalescence:

Many bubble columns and most airlift reactors use a number of
submerged orifices to disperse the gas phase. A problem arises when
predicting or measuring bubble sizes in systems with numerous orifices in
that bubbles from adjacent orifices will tend to interact; also, nearby bubbles
may cause liquid turbulence that interferes with a rising bubble. One result of
these interactons is that two or more bubbles may join (coalesce) or split
(redistribute) into a different number of bubbles of different size. Systems
with designs that result in coalescence and redistribution are studied with the
goal of determining the mean or effective diameter of the dispersed gas
bubbles. Rise velocities of swarms of bubbles tend to be smaller than those of
single bubbles because of crowding (Treybal; 1980).

Several methods have been developed for predicting mean bubble
diameter for bubble swarms either from theoretical equations or empirical
correlations. The Sauter mean bubble diameter Dgp, represents a surface-
averaged value for the bubble diameter (Bailey and Ollis, 1986, p. 482):

23 (4.30)

Dem =

Estimating Dgm using this equation requires counting and measuring each

bubble dispersed in the liquid phase. Other rescarchers have reported
correlations for Dgy in terms of pneumatic gassing power (P/V), fluid
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properties (eg. Pg, P}, Kjand ¥ ) and gas holdup, €. For example, Calderbank

(1958) reported a correlation for gas dispersed in a liquid electrolyte:

0.6
Dsm= 2.25 .LGOA Eg' .25 (431)
PI(P/ V)04 ui

Similar correlations have been developed for gases in viscous liquids, gases in
alcohol solutions and other systems as a means of estimating the average
bubble diameter.

An airlift reactor with more than one sparger orifice does not always
produce bubble coalescence and redistribution. Designs placing orifices close
together coupled with operating gassing rates in the jet regime will result in
bubble interactions. If adjacent orifices are separated and gassing rates are in
the intermediate regime then coalescence and redistribution are preventable.
To prevent interactons among bubbles, Treybal (1980) recommends adjacent

and horizontal orifices be separated by at least thrice the bubble diameter.

4.2.4 Stroboscopic size measurements:

Under controlled conditions bubble-size distribution can be narrowed to
the extent that mean bubble diameter may be estimated by the size of the
spherical bubble immediately downstream of the sparging orifice. One method
of estimating bubble diameter was used by Leibson et al (1956), who studied
bubble formations in single submerged orifices in a 20.5 ¢cm ID bubble column
operating in an air-water system. Leibson's method used utilized the ‘fairly
uniform' formation of bubbles in the intermediate gas flow regime. A narrow
distribution of bubble sizes allowed the mean bubble diameter to be estimated
by the size of the spherical bubble immediately downstream of the dispersing
orifice. At intermediate gas flow rates, Leibson et al used stroboscopic
equipment to visibly "stop" the motion of the bubble forming at the orifice.
This technique assumes that the flash frequency required to "stop" the bubble
is numerically equivalent to the bubble formation rate. Therefore, the gas
flow rate through the orifice (q) is equal to the product of the bubble
formation frequency (f) and the mean bubble volume (vp). Leibson et al state

this equality in the form:
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Vb= (4.32).

The average bubble diameter of the spherical bubble can be calculated

directly using equation 4.33.
Dp= b (4.33).

Leibson et al mentioned minute bubbles besides the regularly formed bubbles
but assumed the volume and surface contributions of these were negligible.
One consideration of stroboscopic measurement of bubble diameter
concerns matching the bubble formation frequency with the stroboscopic
flash frequency. There is a probability of error associated with the frequency
at which the bubbles appear to be stopped. Further references to this
frequency will be made in terms of the "stop frequency, fg." As the bubbles
being dispersed at formation rate, f, leave the orifice they accelerate until the
achieve terminal velocity Vi. At any height greater than that point at which
Vi has been reached the distance, z, between any two successive bubbles is
f/Vi for regular and uniform bubble formation. At stop frequencies fg < f the
apparent distance, z between bubbles will be equal to z. If fg> fthen z3< =z

The following equation applies:
Za= T2 (4.34).
s

As fgincreases, that value of fgthat last produces z; = z satisfies fg= f. Hence,

studies using stroboscopic techniques to measure mean bubble diameter should

investigate this area to assess the validity of the results.

4.2.5 Interfacial area:
In mass transfer studies the goal of estimating the mean bubble
diameter is to use it in calculating the surface area through which mass

transfer occurs. The interfacial area per unit volume (specific interfacial
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area), a, is the ratio of the interfacial arca to the total volume of the reactor

(liquid and gas). For a single spherical bubble this ratio can be symbolized

mathematically:
s
ap = % (4.35)
where sp= TDp2 (4.36)
T
and Vph= ng'o‘ (4.37)
6
or ap = by (4.38).

The transition from single bubble volume to total reactor volume is
performed by multiplying ap by the gas holdup, €:

a=  £-ap (4.39)
6¢e
or a= by (4.40)

The result is the specific interfacial area per unit reactor volume.

For nonspherical bubbles a different equation for ap must be used. For
example, deforming bubbles may take on the shape of an oblate spheroid. The
surface area of an oblate spheroid bubble is represented by the equation
(Beyer, W.H., 1978)

= 2mA2 (_n132)1 e 4.41
Sp = b + S n(l-c) (4.41)
4
where Vph = 3-AB3,
_ ‘\/AZ_BZ
€= A

In = logarithm base 2.71828
The variables ap and a would be calculated using the same methods as for the
spherical bubble (equations 4.35 and 4.39). Mathematical application of these
equations to bubbles is not plausible because experimental measurement of A
and B would be difficult at least and would only be applicable to oblate spheroid
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bubbles. Other equations would be needed to calculate ap for other variously
shaped bubbles. It would then be necessary to use a surface-averaging method

like the Sauter mean bubble method.

4.3 Liquid Physicochemical Properties:

Many of the reports in the available literature (Bello et al, 1980; Akita
and Yoshida, 1973,1965) relate mass transfer coefficients as well as bubble
diameters to liquid physicochemical properties among other things (e.g.
operational parameters). Liquid properties such as density, viscosity and
surface tension can be found in most of these correlations. Several techniques
have been developed for measuring each of these properties. Liquid density
is, of course, the simplest to measure: a quantity of the liquid under study is
measured for volume and mass, the quotient of these producing the desired
value. Values for liquid viscosity and surface tension, however, are not as

casily measured.

4.3.1 Viscosity:

For steady laminar fluid flow viscosity, M, is defined as the
proportionality constant that relates the flow-driving force per unit area to
the change in flow velocity in the direction normal to flow. In fact, Newton's
law of viscosity states that the shear force per unit area, Tyy, is proportional to
the negative of the local velocity gradient (Bird, Stewart and Lightfoot, 1960).
Mathematically,

dv
Tyx = -11;5§ (4.42)

Hagen and Poiseuille developed an equation using Newton's law of viscosity.
The equation describes steady state laminar flow of an incompressible
Newtonian fluid in a "very long" tube of length L and radius R. The result is
the Hagen-Poiseuille equation (Bird, Stewart, Lightfoot; 1960):

APR4
n= n 8QL

(4.43).
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Liquid viscosity may therefore be empirically measured in long thin tubes
using this equation as long as the asumptions of the Hagen-Poiseuille

derivation apply.

4.3.2 Surface tension:

Surface tension is a measure of the surface free energy of a material. A
body of liquid at constant temperature and pressure will seek the equilibrium
state of lowest free energy. In the absence of external forces this liquid will
seek the conformation of minimum surface area. According to Shoemaker et
al (1970) the free energy, G, of a system having variable surface areas Aj, Aj, .

. .Aj can be expressed
G= G+ XYiAj (4.44)

where 7Yjis the surface tension of surface i.  Shoemaker et al report the

following derivation:

"Let a liquid with surface tension 7Y) be in contact with a
solid with surface tension 7Yz, with which it has an interfacial
tension Y12. Under what circumstances will a liquid film freely
spread over the solid surface and 'wet' it? This will happen if, in
creating liquid-solid interface and an equal area of liquid surface
at the expense of an equal area of solid surface, the free energy
of the entire system decreases:

Y1+Y12-Y2<0 (16)

If we have a vertical capillary tube which dips into a liquid, a
film of the liquid will tend to run up the capillary wall if
condition (16) is obeyed. Then, in order to reduce the surface of
the liquid, the meniscus will tend to rise in the tube. It will rise
until the force of gravity on the liquid in the capillary above the

outside surface 1tr2(h + 1/3)pg, exactly counterbalances the
tension at the circumference, which is 2xrg. . . .Thus we obtain

M= s0+DHrp g (4.45)
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However, if conditions are such that equation 4.45 does not apply, then the
value for h will not be consistently the same for repetitive measurements. It is
necessary when measuring surface tension using a vertical capillary tube to
allow the liquid column to approach its equilibrium height from both above
and below this position. Shoemaker et al assure that equation 4.45 is "almost
certainly valid" for aqueous solutions in carefully cleaned glass capillary
tubes.

Methods are available for measuring the volumetric mass transfer
coefficient as well as the interfacial area of oxygen dispersed in aqueous
solutions. Liquid density, viscosity and surface tension are three of the most
prevalent properties found in correlations of airlift reactor studies pairing
mass transfer and liquid physicochemical properties. A simple laboratory
scale experimental apparatus may be used to measure each of the liquid

physicochemical properties as described above.
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5 MATERIALS AND METHODS

5.1 Materials:

Preliminary experiments in a bubble column of rectangular cross
sectional area (12.6 cm x 13.9 cm) were performed using a single orifice tube to
disperse the gas phase in one liter of liquid (~5.7 cm working height above the
orifice). Four orifice sizes (0.028, 0.036, 0.056 and 0.066 cm) were studied in
each of four liquid compositions over a range of gas flow rates (up to 1.35
ml/sec) to determine the orifice size and Reynolds number range necessary to
produce a desired bubble size. A General Radio Company strobotac (1531 AB)
measured the bubble formation rate immediately downstream of the orifice at
each gas flow rate. The liquid compositions studied were distilled water (H20),
five weight percent sucrose in distilled water (SUC) and Wild Carrot Media 4
(WCM-4) with a pH of 4.5 (Table 5.1). For a given liquid composition and
sparger orifice size the mean bubble diameter was calculated using equations
4.32 and 4.33 for increasing rates of gas flow until bubble formation at the
orifice became too erratic for stroboscopic measurement. Thus, a plot of
bubble diameter versus gas flow rate (or Reynolds number) was generated for
each liquid composition. The results of these experiments were used to guide
the design of the orifice plates of the airlift fermentor (see Appendix I).

Airlift operations were performed in a single concentric draft tube
airlift reactor (Figure 5.1). The reactor was made of a 39.2 cm long plexiglas
tube with an inner diameter of 14 cm. The draft tube had an inner diameter of
6.35 cm, a wall thickness of 0.64 cm and was suspended by six plexiglas
cylindrical pegs (DIA = 0.95 cm). Nitrogen from a tank or air from a
compressor passed through a 0.023 cm DIA choke orifice, into the sparger
plenum, through the perforated plate and into the liquid. The sparger (Figure
5.2 ) was a 44 cm long plexiglas tube with a 6.35 cm inner diameter. The
plenum was filled with spherical glass beads (mean DIA = .62 cm) to reduce its
volume and to disperse the gas .flow equally among the plate orifices. Gas was
dispersed through the central draft tube by one of three 0.16 cm thick
aluminum perforated plate spargers (five, nine or 19 orifices @ 0.066 cm DIA).
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Table 5.1: Components of Wild Carrot Medium (pH =4.5)"

Concentration
Component
mg/L mM
ammonium chloride, NH4Cl1 320.04 6.00
magnesium sulfate, Mg4SO-7H70 185 0.75
calcium chloride, CaCly 166 1.50
potassium phosphate, dibasic, KoHPO4 87.1 0.50
disodium EDTA 18.6 0.05
ferrous sulfate, FeSO4-7TH20 13.6 0.05
manganous sulfate, MnSO4-H70 7.0 0.04
zinc sulfate, ZnSQ4-7H20 4.0 0.01
boric acid, H3BO3 2.4 0.04
ammonium molybdate, (NH4)6Mo07024-4H20 0.01 8.0E-06
potassium iodide, KI 0.38 2.0E-03
cupric sulfate, CuSO4-5H,0 0.015 6.0E-05
thiamine HCI 3.0 9.0E-03
2,4-dichlorophenoxyacetic acid 2.5 0.01
sucrose 20,000 58.43
potassium succinate 3885.8 20.0

*The WCM-4 components and mixing equipment were generously donated by

Dr. D. K. Dougall of the University of Tennessee, Knoxville Botany Department.
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Figure 5.1: Single concentric tube airlift reactor used to study transient state
batch oxygen absorption and desorption operations.
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Figure 5.2: Design of sparger used in the airlift reactor studies. The perforated
plate had five, nine or 19 orifices each with diameter 0.066 cm. The plenum
chamber was filled with glass beads (mean DIA = 0.62 cm).
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Three gas flow rates were studied for each of three liquid composition. The
change in total gas flow rate was accompanied by a proportional change in the
number of orifices in the perforated plate. Thus, the gas flow rate through
each orifice -- and the Reynolds' number at each orifice -- was held relatively
constant for a given liquid composition. For the distilled water (H20) the gas
flow rate through an orifice was approximately 0.98 ml/sec. Thus, for the H20
solution three perforated plates with five, nine and 19 orifices were used to
produce three total gas flow rates of about 4.9 ml/sec, 8.8 ml/sec and 18.6
ml/sec, respectively. The gas flow rate through an orifice for the SUC and
WCM-4 solutions were approximately 1.28 ml/sec and 1.35 ml/sec, respectively.
The number of orifices per perforated plate was designed based on the
operating Reynolds' number, the orifice diameter and the desired total gas
flow rates (0.1 to 0.4 vvm).

Treybal (1980) recommends separating adjacent orifices by at least
thrice the bubble diameter to prevent interference among bubbles.
Therefore, orifices on a perforated plate were arranged according to the
bubble diameters likely to be produced at the selected orifice Reynolds'
numbers. The results of the orifice plate design are shown in Figure 5.3. The
orifices on the five- and nineteen-orifice plates were arranged on a
triangular pitch while those on the nine-orifice plate were arranged on a
circular pitch. The sparger was bolted to the base of the reactor with six
equally spaced 3/16 inch bolts. Two pure gum rubber gaskets (0.35 cm thick)
seated the perforated orifice plate to the reactor and the sparger.

A General Radio Company strobotac (1531 AB) measured the bubble
formation rate of each orifice. Photographs taken with a NIKON camera (55
mm) were used to measure the number of bubbles suspended in the liquid
phase. Dissolved oxygen liquid concentration was measured by a general
purpose electrode connected to a Leeds and Northrup 7932 portable dissolved
oxygen meter. The probe electrode was supported 8.2 cm (at the center line)
from the base of the reactor. Output from the probe was in parts per million
(ppm) and was recorded on a Heath single pen strip chart recorder (SR-205).

The response time of the electrode/probe apparatus was measured using
two beakers of distilled water. The electrode was submerged in a beaker of

distilled water. Nitrogen was sparged through a length of rubber tubing into
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Figure 5.3: Perforated plate orifice design used for airlift reactor operations.
Dimensions in centimeters: a5 =1.90, b5 = 2.54, a9 = 1.90, b9 = 2.54, al9 = 1.43,
b19 = 1.90.
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the stirred water until the probe meter displayed 0.00 ppm dissolved oxygen in
the liquid. The electrode was then "instantaneously" moved to and submerged
in a beaker of distilled water that had been vigorously stirred for a

sufficiently long time (about 20 minutes) to reach its equilibrium dissolved
oxygen concentration. The amount of time for the electrode to measure 95
percent of the total concentration change (t95) was measured as
approximately 30 seconds.

The reactor had a clear liquid working height of 20.2 cm (2300 ml) and
was held at approximately 25°C (£1.5°C). Three gassing rates were studied for
each liquid composition. For a given liquid composition bubble diameter was
controlled by increasing the number of perforated plate orifices in proportion
to the gassing rate, thereby maintaining a relatively constant gas Reynolds'
number at each orifice and insuring that gas bubble size remained essentially

constant as the gas flow rate increased.

5.2 Volumetric Mass-Transfer Coefficient (kja):

The liquid-phase mass transfer coefficient product (kja) was calculated
from transient oxygen probe response data at a given gassing rate and liquid
phase composition. Appendix II contains the details of the collected data and
the relevant calculations. As nitrogen was sparged through the reactor
(desorption) the probe measured the decreasing dissolved oxygen
concentration in the liquid phase until a reasonable approximation of steady
state was reached. When the reading became steady the sparging gas was
changed to air (absorption) and the probe output was recorded until a new
steady state approximation was reached. An experimental run for a given
liquid composition and gassing rate was complete when the oxygen had been
alternately desorbed and absorbed twice. The chart recorder had been
previously calibrated (to 0.46 inches per ppm) and the chart output rate was
known (e. g. 0.2 inches per min). Digitizing computer software (CALCOMP) was
used to translate the chart recorder output to coordinates of oxygen ppm vs.
time. The chart recorder output was then replotted according to equation 4.17
with expected results for absorption similar to Figure 5.4.

The initial nonlinear section of Figure 5.4 is due to the response time lag

of the system. The best fit line through the linear portion of Figure 5.4 has

39




25
2.0 @
o]
o]
= o}
1.5+ ]
) -In{0.25) = 1.386
J 1.0 - Linear
- segment
—f 0.5 1 t 75
0.0 +=f T v I v I v
0 \l’ 3 6 9 12

Time (min)

Figure 5.4: Expected results of plotting the chart recorder output for

absorption using the format of equation 4.17.
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slope equal to kja. The slope kja was measured from the end of the response
lag time of the system to t75. The variable t75 is defined in this work as that
time at which 75 percent of the total response change in dissolved oxygen
concentration has occurred. Thus, for a given liquid composition and gassing
rate the volumetric liquid phase mass transfer coefficient was calculated and

averaged for all absorption runs and separately for all desorption runs.

5.3 Interfacial Area:

5.3.1 Bubble diameter:

The interfacial area per unit volume, or specific interfacial area, was
calculated as a function of the bubble diameter and the gas holdup using
equation 4.40. Bubble formation in the gas flow regime studied -- Perry's
intermediate regime (Re < 2100) -- is uniform and regular. Therefore, it can be
assumed that the bubble size distribution was narrow and the average bubble
size can be represented by the bubble immediately downstream of (above) the
sparger orifice. The present work studied Reynolds' numbers from 120 to 180
and assumed a narrow bubble distribution, but held the Reynolds' number
constant for a given liquid composition. The bubble diameter used in this
work refers to the diameter of the spherical bubble immediately above the
sparger orifice. For the airlift reactor as well as the bubble column operations
the strobotac measured the bubble formation rate (f) for a given orifice gas
flow rate (q). Equations 4.32 and 4.33 were then used to calculate bubble
diameter.

Tests were performed to ensure that the bubble formation rate measured
by the strobotac was not a multiple of the actual bubble formation rate. There
was an inverse relationship between the strobotac stop frequency and the
visible distance between successively formed bubbles. The strobotac
frequency at which this inverse relation ended was the frequency chosen as

the actual bubble formation rate.

5.3.2 Gas holdup:
The Nikon camera was used to take three pictures of the number of
bubbles suspended in the liquid phase during oxygen absorption and




desorption. The photographs were developed by Thompson Photo Products.
The bubbles in each photograph were counted by hand. The average number

for the three photos was used in equations 5.1a and 5.1b to calculate gas
holdup, €:

Vg= Vp-Np
Ly No x Np (5.1a)

\'
€= V'g_f'VT (5.1b)

Bubble diameter and gas holdup were then used in equation 4.40 to calculate
specific interfacial area for the absorption or desorption run. The resulting
two values for the absorption run were averaged, as were the two values for

the desorption run.

5.3.3 Liquid phase mass transfer coefficient:

Thus, the overall mass transfer coefficient and the interfacial area were
both independently measured. The quotient of the two values is the liquid
phase oxygen mass transfer coefficient, k; . This value was calculated using

equation 5.2,

kj= — (5.2).

Equation 5.2 was the last equation needed to calculate the mass transfer

variables. Some of the liquid physicochemical properties were also measured.

5.4 Liquid Physicochemical Properties:

For each of the liquid compositions (H20, SUC or WCM-4) the liquid
density, viscosity and surface tension were measured. The mass of a given
volume of liquid was measured and both quantities were recorded. The liquid
density was calculated as the quotient of the two measured values. The liquid

viscosity was measured with an apparatus built to utilize the Hagen-Poiseuille
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equation (eq. 4.43). The apparatus is shown in Figure 5.5. An 84.6 cm long
glass capillary tube (ID = 0.0614 cm) was secured horizontally to the base of a
vertical cylinder. The cylinder (ID = 6.35 cm) was filled with the liquid to be |
measured such that the driving force for flow was the hydrostatic pressure 1
due to the head of liquid. The flowing liquid exited the base of the cylinder, ;
passed through a 1 cm long section of TYGON tubing (ID = 0.5 cm) and entered |
the capillary tube. Hot concentrated nitric acid was used to clean the capillary
tube, which was stored in distilled water at room temperature when not in use.
Liquid leaving the capillary tube was collected in a ten milliliter graduated
cylinder. The time required to collect a volume of liquid was measured as was
the volume collected. [Each experiment was performed three times for each
liquid composition. The viscosity was calculated as the average of the three
values obtained when the measured quantities were used in equation 4.43.
Calibration of the viscosometer capillary tube diameter was based on the
literature value of the viscosity of distilled water at 298 K (L = 0.009 g/cm sec).
The surface tension of each liquid was measured with the apparatus
shown in Figure 5.6. The 38.2 cm long vertical precision bore capillary tube,
purchased from Lab Glass, Incorporated, had an inner diameter of 0.0203 cm.
The capillary tube was partially immersed vertically in the liquid. A column
of liquid climbed the inside of the tube until the force of gravity equalled the
force due to the surface tension. The column was allowed to approach its
equilibrium height several times from above and below. If the equilibrium
heights were not independent of the direction of approach then the apparatus
was disassembled, the capillary tube was washed in hot concentrated nitric
acid and the experiment was repeated. When not in use the capillary tube was
stored in distilled water at room temperature. The height of the column of
liquid was measured using an R-18J cathetometer purchased from Sargent-
Welch. The liquid density, column height and the capillary tube inner radius
were used in equation 4.45 to calculate the surface tension. This procedure was

used for each of the three liquid compositions studied.
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Ap = pgh

Figure 5.5: Apparatus used for measuring viscosities of aqueous solutions (H20,
SUC and WCM-4) according to the Hagen-Poiseuille equation 4.43.
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Figure 5.6: Apparatus for measuring surface tension by the method of

capillary rise. A Sargent-Welch cathetometer was used to measure h.

45



6 RESULTS AND DISCUSSION

6.1 Liquid Physicochemical Properties:

Mass transfer rates in a single concentric tube airlift reactor were
studied for a variety of liquid compositions and a range of gas flow rates. The
volumetric mass transfer coefficient, kja, and also the specific interfacial
area, a, were determined for conditions that controlled the bubble size of the
dispersed gas phase. Prior to the airlift reactor investigations, some of the
physicochemical properties of the liquids were measured to compare to the
data that would be generated in the airlift reactor.

A table of the measured liquid physicochemical properties is shown in
Table 6.1. The properties of all three liquid compositions -- distilled water
(H20), five weight percent sucrose (SUC) and Wild Carrot Media 4 (WCM-4) --
were measured at approximately the same temperature (24.5 ° C to 25.5 ° C).
Total difference in densities among solutions were about two percent. Liquid
viscosity increased 23 percent from H20 to WCM-4 and seven percent from
WCM-4 to SUC. Surface tension increased less than one percent for the three
solutions.

The increase in viscosity from H20 to WCM-4 to SUC may be attributed
partly to the increase in dissolved sugar concentration (zero percent, two
weight percent and five weight percent, respectively). The large ionic
concentration of the WCM-4 solution (pH = 4.5) may have contributed to the
liquid viscosity and surface tension. The differences in densities were not
significant.

In fact, the differences among all measured liquid physicochemical
properties was not appreciable to the extent that a correlation derived with
them would be indicative of actual mass transfer/liquid property interactions.
Such a correlation would be more a measure of the accuracy of experimental
procedure and the sensitivity of the apparatus used. Therefore, speculations
on the effects of liquid physicochemical properties on mass transfer
characteristics in the airlift reactors in this work are restricted to qualitative

analysis.
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Table 6.1: Measured Physicochemical Properties of Liquids? Studied in Airlift
Reactor Experiments.

Ligid | p (Z3) | » (55) (59 T (°0)

H20 0.99 0.0090 72.1 25.0

sucC 1.01 0.0119 72.4 24.5

WCM-4 1.00 0.0111 72.7 24.5

Air or Ngb | 1.21 x10-3 0.00018 - 25.0

aH20 = distilled water; SUC = five wt percent sucrose; WCM-4 = wild carrot cell
media (pH = 4.5).

bThe gas densities were based on the ideal gas law at 25°C and one atmosphere;

the gas viscosities were taken from a nomograph given by McCabe and Smith

(1976).
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6.2 Bubble Column Results:

One goal of the mass transfer investigations was to sparge the gas into
the liquid phase under conditions that would control the size of the dispersed
gas phase bubble. There was not, however, sufficient information available
on the operating conditions necessary to produce uniform and regular
formation of bubbles from a perforated plate sparger in a concentric tube
airlift reactor. It was necessary to generate bubble diameter data using a
system of less complicated design: a single submerged orifice in a bubble
column.

The goal of studying single orifice bubble formation in the bubble
column was to measure diameters of bubbles dispersed in various liquid
compositions for a range of gas flow rates and orifice sizes. The results were
used in the airlift operations to control bubble size during mass transfer. The
regular and uniform formation of bubbles was necessary that stroboscopic
methods could be used to measure bubble diameters. For a given liquid
composition, bubble diameters were calculated for increasing gas flow rates
until irregular and nonuniform bubble formation was observed.

Gas flow rate effects on bubble size were similar for all liquid
compositions studied. Equating bubble bouyant force to the force due to
surface tension (single bubble regime - Perry, 1973) predicts bubble diameters
independent of gas flow rate (equation 4.23). In the range of gas flow rates
that designate the single bubble regime bubble diameters were found to vary
directly with gas flow rate (see Figure 6.1). For the smaller orifice sizes studied
(diameters of 0.028 cm and 0.036 cm) bubble formation became erratic at the
beginning of the intermediate gas flow regime, and thus there is no bubble
diameter information in this regime. For the larger orifice sizes studied (0.056
cm and 0.066 cm) bubble diameters in the intermediate gas flow regime were
approximately constant for increasing gas flow until erratic bubble formation
prevented bubble size measurement. The bubble diameter and orifice diameter
varied directly, for a given liquid composition but as orifice diameter
increased, the effect of Dy on Dy became less until a change from Dy = 0.056 cm
to Do = 0.066 cm produced negligible change in bubble diameter. It was
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Figure 6.1: Bubble diameter as a function of orifice size, liquid composition

and volumetric gas flow rate.

column.

Orifice diameters measured were:

System:

0.056 and 0.066 cm, respectively).
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concluded therefore that, for a given liquid composition and gas flow in the
intermediate regime, the 0.066 cm diameter orifice would produce relatively
constant bubble diameters for the widest range of gas flow rates in the
intermediate gas flow regime (Perry, 1973). Figure 6.2 is a summary of the
bubble diameter as a function of gas flow rate using the 0.066 cm diameter
orifice. It was concluded that for each liquid solution studied the single
submerged orifice in the bubble column would produce a bubble with a
relatively constant diameter at the gas flow rates ranging from ~ 1 ml/sec to ~
1.35 ml/sec. Sparging air through the 0.066 cm diameter orifice in this range
of gas flow rates produced bubbles with diameters 0.47 cm, 0.49 cm and 0.49 cm
for the H20, SUC and WCM-4 liquid solutions, respectively.

6.3 Airlift Reactor Results:

6.3.1 Volumetric mass transfer coefficient, kja:

The experimental work with the single submerged orifice in the bubble
column generated data on bubble formation that was used to design the
sparger perforated plates and to determine gas flow rates for use in the
operation of the airlift reactor. For a given liquid in the airlift reactor, three
gas flow rates were studied. At each gas flow rate oxygen was absorbed to, as
well as desorbed from, the liquid phase twice. The volumetric mass transfer
coefficient, kja, for oxygen and the specific interfacial area were calculated at
each gas flow rate. The resulting values were compared to data produced in
other works.

In the single concentric tube airlift reactor nitrogen was sparged
through the perforated plate and into the liquid phase until the dissolved
oxygen meter display read "00.0" ppm. The gas composition was then changed
from nitrogen to air. THe absorption process was thus begun. A typical output
of the chart recorder is shown in Figure 6.3. The period of time (system
response lag time) between the change in gas feed composition and the initial
response of the dissolved oxygen meter varied inversely with the gassing rate.
It can be assumed that the lag time was at least in part a result of the gas lines
and sparger volume through which the initial change in gas composition had

to pass to reach the liquid phase. However, at least 30 seconds of the lag time
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Figure 6.2: Gas flow rate through a single orifice (0.066 cm DIA) in a bubble
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Figure 6.3: A typical curve representing dissolved oxygen profile data

collected during absorption to the liquid in the airlift reactor.
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may be attributed to the dissolved oxygen meter, because the characteristic
response time of the meter (tg5) was 30 seconds. That is, when the electrode
was ‘"instantaneously” transferred from a liquid completely stripped of oxygen
to a liquid completely aerated with oxygen it took the measuring apparatus
about 30 seconds to register 95 percent of the change in dissolved oxygen
concentration,

Figure 6.4 represents three typical sets of data. Each data set is a
dissolved oxygen profile for oxygen absorption to distilled water. The data
differ by gas flow rate and the number of orifices per perforated plate. The
distilled water experiments were designed to operate at about 1 ml/s per
orifice. Therefore, the five-, nine- and 19-orifice plates had total gas flow
rates of about five, nine and nineteen ml/s, respectively. There are two things
immediately evident in Figure 6.4. As oxygen absorption occurs the bulk
liquid dissolved oxygen concentration increases and approaches a final value
asymptotically.  Also, the time required to reach the asymptote varies
inversely with the total gas flow rate (and, in this case, with the number of
orifices in the perforated plate). Indications are that the final oxygen
concentration (c)*) is not exactly constant with varying gassing rate. The
value for c;* was therefore approximated for each absorption run as well as
each desorption run to account for fluctuations in temperature, pressure and
other operating conditions.

The asymptotic behavior of the oxygen concentration profile indicates
that the dissolved oxygen bulk liquid concentration is approaching the
interfacial liquid concentration. The time required to reach the asymptote
indicates the system's ability to transfer oxygen to the liquid phase. If the
required time of a system is relatively small, then one would speculate that kja
for that system is relatively large. Quantification of kja for each of the
systems is the end to which equations 4.17 and 4.21 are applied. Figure 6.5 is a
typical representation of equation 4.17.

A quick perusal of the figure reveals that it is not a straight line. The
nonlinearity in the initial time span may be partly attributed to the system
response time lag, tjag. As time grows large, however, the curve becomes
nonlinear and the ordinate values begin to approach infinite rather quickly.

It is likely that the problem here lies in the model used to predict mass
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Figure 6.4: Three typical sets of dissolved oxygen profile data collected with
the oxygen probe for absorption to five wt percent sucrose (SUC) at 1.28 ml/s
gas flow per orifice. The total gas flow rate was varied proportionately with
the number of orifices in the perforated plate: 19 orifices, 24.5 ml/s; 9
orifices,11.52 ml/s; 5 orifices, 6.4 ml/s.
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transfer behavior, specifically the two-film or two-resistance theory. As
equilibrium is approached conditions may change that invalidate one or more
of the assumptions on which the model is based causing the model to break
down. Therefore, to extract the value of kja from the semilog plot it is
necessary to consider only the linear portion of the curve. The part of the
curve considered in this work is the portion occurring after tlag and before t75
(the time at which the dissolved oxygen electrode has reached 75 percent of
the total dissolved oxygen change. Mathematically, at t75 in an absorption run
¢} = 0.75 ¢1* and substituting into the left-hand side of equation 4.17.

* 0. %*
In (°' c1*75°‘ )= In (0.25) = 1.39 (6.1).

Similarly, for a desorption run at t75, ¢; = 0.25 c;* and equation 4.21 becomes

(0 )= dn (0.25) = 1.39 (6.2).

Thus, the portion of the semilog plot considered for measuring the value of kja
for either absorption or desorption is the portion with abscissa greater than
tlag and ordinate less than or equal to 1.39. Figure 6.6 shows a typical plot of
the linear portion of the curves representing equations 4.17 and 4.21. In the
present case Figure 6.6 represents two absorption and two desorption response
curves for air or nitrogen sparged through a nine-orifice perforated plate
into distilled water. A linear regression analysis on the data yields an equation
in the form of y = m+bt where y is the ordinate and t is the abscissa. The
constant 'm' is associated with tlag - The constant b is the overall mass transfer
coefficient, kja for oxygen. The equations shown in Figure 6.6 yield two values
for oxygen absorption into the system, kja = 0.1167 min-! and kja = 0.0936 min-
1, and two values for oxygen desorption from the system, kja = 0.1116 min-1
and kja = 0.1214 min-1. The average of the first two values (kja = 0.1052 min-1 )
was considered a good estimate of the absorption kja for that system; similarly
with the average of the second two values (kja = 0.1165 min-1 ) for the
desorption kja for that system.
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Figure 6.6: Linear segments of absorption and desorption dissolved oxygen
profile data reduced to conform to equations 4.17 and 4.21, respectively.

System:  Air-water, nine orifices
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Table 6.2 is a summary of the absorption and desorption kja's for oxygen
measured in the concentric tube airlift reactor for a range of gassing rates
and liquid compositions. The average absorption and average desorption
values in Table 6.2 are plotted against the corresponding vvm values in Figure
6.7. The vvm values are the total volumetric gas flow rate on a minute basis
divided by the reactor liquid volume (gas volume per minute per unit liquid
volume). For all three liquid compositions studied, there seems to be a direct
relationship between the average kja values and the gassing rate (vvm). A
regression analysis on the data in Figure 6.7 produced equations relating kja to

vvin for absorption

kja = 0.336 vvm0.917 (6.3)

and for desorption

kja= 0.41 vvmO0.889 (6.4).

A comparison of the data producing equations 6.3 and 6.4 is shown in
Figure 6.8. The values for the desorption kja's were consistently greater than
those for the absorption kja's averaging about 27 percent greater but were as
little as 13 percent greater for H20 and five orifices and as much as 61 percent
greater for WCM-4 and five orifices. Although the absolute differences in the
two curves in Figure 6.7 diverge from 0.0132 min-! (at 0.1 vvm) to 0.0563 min-!
(at 0.7 vvm), on a percent basis the difference between the two curves
decreases from 33 percent (at 0.1) vvm to 23 percent (at 0.7 vvm). All systems
studied produced kja values for oxygen absorption that averaged significantly
less than the kja values for oxygen desorption.

The average absorption and average desorption values in Table 6.2 are
also plotted against the corresponding superficial gas velocity values (ug) in
Figure 6.9. A regression analysis on the data in Figure 6.9 produced equations
relating kja to ug for absorption

kja = 0.282 ug0.916 (6.5)
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Table 6.2: Average kja,Values Based on Experimental Data.

kja_(1/min) H202 SUC WCM-4
5 orifices:
A1b 0.0489 0.0711 0.0529
A2 0.0561 0.0679 0.0532
N2 0.0609 0.0826 0.0839
N3 0.0574 0.0903 0.0873
Air Average: 0.0525 0.0695 0.0531
Nit. Average: 0.0592 0.0865 0.0856
Average All: 0.0558 0.0780 0.0693
9 orifices:
Al 0.1167 0.1059 0.1169
A2 0.0936 0.1212 0.1106
N2 0.1214 0.1463 0.1489
N3 0.1214 0.1549 0.1584
Air Average: 0.1052 0.1136 0.1138
Nit. Average: 0.1214 0.1506 0.1537
Average All: 0.1133 0.1321 0.1337

19 orifices:

Al 0.1766 0.2106 0.2111
A2 0.1945 0.2157 0.2282
N2 0.2095 0.2542 0.2863
N3 0.2150 0.2438 0.2874
Air Average: 0.1856 0.2132 0.2197
Nit. Average: 0.2123 0.2490 0.2869
Average All: 0.1989 0.2311 0.2533

3Gas flow rate per orifice: H20, 0.98 ml/s; SUC, 1.28 ml/s; WCM-4, 1.35 ml/s.
bA1 = first oxygen run; A2 = second oxygen run; N2 = first nitrogen run;

N3 = second nitrogen run.
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and for desorption

kja = 0.346 ug0.888 (6.6)
where kja is in min-! and ug is in cm/sec.

The trends in this figure are the same as for Figure 6.7 because both relate kja
to gassing rate, but relating kja to superficial gas velocity (ug) permits a
comparison of the data generated in this work to that reported by Sheppard
(1978).

Sheppard studied mixing and oxygen absorption in four designs of an
airlift reactor: a bubble column, a single concentric tube airlift reactor with
sparging in the annulus, a single concentric tube airlift reactor with
sparging in the central tube, and a double concentric tube airlift reactor (see
Figure 2.1). Sheppard produced a correlation fitting his kja data to superficial

gas velocity:
kja =333 ug2 6.7)

where kja is in hr'! and ug is in cm/sec. The data generated in this work are
summarized with Sheppard's data and on Sheppard's coordinates in Figure 6.10.
The reactor types in Sheppard’'s work and that for the present work are all
internal loop designs, but Sheppard studied more concentric tube
configurations and a larger working volume. Also, the sparger used for the
correlation given above (equation 6.7) consisted of orifice tubes each with a

0.127 cm diameter. If applied to the range of gas flow rates studied in the
present work, equation 6.7 underpredicts by 74 percent k;a at the lower ug

extreme (0.157 cm/s) and overpredicts by 64 percent kja at the upper extreme
(0.805 cm/s).  Equations 6.5 and 6.7 converge at a superficial gas velocity of
about 0.54 cm/sec and kja = 0.16 min-l. While the present work found an
approximately linear proportionality between kja and gassing rate, Sheppard
reported kja proportional to the square of ug.

In an attempt to clarify the relationship between kja and gassing rate

alone (ug), regression analyses were performed on Sheppard's data together
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Figure 6.10: Comparison of data in the present work with all those produced by
Sheppard (1978) on Sheppard's coordinates. Sheppard's reported correlation
relates kja to the square of the superficial gas velocity.
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with the data presented in this work. In order to compare analogous
information, the data of the present work was analysed with the data only
from Sheppard's single concentric outer tube reactor configuration (see
figure 2.1). Power law, exponential and polynomial model regressions were all
performed on the data to determine the best applicable equation for
incorporating the single-bubble and intermediate gassing regimes into one
model. As is evident from the correlation coefficients in figures 6.11 through
6.13 the resulting equations did not fit the data well. Of the models analysed
the best fit was with the cubic analysis (figure 6.13) with a correlation
coefficient of 0.981. An alternative was to analyse the single-bubble and
intermediate gassing regimes separately.

Figure 6.14 shows the result of performing a linear regression analysis
on each of the two sets of data. The resulting equations generate two distinctly
different lines, each representing a correlation between kja and ug for the
respective gassing regime. The figure appears to support the theory that the
two gassing regimes should be investigated separately. However, the apparent
discontinuity between gassing regimes may be due to differences in sparger
configuration, reactor dimensions or other operational parameters. For
example, Sheppard studied two orifice diameters (1.27 and 3.81 mm DIA) with
gassing rates ranging into the jetting bubble regime (turbulent gas flow, ug >
0.75 cm/s). The present work studied orifice diameters up to 0.66 mm and
laminar gas flow in the single bubble regime (ug < 0.75 cm/s). While it is
difficult to estimate the range of Sheppard's bubble sizes it is clear that both
the orifice size and gassing rate directly affect the bubble formed at the
orifice. ~The specific interfacial area, and the product kja, are directly affected
by the bubble size. The difficulty in fitting both data sets with a single model
may therefore be due to the different orifice diameters and gassing rates
studied.

Other investigators (e. g. Bello, Robinson and Moo-Young) include more
independent variables in their mass transfer correlations to better explain the
factors that effect kja. -

The data generated in the present work were also compared to those
reported by Bello, Robinson and Moo-Young (1985). Bello, Robinson and Moo-

Young worked with a bubble column, an external loop airlift reactor and a
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Figure 6.11: Comparison of data in the present work with those produced by

Sheppard (1978) on Sheppard's coordinates.

The power law model on the data
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Figure 6.12: Comparison of data in the present work with those produced by
Sheppard (1978) on Sheppard's coordinates. The exponential model on the data

included Sheppard's data from only his single concentric outer tube reactor

configuration.
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single concentric tube airlift reactor with sparging in the annulus (see Figure
2.1) and reported mass transfer characteristics as a function of reactor design
and gassing velocity as well as superficial liquid velocity (equation 2.5). The
variables measured in the work of Bello et al were also measured in the

present work, except for the superficial liquid velocity. Therefore, in order to
compare the two investigations it was necessary to estimate uj. To that end, the
cubic equation (2.7) developed by Jones (1985) was utilized. For draft tubes
with diameters less than 12.1 cm and gas flow rates less than 40 ml/s the
superficial liquid velocities predicted by Jones' model did not differ
appreciably from measured values of uj. The operational parameters of the
present work fell within the limits established in Jones' investigation.

For ecach absorption run the design characteristics and operating
parameters as well as the properties of the liquid being studied in the airlift
reactor were substituted into Jones' cubic equation (2.7). The cubic root of
Jones' equation was equal to the absolute liquid velocity in the annular space
of the concentric tube airlift reactor. There was only one real, positive root
for each absorption run. The superficial liquid velocity, uj, in the central
draft tube was then calculated using equation 2.11. The resulting value of uj
was the final variable needed to manipulate the data to fit the coordinate
system developed by Bello et al. The abscissa and ordinate were plotted

according to equation 6.8:

kja)r H A
( 1?1)1;r i_ ¢ ﬁ)@ (1 + Xcrl)cs (6.8)

with C and C3 equal to 0.87 and -1, respectively. A summary of the results are
shown in Figure 6.15 with the data reported by Bello et al. A linear regression
on the data of this work in Figure 6.15 extrapolates well below the data
reported by Bello cf al. It appears that the two sets of data in Figure 6.15 do not
agree. However, the experimental work of Bello et al was in an airlift reactor
of external loop design and a reactor of the concentric tube design (with
sparging in the annulus). Reynolds' numbers at the orifice ranged at least
from Re = 400 to Re = 9000. The present work studied a concentric tube airlift

reactor with sparging in the central tube and Reynolds numbers at the orifice
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ranging from Re = 120 to Re = 180. Thus, the difference in the data in Figure
6.15 may be the effects of different sparging configurations as well as lower
gas phase turbulence generated in the present work.

As with Sheppard's correlation the difference in the data of this work
and those of Bello et al may be due to the different ranges of bubble size
studied. The sparging orifices in Bello's investigation had 1.02 mm inner
diameter. At comparable gassing rates Bello's sparger would produced
significantly larger bubbles than those studied in the present work. Bello et al
did not report the bubble sizes generated in their work, but the gas Reynolds'
numbers studied suggest that the range of bubble diameters produced was also
greater than that of the present work. The differences in sparging orifice size
and gassing rates may have contributed to the disparity between the
dimensionless data generated in the present work and those reported by Bello
et al (Figure 6.15).

6.3.2 Specific interfacial area:

It was intended that the behavior of the liquid phase mass transfer
coefficient k; be separated from that of the specific interfacial area, a. To that
end, the specific interfacial area was also measured during the oxygen
absorption and desorption experiments so that the k; values could be extracted
from the values of kja and a. The bubble volume, Vi, was measured from the
bubble formation rate and the stroboscopic stop frequency, q and f,
respectively in equation 4.32. Equation 4.33 produced the bubble diameter, Dp.
The gas holdup, €, was calculated from equations 5.1a and 5.1b and the
measured number of bubbles, Np.

Some workers report kja as a function of gas holdup. Reactors with
large height to diameter ratios (L/D) that can accomodate many bubbles
suspended in the liquid phase result in a fairly wide range of relatively large
gas holdups. Airlift operations in the jetting-bubble regime also produce
relative large gas holdups. The small L/D ratio of the laboratory scale airlift
reactor and the low gassing rates studied in this work resulted in very small
gas holdups ranging from 0.191 percent to 0.477 percent. A value for gas
holdup was necessary, however, with the bubble diameter to calculate specific
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interfacial area. [Equation 4.40 was used for this purpose. A summary of the
values produced for specific interfacial area is shown in Table 6.3. There was
not an appreciable difference between the interfacial areas for absorption
and desorption (less than 11 percent difference for all cases) so a summary of
the average interfacial areas for the absorption and the desorption runs is
shown in Figure 6.16. Average interfacial area has been related to gassing
rate in this figure. The figure indicates that interfacial area varies directly
with the gassing rate (vvm), similar to the volumetric mass transfer
coefficient. Aside from this relationship there are no clear trends. There
appears to be no appreciable difference in the distilled water (H20) and the
wild carrot media (WCM-4) data, although the data are very limited. However,
there is an increase in values for 5 weight percent sucrose (SUC) that is on the
order of 25%. Greater interfacial areas can be the result of decreasing bubble
diameters found in more viscous solutions. Therefore the increase in specific
interfacial area as a result of changes in liquid composition suggested by
Figure 6.16 may be due to the greater viscosity measured in the SUC solution
(~0.119 g/cm sec).

The liquid phase mass transfer coefficient, k;, was calculated from the
quotient of kja and a (k; = kja/a). For an approximately constant gassing rate
there was not an appreciable change in kja with changing liquid composition
(sce Figure 6.7). There was a slight increase in specific interfacial area for a
change to the SUC solutions (Figure 6.16). A plot of apparent k; versus gassing
rate would be expected to produce apparent k; values smaller for the SUC
solutions than for the H20 or WCM-4 solutions. The data in Figure 6.17
summarizes the behavior of the apparent liquid phase mass transfer
coefficient, k). Figure 6.17 may be interpreted as described above, but for the

most part no definite trends are indicated.
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Table 6.3: Interfacial Area Based on Airlift Reactor Experimental Bubble

Diameter
area (1/cm) H20 SUC WCM-4
5 orifices:
Al 0.0218 0.0301 0.0206
A2 0.0208 0.0306 0.0219
N2 0.0219 0.0284 0.0181
N3 0.0212 0.0293 0.0264
Air Average: 0.0213 0.0303 0.0212
Nit. Average: 0.0216 0.0288 0.0222
Average All: 0.0214 0.0296 0.0217
9 orifices:
Al 0.0328 0.0426 0.0378
A2 0.0330 0.0461 0.0357
N2 0.0323 0.0448 0.0352
N3 0.0351 0.0426 0.0352
Air Average: 0.0329 0.0444 0.0368
Nit. Average: 0.0337 0.0437 0.0352
Average All: 0.0333 0.0440 0.0360
19 orifices:
Al 0.0484 0.0642 0.0496
A2 0.0471 0.0641 0.0521
N2 0.0458 0.0653 0.0526
N3 0.0491 0.0635 0.0523
Air Average: 0.0477 0.0642 0.0509
Nit. Average: 0.0474 0.0644 0.0524
Average All: 0.0476 0.0643 0.0516

4Gas flow rate per orifice: H20, 0.98 ml/s; SUC, 1.28 ml/s; WCM-4, 1.35 ml/s.
bA1 = first oxygen run; A2 = second oxygen run; N2 = first nitrogen run;

N3 = second nitrogen run.
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Figure 6.16: Summary of interfacial area vs gassing rate (vvm) as calculated

from data generated in the airlift reactor experiments.
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7 CONCLUSIONS

The following conclusions are a result of the airlift investigatons

performed in the present work.

1. The values obtained for the overall volumetric mass transfer coefficient
for oxygen desorption (ranging 0.0574 to 0.2874 min-!) were consistently
greater than those for the absorption (ranging 0.0489 to 0.2282 min-l). The
desorption kja values averaged about 27 % greater than the absorption kja
values, but the percent difference between the two ranged from 13% to 61%.
Although the absolute values of the average kja versus vvm curves for
absorption and desorption diverge from a difference of 0.0132 min-! (at 0.1
vvm) to a difference of 0.0563 min-! (at 0.7 vvm), the percent difference in
the two curves decreases from 33% at 0.1 vvm to 23 % at 0.7 vvm. Thus, for the
systems studied the kja values for oxygen absorption were on the average

significantly less than the kja values for oxygen desorption.

2. The volumetric mass transfer coefficients, kja for oxygen absorption
and desorption were studied in three different aqueous solutions for gassing
rates ranging from 0.13 vvm (superficial gas velocity, ug = 0.157 cm/sec) to
0.67 vvm (ug = 0.805 cm/sec). The overall volumetric mass transfer coeffi-
cients for oxygen measured for the given gassing rates in these experiments
were not appreciably affected by changes in liquid composition ranging from

distilled water to five weight percent sucrose to wild carrot media.

3. Although the data presented by Sheppard (1978) were produced in the
same type of reactor as the data presented in this work, the volumetric mass
transfer coefficients predicted by extrapolating his correlation into the lower
gassing range of this work are as much as 74 percent different from the
present values. While several mathematical models have been explored to
correlate the present kja data and those produced by Sheppard with only the
gassing rate, it is necessary to include other variables --such as design and
fluid parameters -- when predicting or modelling mass transfer in airlift

reactors.
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4, When plotted in terms of the Bello et al. correlation (1985), the data of
this work are in a much lower range of dimensionless gassing rate and
extrapolate well below but parallel to their data. The reason for this lack of
agreement is attributed to the differences in gassing configurations and
bubble sizes and possibly to the lower liquid phase turbulence generated in
this work. Bello et al. studied a bubble column, an external loop reactor and a
single concentric tube airlift reactor sparged in the annulus. The present
work investigated mass transfer in a single concentric tube airlift reactor
sparged in the central draft tube. Bello et al. studied gassing rates and orifice
sizes producing orifice Reynolds numbers from about Re = 400 to 9000; and this

work studied orifice Reynolds numbers from Re = 120 to 180.

5. The disparities between the data produced in the present work and those
presented by Sheppard and by Bello et al. suggest that a complete model
predicting airlift reactor mass transfer behavior may necessitate two
correlations: one for the situation in which liquid flow is predominantly
laminar and one for the situation producing transition-to-turbulent liquid
flow. It is expected that the former would correspond to the superficial gas
velocities in the present work of less than 0.75 cm/s; the latter would

correspond to those superficial gas velocities greater than 0.75 cm/s.

6. The small height to diameter ratio of the airlift reactor studied in the
present work together with the relatively low gassing rates produced gas
holdup values less than 0.5 percent. As a consequence, this work was not able
to produce any quantitive information correlating the behavior of kja for

oxygen with gas holdup in the airlift reactor.

7. The specific interfacial bubble area varied directly with the gassing
rate. Aside from this relationship, scatter in the data was such that there
appeared to be no appreciable difference in the interfacial area data for the
distilled water and the wild carrot media, although the data are very limited.
However, there is an increase in specific interfacial area values for 5 weight

percent sucrose that is on the order of 25% larger than for the case with water
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or wild carrot media and may be the result of the relatively large viscosity

measured for this solution (~ 0.119 g/cm sec).

8. Although the specific interfacial area was greatest for the five weight
pcrccnt- sucrose solutions the volumetric mass transfer coefficient was not
appreciably different for this liquid composition. The apparent liquid phase
mass transfer coefficient was, therefore, least in the five weight percent
sucrose solutions. The data support the described behavior, but do not indicate
a clear relationship between the liquid phase mass transfer coefficient and

the composition of the liquid phase.

The following conclusions apply to operations of a single submerged

orifice in a bubble column:

9. For a single submerged orifice of a given diameter in a bubble column,
the diameter of the essentially spherical bubble immediately above the
dispersing orifice increases with increasing gas flow rate and approaches
asymptotically a diameter dependent on the size of the dispersing orifice (and
also on the liquid composition). However, this behavior applies only for
volumetric gas flow rates up to 1.35 ml/sec, orifice diameters up to 0.066 cm

and the liquid compositions studied in the present work.

10. Similarly, in a bubble column containing a given liquid composition
(for the system studied): at a fixed gas flow rate, bubble diameter increases
with orifice diameter from 0.028 c¢cm to 0.056 cm and remains approximately

constant from 0.056 cm to 0.066 cm.
11. For the full range of gassing rates studied, an increase in volumetric

mass transfer coefficient was attributed more to an increase in specific

interfacial area than an increase in liquid phase mass transfer coefficient.
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8 SUGGESTED AREAS OF STUDY

The study of mass transfer in airlift reactors has encompassed various
reactor types and design configurations as well as a wide range of operational
parameters and fluid compositions. Recent investigations have concentrated
on airlift reactor types with liquid recycle. The present work studied mass
transfer in one airlift reactor type: the single concentric tube airlift reactor
with gas dispersed in the central draft tube.

Three gassing rates for each of three liquid compositions were studied to
determine the volumetric mass transfer coefficient as well as the specific
interfacial area for oxygen in absorption and desorption operations of the
airlift reactor. The resulting data were compared to data and correlations
produced by reporters working with reactors of design similar to the
concentric tube airlift reactor (e. g. Bello, Robinson and Moo-Young, 1985; and
Sheppard, 1978). However, the present investigation encompasses only part of
the operational parameters and fluid compositions that should be studied to
clucidate the mass transfer characteristics of the reactor type studied.

Therefore, further investigations are recommended in the following areas:

1. A greater range of gassing rates should be studied. The present work
studied gassing rates in the single-bubble gas flow regime, but many
investigators choose conditions that produce greater turbulence in the
reactor.  Further investigations should concentrate, in part, on generating
continuous data using gassing rates that produce liquid flow ranging from the

more laminar to the more turbulent regimes.

2. More information in dimensionless form such as the coordinates
reported by Bello et al (1985) might explain the apparent inconsistencies in
independent investigations in reactors of similar type and design. Also, mass
transfer investigations in different reactor designs (e.g. external loop, single
concentric tube, double concentric tube, etc.) should be performed to produce
information relating, in the same equation, the volumetric mass transfer
coefficients, design characteristics and operational parameters for each

reactor.

80



3. The changes in volumetric mass transfer coefficients for oxygen due
to changes in medium properties do not appear to be appreciable. In addition,
there is limited, undocumented evidence that oxygen transfer into media with
living cells produces higher volumetric mass transfer coefficients for oxygen.
The phenomenon may be due to living cells trapped in the gas-liquid
interface.  Airlift operation studies should therefore be performed with a
wider range of liquid physicochemical properties including the addition of

plant or mammalian cells.

4. Specific interfacial area estimations are restricted by the technique
used to measure bubble diameter. Further investigations in the laminar gas
flow regime should therefore include means of estimating or measuring
increasing interfacial area due to oscillations in the shape of the rising gas
bubble.

The result of studies in the recommended areas should produce data
relating a wider range of fluid properties, operational parameters and
sparger/reactor design dimensions to mass transfer characteristics in airlift
reactors of many related significant types. The ultimate goal is to develop a
general mass transfer model that can be used to predict the conditions

required to produce a specific biomass or its by-products.
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APPENDIX I

The following pages contain raw data collected during the bubble
column experiments. The pages are labelled to indicate from which particular
experiment each data set was collected. The stop frequency, fg, was measured
at each gas flow rate, Q. The mean bubble diameter Dy, was calculated from the
measured data using the method described in section 4.2.4. For each liquid
composition and orifice size, three sets of data were collected at each flow rate
for each liquid composition and orifice size. The average of the three data
points was the mean bubble diameter.

The data generated in the bubble column -- bubble diameter as a
function of gassing rate, orifice size and liquid composition -- were used to
design the perforated plates for the airlift reactor. An outline of the method
used to design the orifice diameter and number of orifices in the perforated

plates follows the raw data and a summary of the bubble column results.




Bubble lumn__Experimen

System -- Liquid: Distilled Water  Orifice Diameter: 11 mils
Gas: Air
Time(hr:min): Time(hr:min): Time(hr:min):
7:10 7:22 ?
Gauge Q fs Dp fs Dp fs Dp
() (ml/s) (s71) mm (s'1) mm (s-1) mm
1 0.05 565 2.13 630 2.05 560 2.13
2 0.15 1120 2.44 1170 2.41 1100 2.46
2.5 0.25 1330 2.74 1300 2.76 1280 2.77
3 0.3 1440 2.83 1450 2.82 1410 2.85
4 0.4 1620 3.00 1580 3.02 1610 3.00
5 0.5 1700 3.18 1750 3.14 1770 3.13
6 0.55
7 0.65
8 0.70
10 0.80
15 1.05
20 1.25
23 1.35

Liquid: height (above orifice): 5.7 cm
volume: 2L
temperature (C) 25
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B | lumn _Experimen

System -- Liquid: Distilled Water  Orifice Diameter: 14 mils
Gas: Air
Time(hr:min): Time(hr:min): Time(hr:min):
7:40 7:50 8:05
Gauge Q fs Dy fs Dy fs Dy
() _ (ml/s) (s mm (s-1) mm (s-1) mm
1 0.05 343 2.51 336 2.53 325 2.56
2 0.15 592 3.02 643 2,94 645 2.94
2.5 0.25 660 3.45 750 3.31 770 3.28
3 0.3 800 3.44 810 3.43 820 3.42
4 0.4 950 3.58 970 3.55 960 3.57
5 0.5 1070 3.71 1090 3.68 1090 3.68
6 0.55 1200 3.68 1200 3.68 1200 3.68
7 0.65 1270 3.82 1305 3.78 1300 3.79
8 0.70
10 0.80
15 1.05
20 1.25
23 1.35

height (above orifice): 5.7 cm
volume: 2L
temperature (C) 24
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B 1 lumn Experimen

System -- Liquid: Distilled Water  Orifice Diameter: 22 mils
Gas: Air
Time(hr:min): Time(hr:min): Time(hr:min):
Gauge Q fs D, | fs Dy fs Db
() (mls) (s-1) mm 1) mm (s'1) mm
1 0.05 218 2.92 215 2.94 216 2.93
2 0.15 380 3.50 356 3.58 352 3.59
2.5 0.25 426 4.00 435 3.97 444 3.94
3 0.3 465 4.13 455 4.16 475 4.10
4 0.4 553 4.29 536 4.33 532 4.34
5 0.5 600 4.49 610 4.47 604 4.48
6 0.55
7 0.65
8 0.70
10 0.80 900 4.59 900 4.59 920 4.56
15 1.05 1100 4.70 1100 4.70 1125 4.67
20 1.25 1280 4.74 1280 4.74 1300 4.71
23 1.35 1390 4.73 1380 4.73 1390 4.73

Liquid: height (above orifice): 6.0 cm

volume: 2L

temperature (C) 24




Bubble lumn__Experiment

System -- Liquid: Distilled Water  Orifice Diameter: 26 mils

Gas: Air

Time(hr:min): Time(hr:min): Time(hr:min):
Gauge Q fg Dy fg Dy fg Dy
(-)__ (ml/s) (s'1) mm (s-1) mm (s-1) mm
1 0.05 267 2.73 227 2.88 235 2.85
2 0.15 412 3.41 400 3.44 405 3.43
2.5 0.25 480 3.84 450 3.93 457 3.91
3 0.3 505 4.01 495 4.04 497 4.04
4 0.4 610 4.15 575 4.23 565 4.26
5 0.5 675 4.32 645 4'.39 640 4.40
6 0.55 750 4.31 710 4.39 710 4.39
7 0.65 800 4.46 765 4.52 770 4.51
8 0.70 840 4.49 820 4.53 820 4.53
10 0.80 930 4.54 910 4.57 900 4.59
15 1.05 1100 4.70 1070 4.74 1080 4.73
20 1.25 1230 4.80 1230 4.80 1250 4.77
23 1.35 1310 4.82 1300 4.84 1315 4.82

Liquid: height (above orifice): 5.7 cm

volume: 2L

temperature (C) 26




B | lumn _Experimen

System -- Liquid: 5 wt % Sucrose  Orifice Diameter: 11 mils
Gas: Air
Time(hr:min): Time(hr:min): Time(hr:min):
Gauge Q fg Dy fg Dy fg Dy
() (ml/s) (s'1) mm (s-1) mm (s-1) mm
1 0.05 640 2.04 600 2.09 650 2.03
2 0.15 1250 2.36 1250 2.36 1250 2.36
2.5 0.25 1420 2.68 1400 2.69 1420 2.68
3 0.3 1560 2.76 1590 2.74 1560 2.76
4 0.4 1850 2.87 1850 2.87 1840 2.87
5 0.5 2080 2.97 2120 2.95 2080 2.97
6 0.55
7 0.65
8 0.70
10 0.80
15 1.05
20 1.25
23 1.35

Liquid: height (above orifice): 5.7 cm
volume: 2L
temperature (C) 25
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B le lumn _Experimen

System -- Liquid: 5 wt % Sucrose  Orifice Diameter: 14 mils
Gas: Air
Time(hr:min): Time(hr:min): Time(hr:min):
8:00 8:20 8:30
Gauge Q fs Dy fs Dy fs Do
() (ml/s) (s-1) mm (1) mm (s1) mm
1 0.05 325§ 2.56 350 2.50 326 2.56
2 0.15 625 2.97 620 3.00 610 2.99
2.5 0.25 720 3.36 750 3.31 730 3.34
3 0.3 815 3.42 820 3.42 810 3.43
4 0.4 950 3.58 970 3.55 970 3.55
5 0.5 1060 3.72 1090 3.68 1090 3.68
6 0.55 1170 3.71 1195 3.69 1195 3.69
7 0.65 1295 3.79 1300 3.79 1305 3.78
8 0.70
10 0.80
15 1.05
20 1.25
23 1.35

Liquid: height (above orifice): 5.7 cm
volume: 2L

temperature (C) 25
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B le lumn _Experimen

System -- Liquid: 5 wt % Sucrose  Orifice Diameter: 22 mils

Gas: Air

Time(hr:min): Time(hr:min): Time(hr:min):
Gauge Q fs Dy fs Dy fs Dp
) (ml/s) (s71) mm (1) mm (s71) mm
1 0.05 222 291 222 2.91 216 2.93
2 0.15 375 3.52 377 3.51 370 3.53
2.5 0.25 422 4.01 413 4.04 410 4.05
3 0.3 453 4.16 455 4.16 450 4.17
4 0.4 522 4.37 525 4.36 525 4.36
5 0.5 585 4.53 586 4.53 580 4.54
6 0.55 640 4.54 640 4.54 636 4.55
7 0.65 690 4.68 686 4.69 686 4.69
8 0.70 760 4.65 750 4.67 760 4.65
10 0.80 835 4.71 840 4.70 840 4.70
15 1.05 1000 4.85 1000 4.85 1000 4.85
20 1.25 1150 491 1150 491 1150 491
23 1.35 1220 4.94 1220 4.94 1230 4.93

Liquid: height (above orifice): 5.7 cm
volume: 2L
temperature (C) 25
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Bubbl Jumn Experimen

System -- Liquid: 5 wt % Sucrose  Orifice Diameter: 26 mils

Gas: Air

Time(hr:min): Time(hr:min): Time(hr:min):

5:45 5:55 6:05

Gauge Q fs Dp fs Dy fs Dv
() (ml/s) (s-1) mm (s-1) mm (s71) mm
1 0.05 222 291 222 2.91 216 2.93
2 0.15 375 3.52 377 3.51 370 3.53
2.5 0.25 422 4.01 413 4.04 410 4.05
3 0.3 453 4.16 455 4.16 450 4.17
4 0.4 522 4.37 525 4.36 525 4.36
5 0.5 585 4.53 586 4.53 580 4.54
6 0.55 640 4.54 640 4.54 636 4.55
7 0.65 690 4.68 686 4.69 686 4.69
8 0.70 760 4.65 750 4.67 760 4.65
10 0.80 835 4.71 840 4.70 840 4.70
15 1.05 1000 4.85 1000 4.85 1000 4.85
20 1.25 1150 491 1150 491 1150 491
23 1.35 1220 4.94 1220 4.94 1230 493

Liquid: height (above orifice): 5.7 cm
volume: 2L
temperature (C) 25
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Jlumn _Experimen

System -- Liquid: WCM-4 (pH=4.5) Orifice Diameter: 11

Gas: Air

Time(hr:min): Time(hr:min): Time(hr:min):
Gauge Q fs Dp fs Dp fs Dy
() (ml/s) (s-1) mm (s71) mm (s-1) mm
1 0.05
2 0.15 980 2.55 980 2.55 860 2.67
25 0.25 1200 2.83 1200 2.83 1200 2.83
3 0.3 1350 2.89 1360 2.89 1340 2.90
4 0.4 1700 2.95 1720 2.94 1680 2.96
5 0.5 1940 3.04 2000 3.01 2000 3.01
6 0.55 2180 3.02 2180 3.02 2180 3.02
7 0.65
8 0.70
10 0.80
15 1.05
20 1.25
23 1.35
Liquid: height (above orifice): 5.7 cm

volume: 25L

temperature (C)
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Bubble lumn__Experimen

System -- Liquid: WCM-4 (pH=4.5) Orifice Diameter: 14 mils
Gas: Air
Time(hr:min): Time(hr:min): Time(hr:min):
2:25 - -
Gauge Q fs Dy fs Dy fs Dp
(-) _ (ml/s) (s-1) mm (s-1) mm (s-1) mm
1 0.05 105 3.73 137 3.41 175 3.14
2 0.15 500 3.18 510 3.18 505 3.18
2.5 0.25 630 3.51 625 3.52 610 3.55
3 0.3 740 3.53 730 3.55 730 3.55
4 0.4 910 3.63 900 3.64 910 3.63
5 0.5 1050 3.73 1040 3.74 1050 3.73
6 0.55 1160 3.72 1150 3.73 1150 3.73
7 0.65
8 0.70
10 0.80
15 1.05
20 1.25
23 1.35

Liquid: height (above orifice): 5.8 cm
volume: 25 L
temperature (C) 22
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B ] lumn_Experimen

System -- Liquid: WCM-4 (pH=4.5) Orifice Diameter: 22 mils
Gas: Air
Time(hr:min): Time(hr:min): Time(hr:min):
Gauge Q fs Dp fs Dy fs Dp
() (ml/s) (s~1) mm (s-1) mm (s | mm ;
|
1 0.05
2 0.15 275 3.90 250 4.03 270 3.93
2.5 0.25 340 4.31 337 4.32 330 4.35
3 0.3 375 4.43 375 4.43 380 441
4 0.4 460 4.56 465 4.54 460 4.56
5 0.5 535 4.67 535 4.67 545 4.64
6 0.55 595 4.65 590 4.66 590 4.66
7 0.65 655 4.76 650 4.77 650 4.77
8 0.70 740 4.69 750 4.67 730 4.71
10 0.80 940 4.70 830 4.72 840 4.70
15 1.05 1010 4.84 1020 4.82 1020 4.82
20 1.25 1190 4.85 1180 4.87 1180 4.87
23 1.35 1260 4.89 1280 4.86 1270 4.87

Liquid: height (above orifice): 5.7 cm
volume: 25L
temperature (C) 25
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B 1 olumn _Experiment

System -- Liquid: WCM-4 (pH=4.5) Orifice Diameter: 26 mils

Gas: Air

Time(hr:min): Time(hr:min): Time(hr:min):

4:25 4:32 4:40

Gauge Q fg Dp fg Dp fs Dp
(- (ml/s) (s-1) mm (s1) mm (s-1) mm
1 0.05
2 0.15 285 3.86 285 3.86 280 3.88
2.5 0.25 355 4.25 350 4.27 350 4.27
3 0.3 395 4.36 395 4.36 390 4.37
4 0.4 475 4.51 470 4.52 465 4.54
5 0.5 545 4.64 540 4.65 540 4.65
6 0.55 600 4.64 590 4.66 595 4.65
7 0.65 650 4.77 655 4.76 650 4.77
8 0.70 730 4.71 730 4.71 730 4.71
10 0.80 820 4.74 820 4.74 820 4.74
15 1.05 1000 4.85 1000 4.85 1000 4.85
20 1.25 1140 4.92 1140 4.92 1140 4.92
23 1.35 1240 491 1240 491 1240 4.91

Liquid: height (above orifice): 5.7 cm
volume: 25L
temperature (C) 24.5
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Bubble diameter as a function of orifice size, liquid composition and
volumetric gas flow rate. System: single submerged orifice in a bubble
column. Orifice diameters measured were: 11, 14, 22 and 26 mils (0.028, 0.036,
0.056 and 0.066 cm, respectively).
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Design of Airlift Reactor Perforated Plate

Goal: To determine what orifice plate design would be most efficient for

producing the given operational parameters.

Given: (1) Gas flow rate (vwvm) will be increased while increasing the
number of holes in the orifice plate such that the Reynolds number at each
orifice will remain constant.

(2) The desired vvm are 0.1, 0.2 and 0.4 necessitating three orifice
plates, one for each vvm.

(3) Each orifice on each plate should be at least thrice the bubble
diameter from every adjacent orifice to minimize bubble-bubble interaction
(e.g. coalescence) -- as recommended by Treybal.

(4) The inner draft tube outer diameter is 6.35 cm (2.5 in) so all
orifices must fall within that diameter by the distance necessary to minimize

bubble interaction with the draft tube inside wall.

Designing a plate to meet operational the given item (3) requires prior
knowledge of bubble size. Use the data generated in the bubble column

experiments and the method outlined below.

(1) Establish an operational Reynolds number (e.g. Re < 2100)

(2) Establish an orifice diameter

(3) Calculate the volumetric gas flow rate per orifice

(4) Establish a range of vvm (e.g. 0.1 to 0.4)

(5) Establish a liquid volume (e.g. 1 liter)

(6) Calculate the total volumetric gas flow rate required to meet each
vvm given the liquid volume

(7) Calculate the number of orifices required to meet the total
volumetric flow rate

(8) Estimate average bubble diameters (for different liquid solutions)

(9) Calculate the minimum distance between adjacent orifices

(10) Determine the pitch of the orifice design (e.g. circular or
triangular).
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APPENDIX I

The following pages contain raw data collected during the operation of
the airlift reactor. Included are the strip chart recording of the liquid pilase
dissolved oxygen concentration and tabulated information on the number of
dispersed gas bubbles suspended in the liquid phase during absorption and
desorption. The preliminary pages contain information that distinguish the
raw data into groups and reference them to each other.

Reduced data on the oxygen absorption and desorption in the airlift
reactor are also included. The reduced data summarize the dimensionless
liquid phase oxygen concentration as a function time, the calculated gas
holdup and other intermediate calculated values of relevant parameters in the
airlift reactor operations.
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EXPERIMENTAL AIRLIFT OPERATION

Data to be used to calculate overall mass-transfer coefficient (kja),
interfacial area, (a) and liquid-phase mass-transfer coefficient (k|).

Date: 6/3

Orifice plate: Number of orifices: S

NOGAS FLOW .
Liquid Composition: Dt HO
Liquid Temperature: 2+5°C
Liquid Height (from outside bottom of reactor): 0.V cm ;
Liquid Volume (including that in manometer): 1500 ™¥

Draft tube:  Distance from outside bottom of reactor to bottom of draft tube: 2-5 tw
Distance from top of draft tube to top of liquid: 7.5 cwa

Reactor Lid: Distance from top of liquid to bottom of lid: 7.5 c¢ws

CAMERA
FILM: &B&w [OColor TYPE:(RTMAX Ie40 TX 13- 3¢
SHUTTERSPEED: 150 (OJOTHER:;

LIGHTING: (A 2 Fiood lamps @ ~ 6 cm from opposites of reactor wall
[J OTHER:
APERTURE SETTING: {(
GAS FLOW NOT EQUAL TQ ZERQ* IF STRIPPING WITH NITROGEN
THEN ESTABLISH A STEADY
Gas Flow: Gauge Reading: 1.2 PSIG BASELINE (ABOUT 20 MINUTES)

Flow Rate: 4 @y mls/sec

Gas Composition: N -

Dissolved Oxygen: Beginning ppm: >

Exposure label (take three data points): %Y

Bubbile size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
170 170 TO-ONE
Number of sparger orifices producing bubbles: g
o
Labet this length of strip chart output: N | . Liquid Temp.: 26 C

Final Dissolved oxygen ppm*: 00-O

* Mark this on the strip chart output, also
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GAS FLOW NOT EQUAL TO ZERQ*
Gauge Reading: \.3 PSIG

Gas Flow:

Flow Rate: v mis/sec

Gas Composition: A\R

Dissolved Oxygen:  Beginning ppm: 00O
G,
Exposure labe! (take three data points): / 3N b/ 30 L/S P
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
Jeo %2 IS TO-ONE
Number of sparger orifices producing bubbles: B .
o 5
Label this length of strip chart output: _ Al . L t\wJ W 25°C
Final Dissolved oxygen ppm*: 2.7
GAS FLOW NOT EQUAL TO ZERO*
Gas Flow: Gauge Reading: 1.5 PSIG
Flow Rate: 4 &  mis/sec
Gas Composition: Nz
Dissolved Oxygen: Beginning ppm: & .7}
b
Exposure label(take three data points): AQ 24 3R “/ 3 S
Bubble size:  Strobe light RPM MAKE SURE THE FLASH-
(take three data '_roints): BUBBLE RATIO IS ONE-
nns. 0 1o TO-ONE

Number of sparger orifices producing bubbles: 5§
N2

Label this length of strip chart output:

Final Dissolved oxygen ppm*: 00.0

. g by 15°¢

COMMENT:  Liqusd comy disk. H0
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GAS FLOW NOT EQUAL TO ZERQO" Ola' 1" 15 WASTED «
Wik
GasFlow:  GaugeReadng: -2 PSIG ex OV oy
Flow Rate: & 2 mls/sec we W A Qﬁ“ bfmé
3 (‘C‘LUVU
Gas Composition: A% N oA v
/s

Dissolved Oxygen:  Beginning ppm: 0o ©

Exposure label (take three data points): 6/ 3 &/ 3 Y 6_/3_|AL

Bubble size:  Strobe light RPM MAKE SURE THE FLASH-
((_:ilke three data points): BUBBLE RATIO IS ONE-
10 170 1180 TO-ONE

Number of sparger orifices producing bubbles: 5

L I& y s 'L'Jhs °CJ
Labe! this length of strip chart output: _AY - ay /

Finat Dissolved oxygen ppm™: &. 3

GAS FLOW NOT EQUAL TQ ZERQ*

Gas Flow: Gauge Reading: PSIG
Flow Rate: mls/sec

Gas Composition:

Dissolved Oxygen: Beginning ppm: °

Exposure label(take three data points): /3 x b/3y _(_'j/_’l,i
Bubble size:  Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
89 %D 8o TO-ONE
Number of sparger orifices producing bubbles: 5
v 0 . °
Label this length of strip chart output: __N3_‘ biv : b’”f woe

Final Dissolved oxygen ppm*: w0b o7 ¢Yepo0 (save N“(,)

COMMENT; & ("/3r~r 15 NoTAREGCUNT TicTulE,
ktqmd omp . dist. H.0

* Mark this on the strip chart output, also
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EXPERIMENTAL AIRLIFT OPERATION

Data to be used to calculate overall mass-transfer coefficient (kja),
interfacial area, (a) and liquid-phase mass-transfer coefficient (ki).

Date: ¢/
Orifice plate: Number of orifices: ©)

NOGASFLOW L
Liquid Composition: T\5T. #1229
Liquid Temperature: 2%°
Liquid Height (from outside bottom of reactor): 72 B oom
Liquid Volume (including that in manometer): 2350 -2y

Draft tube:  Distance from outside bottom of reactor to bottom of draft tube: .5 <~
Distance from top of draft tube to top of liquid: 2. .& <~

Reactor Lid: Distance from top of liquid to bottom of lid: 7.5 < w

CAMERA e e
FILM: BB aw (OColor TYPE: (R TMAX TN A&
SHUTTERSPEED: 1S . JOTHER: AsA o
LIGHTING: R 2 Flood lamps @ ~ 6 cm from opposites of reactor wall

{0 OTHER;
APERTURE SETTING: |,
T TOZERQ* IF STRIPPING WITH NITROGEN
THEN ESTABLISH A STEADY
Gas Flow: Gauge Reading: '%?) PSIG BASELINE (ABOUT 20 MINUTES})

Flow Rate: $3.2>  mls/sec
Gas Composition: N
Dissolved Oxygen: Beginning ppm: ©&.2_

Exposure label (take three data points): e/z A

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
) 1Heo \To TO-ONE

Number of sparger orifices producing bubbles: O)
Label this length of strip chart output: N1 Liquid Temp.: 245 ¢

Final Dissolved oxygen ppm*: ©0.0

* Masl thie An tha etrin chart antnut. also
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GAS FLOW NOT EQUAL TO ZERQ"
Gas Flow: Gauge Reading: - PSIG

Flow Rate: &.2> mls/sec

Gas Composition: Al =
Dissolved Oxygen: Beginning ppm: oo
Exposure label (take three data points):

Bubble size:  Strobe light RPM
(take three data points):
Hio W10

Number of sparger orifices producing bubbles: S

Label this length of strip chart output:

Fina! Dissolved oxygen ppm*: & . |

_A_\ .

. O
TwEe N
@/35 (0/3 C ine % @3yD
MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
\\’lo TO-ONE

Llﬁv\d TE’M\f 25°¢

GAS FLOW NOT EQUAL TO ZERQ"
Gas Flow: Gauge Reading: >- PSIG

Flow Rate: & .2 mls/sec

Gas Composition: N 5

Dissolved Oxygen:  Beginning ppm: & .}

Exposure label(take three data points):

Bubble size:  Strobe light RPM
(take three data points):
\1770 n7Jo

b/x o 6/~ ¢

o ¢

10

Number of sparger orifices producing bubbles: )

Label this length of strip chart output:

Final Dissolved oxygen ppm*: OO. O

N2 -

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

L-l«iwel -IB\L/\( ! ZS dc

COMMENT: |y quié cownp * dist. R0

* Mark this on the strip chart output, also
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GAS FLOW NOT EQUAL TQ ZERQ*
Gas Flow: Gauge Reading: 3.2 PSIG
Flow Rate: &.& mis/sec
Gas Composition: AR
Dissolved Oxygen: Beginning ppm: 60 . O
Exposure labe! (take three data points): b/ 34 % 3H é[}l
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
deo 1160 %) TO-ONE
Number of sparger orifices producing bubbles: 9 )
»
Label this length of strip chart output: _A_Z___ L\.-\u d 114..? s C

Final Dissolved oxygen ppm*:

8.9 (hids bl

NEW
GAS FLOW NOT EQUAL TOZERQ* RaLL
Of Fim: %‘*
Gas Flow: Gauge Reading: 3> PSIG
Flow Rate: .2, mis/sec
Gas Composition: N -
Dissolved Oxygen:  Beginning ppm: &.%)
Exposure label(iake three data points): “’/ 3J b/g K b/; L
Bubble size:  Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
nie e 0o TO-ONE
Number of sparger orifices producing bubbles: ‘3
. ©
Label this length of strip chart output: N3 y (AC‘V'J T‘""‘(’ L0

Final Dissolved oxygen ppm*: 00,0

XX Ta-x fam (150 490

COMMENT:
Liquid comp: dik. KO

* Mark this on the strip chart output, also
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EXPERIMENTAL AIRLIFT OPERATION

Data to be used to calculate overall mass-transfer coefficient (kia),
interfacial area, (a) and liquid-phase mass-transfer coefficient (kp).

Orifice plate: Number of orifices: 19

NOGAS FLOW .
Liquid Composition: Dist. H 0O
Liquid Temperature: 25.5°¢

Date: (/4

Liquid Height (from outside bottom of reactor): 7o .+ enn
Liquid Volume (inciuding that in manometer): 2 3co w05

Draft tube:  Distance from outside bottom of reactor to bottom of draft tube: -5 am
Distance from top of draft tube to top of liquid: 2. o

Reactor Lid: Distance from top of liquid to bottom of lid: 2.5 o

CAMERA
FILM: KB&w ([JColor

TYPE:RTMAX 115 -4

SHUTTERSPEED: 250 (JOTHER:;
LIGHTING: R 2 Flood lamps @ ~ 6 cm from opposites of reactor wall
() OTHER:
APERTURE SETTING: | (,
T TQZERQ" IF STRIPPING WITH NITROGEN
THEN ESTABLISH A STEADY
Gas Flow: Gauge Reading: I'*'S  PSIG BASELINE (ABOUT 20 MINUTES)
Flow Rate: 1®.(~ mls/sec
Gas Composition: N e
Dissolved Oxygen:  Beginning ppm: 7.9
Exposure label (1ake three data points): “lan b/ A
CoPs
Two &xPeosungs o€ @4 A
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
\“420 TO-ONE
Number of sparger orifices producing bubbles: | %)
Label this length of strip chart output: L‘ Liquid Temp.: 2. . S DC_

Final Dissolved oxygen ppm*: OO. O

* Mark this an the strip chart outout. also
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GAS FLOW NOT EQUAL TO ZERO"

Gas Flow: Gauge Reading: \*. 5 PSIG
Flow Rate: \6.6 mis/sec

Gas Composition: AR
Dissolved Oxygen: Beginning ppm: 02.0

Exposure label (take three data points): /2B

Yol

Gl c b/2D

Bubble size: Strobe light RPM
(take three data points):

\4So 2. \Y7o

Number of sparger orifices producing bubbles: {9

Label this length of strip chart output: Al

Final Dissolved oxygen ppm*: 8 .73

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

L-c‘u d TC«M?‘. Z(QDC/

GAS FLOW NOT EQUAL TQ ZERQ"

Gas Flow: Gauge Reading: 'S  PSIG
Flow Rate: 1&.( mls/sec

Gas Composition: N
Dissolved Oxygen: Beginning ppm: &.3

Exposure label(take three data points):  ©/2E. e G
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
470 (470 (470 TO-ONE
Number of sparger orifices producing bubbles: 19
Label this length of strip chart output: _NZ_' L-qwl Tm?; ZQ, °C__

Final Dissolved oxygen ppm®:

COMMENT: Liquid comp: diek H,0

* Mark this on the strip chart output, also
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6/
GAS FLOWNOT EQUAL TOZERO"

Gas Flow: Gauge Reading:\%-S  PSIG
Flow Rate: \&:0 mis/sec

Gas Composition: AR
Dissolved Oxygen: Beginning ppm: oo .0

Exposure label (take three data points): Gl K bt o/ J

Bubble size:  Strobe fight RPM MAKE SURE THE FLASH-
(take three data L‘R’c::ints): BUBBLE RATIO IS ONE-
(40 [ 40 1460 TO-ONE

Number of sparger orifices producing bubbles: \9 )
Label this length of strip chart output: ‘ y Ly C\w:\ Tem e ZGOC,

Final Dissolved oxygen ppm*: 8.5

GAS FLOWNOT EQUAL TOZERQ"

Gas Flow: Gauge Reading: 4.5  PSIG
Fiow Rate: 1&.L mis/sec

Gas Composition: N 2
Dissolved Oxygen:  Beginning ppm: 8.5
Exposure label(take three data points): @ /2K oL b M

Bubble size:  Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
&bQ {dGo 45 TO-ONE
Number of sparger orifices producing bubbles: 19
Label this length of strip chart output: N2 . L °\V‘C! ’EW‘Q’ 2e°C

Final Dissoived oxygen ppm*: OO. | *

COMMENT: *6 (y({ L)LF:)-;) rt’(-l(_(n\vz 0490 l'}l.(ou/a(_ ruv\n‘k_s 6‘“;’% NL
Liqud camg. disk. Wa?

* Mark this on the strip chart output, also
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EXPERIMENTAL AIRLIFT OPERATION

Data to be used to calculate overall mass-transfer coefficient (kja),
interfacial area, (a) and liquid-phase mass-transfer coefficient (ki).

Date: 7 /7

Orifice plate: Number of orifices: g

NOGASFLOW 5 svevet

Liquid Composition:

Liquid Temperature:

Liquid Height (from outside bottom of reactor):

Liquid Volume P L300 Wy

Draft tube:  Distance from outside bottom of reactor to bottom of draft tube:
Distance from top of draft tube to top of liquid:

Reactor Lid: Distance from top of liquid to bottom of lid:

CAMERA -1

FILM: @8 &w [OColor TYPE:(RTMAX TwY 078V

SHUTTERSPEED: 150 (JOTHER;

LIGHTING: (3 2 Flood lamps @ ~ 6 cm from opposites of reactor wall

(O OTHER:

APERTURE SETTING: ]

GAS FLOWNOT EQUALTOZERQ® IF STRIPPING WITH NITROGEN
4 , THEN ESTABUSH A STEADY
Gas Flow: Gauge Reading: PSIG BASELINE (ABOUT 20 MINUTES)
Flow Rate: mls/sec
Gas Composition: NV
Dissolved Oxygen: Beginning ppm: 0
—
Exposure label (take three data points): - ~
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): — BUBBLE RATIO IS ONE-
- TO-ONE
Number of sparger orifices producing bubbles: S
Label this length of strip chart output: N1 iy Liquid Temp.: 2% g e }
|

Fina! Dissolved oxygen ppm*: o6, o ;

* Mark this on the strip chart output, also
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Date: \ 7/

GAS FLOW NOT EQUAL TO ZERO* -l
Gas Flow: Gauge Reading:2< PSIG

Flow Rate: (, &ty mls/sec
Gas Composition: A1 R,
Dissolved Oxygen: Beginning ppm: 0o0.9

=/~ 7 7
Exposure label (take three data points): /A /73 /7Q
|
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(lake three data points): BUBBLE RATIO IS ONE-

o 1160 liz0 TO-ONE
Number of sparger orifices producing bubbles: 5
Label this length of strip chart output: _Al__‘

o

Final Dissolved oxygen ppm*: j% / Liquid Temp.: Z?S/ C/

RS S N
GAS FLOW NOT EQUAL TO ZERO*

Gauge Rcadingzl-“’r PSIG
Flow Rate: (,,q mls/sec

Gas Flow:

Gas Composition: N’\,

Dissolved Oxygen: Beginning ppm:77

Exposure label(take three data points): /7 D —7/7E -'/7 £
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points); BUBBLE RATIO IS ONE-
13S0 LN 1380 TO-ONE

Number of sparger orifices producing bubbles: 5

NZ .

Label this length of strip chant output:

Final Dissolved oxygen ppm*: 00.0

Liquid Temp.: 7.5 °C

COMMENT: L,\c\wd comp S wr/p $ULIOSR
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’ Date: )
GAS FLOW NOT EQUAL TQ ZERQ* 7 7
Gas Flow: Gauge Reading:1 < PSIG
Flow Rate: (.4 mls/sec

Gas Composition: A1

Dissolved Oxygen: Beginning ppm: 0.0

v
Exposure label (take three data points): 7/7 (5 % H /Z L

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(1ake three data points): BUBBLE RATIO IS ONE-
10 40 1300 TO-ONE

Number of sparger orifices producing bubbles: S
Label this length of strip chart output: A’L *
Final Dissolved oxygen ppm*: 7’] 4 Liquid Temp.: ’Lﬂ.g OC

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:? S PSIG
Flow Rate: .4 mls/sec

Gas Composition: }\]7’

Dissolved'Oxygcn: Beginning ppm: '_3"7 ,7/ out oF

Exposure label(take three data points): /'7 J 7K _Fum (e ef o)

Bubble size: Strobe light RPM : MAKE SURE THE FLASH-

(take three data poimls: BUBBLE RATIO IS ONE-

510 1529 é«o TO-ONE

Number of sparger orifices producing bubbles: 5

Label this length of strip chart output: _NR .

Final Dissolved oxygen ppm*: ©®o.. 4 Liquid Temp.: U5 "C

COMMENT: L\qv\d iy 5 whb Suost




XPERIMENT IF PERATION

Data to be used to calculate overall mass-transfer coefficient (kja),
interfacial area, (a) and liquid-phase mass-transfer coefficient (ki).

Date: W/Q

Orifice plate: Number of orifices: )

NOGASFLOW ot
Liquid Composition: < 71/ $vcmsi
Liquid Temperature: 18 °&
Liquid Height (from outside bottom of reactor): —p . | v
Liquid Volume e S BT

Draft tube:  Distance from outside bottom of reactor to bottom of draft tube: 2 ¢ ¢~
Distance from top of draft tube to top of liquid: 2. . .

Reactor Lid: Distance from top of liquid to bottom of lid: 2. &~ w.

CAMERA
FILM: ®B&w ([OColor TYPE:(RTMAX T~ 38 - 3L
SHUTTERSPEED: 356 (JOTHER;
UGHTING: 2 Flood lamps @ ~ 6 ¢m from opposites of reactor wall
O OTHER:;
APERTURE SETTING: ||,
GASFLOWNOTEQUALTQZERQ" IF STRIPPING WITH NITROGEN
4 . THEN ESTABUSH A STEADY
Gas Flow: Gauge Reading: 3 »  PSIG BASELINE (ABOUT 20 MINUTES)

Flow Rate: - mls/sec
Gas Composition: N +
Dissolved Oxygen:  Beginning ppm: ©&- D

Exposure label (take three data points): -

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
- - - TO-ONE

Number of sparger orifices producing bubbles: 0)
Labe! this length of strip charl output: N Liquid Temp.: 'Lq-‘ <
Final Dissolved oxygen ppm*: b o |, o

* Mark this on the strip chart output, also




w' . Date: 7/5

Gas Flow: Gauge Reading: T1.2PSIG
Flow Rate: \\.~(- mls/sec

Gas Composition: AV¥-

Dissolved Oxygen: Beginning ppm: oco.o0

o) =
Exposure label (take thrce data points): /§A 7/5 B /§ (&
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(1ake three data points): BUBBLE RATIO IS ONE-
Hoo 1390 \ Yo TO-ONE
Number of sparger orifices producing bubbles: 9
Label this length of strip chart output: Al .
Final Dissolved oxygen ppm*: "], < 'Y Liquid Temp.: 2.5 "
GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: 1L PSIG
Flow Rate: || .4 mls/sec

Gas Composition: f\}.,\,

Dissolved Oxygen: Beginning ppm: '7{

Exposure label(take three data poinxs):-7/€ o —l/Sf 7/< ¢
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take threc data points): BUBBLE RATIO IS ONE-
1356 3% Blo TO-ONE

Number of sparger orifices producing bubbles: ‘5
Label this length of strip chart output: NZ‘ .

: J
Final Dissolved oxygen ppm*: (0.0 Liquid Temp.: 7,3/ C

COMMENT: L\c\\uc\ Lomg: B wl/f quuosl




w' . Date: 7/5
Gas Flow: Gauge Reading 1> PSIG
Flow Rate: u.+ mls/sec
Gas Composition: AT
Dissolved Oxygen: Beginning ppm: 00.0
Vs ke s

Exposure label (take thrce data points):

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
2 e {210 TO-ONE

Number of sparger orifices producing bubbles: o)
Labe!l this length of strip chart output: _éz—___‘

0
Final Dissolved oxygen ppm*: ] 5 / Liquid Temp.: ’LL{—L C
GAS FLOW NOT EQUAL TOZERO*

Gas Flow: Gauge Reading:1,] PSIG
Flow Rate: Iy mls/sec

Gas Composition: N'L
Dissolved Oxygen: Beginning ppm: 7.6

. - -
Exposure label(take three data points): /5 J 1/5\4 é_\—-_
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
1300 ‘11 pe 1320 TO-ONE

Number of sparger orifices producing bubbles: <

Label this length of strip chart outpul: _"B—‘

P
Final Dissolved oxygen ppm*: 00 0 Liquid Temp.: 245 C

COMMENT: Liqué woep: 5 " sugose
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EXPERIMENTAL AIRLIFT QPERATION

Data to be used to calculate overall mass-transfer coefficient (kja),
interfacial area, (a) and liquid-phase mass-transfer coefficient (ki).

Orifice plate: Number of orifices: \0)

NOGAS FLOW

Liquid Composition: S V"’*’A SveA e

Liquid Temperature: 25 -5 * ¢

Date: 7/"f

Liquid Height (from outside bottom of reactor): 20 - U~
Liquid Volume (ineluding-that-in-manemeter): 2300 w22

Draft tube:  Distance from outside bottom of reactor to botiom of draft tube: 2.4 ¢ »
Distance from top of draft tube to top of liquid: 2.5 e~

Reactor Lid: Distance from top of liquid to bottom of lid: 7.5 cw~

CAMERA
FILM: KNB &w [OColor

TYPE[RTMAX ™Y 138-34

SHUTTERSPEED: 1S¢ (JOTHER:
LIGHTING: A 2 Flood lamps @ ~ 6 cm from opposites of reactor wall
{J OTHER:

APERTURE SETTING: ’b

GAS FLOW NOT EQUAL TO ZERO" IF STRIPPING WITH NITROGEN
THEN ESTABLISH A STEADY
Gas Fiow: Gauge Readmg:(g °  PSIG BASELINE (ABOUT 20 MINUTES)
Flow Rate: 2 mis/sec
Gas Composition: N «_
Dissolved Oxygen:  Beginning ppm: <
Exposure label (take three data points): _
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
- TO-ONE

Number of sparger orifices producing bubbles: |9
Label this length of strip chart output:

Final Dissolved oxygen ppm*: b o

* Mark this on the strip chart output, also

Ny

Liquid Temp.: < .St




GAS FLOW NOT EQUAL TO ZERQ*

Gas Flow: Gauge Reading: 22-PSIG
Flow Rate: 2. ,(, mls/sec

Gas Composition: A

Dissolved Oxygen: Beginning ppm: o0.©

Date: ‘7/*

MR e

Exposure label (take thrce data points): Z/"fA
Bubble size: Strobe light RPM
(take three data points):
(Lo ibto ‘10

Number of sparger orifices producing bubbles: o)

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

Liquid Temp.: .S vQ/

Label this length of strip chart output: At
Final Dissolved oxygen ppm*: |7} 7/
GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:22 PSIG
Flow Rate: 2-2.b mls/sec

Gas Composition: N

Dissolved Oxygen: Beginning ppm: rm\ M

Ve

"I/F

Exposure label(take three data points):'q/‘f‘D
Bubble size: Strobe light RPM
(take three data poinls&:
[olo (b1 W0

Number of sparger orifices producing bubbles: (q

Label this length of strip chart output: L

Final Dissolved oxygen ppm*: o00.0Q

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

Liquid Temp.: 78 %

COMMENT:  Liquid w5 wh/ sucroce
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GAS FLOW NOT EQUAL TQ ZERO*

Gas Flow: Gauge Reading: 7% PSIG
Flow Rate: 22.(, mls/sec

Gas Composition: A\~

Dissolved Oxygen: Beginning ppm: vo.9

Date: —]/q

K Thg

7
Exposure label (take thrce data points): Afé'
Bubble size: Strobe light RPM
(take three data points):
[beo l6p0 {boo

Number of sparger orifices producing bubbles: lc)

Label this length of strip chart output: AL

Final Dissolved oxygen ppm*: ‘7,"] s

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

Liquid Temp.: 15 ‘JQ/

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: 1% PSIG
Flow Rate: 11, (, mls/sec

Gas Composition: Na
Dissolved Oxygen: Beginning ppm: 1.9
Exposurc label(take threc data points): '7/ “fJ

q/j K 7/4 [

Bubble size: Strobe light RPM
(take three data points):
felo tbto w0

Number of sparger orifices producing bubbles: lq

Label this length of strip chart output: N 3

Final Dissolved oxygen ppm*: 0o0.Q

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

Liquid Temp.: 1S L

COMMENT; L\c\uu& A 5 u(% Sucose
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EXPER!MENTAL AIRLIFT OPERATION

Data to be used to calculate overall mass-transfer coefficient (kja),
interfacial area, (a) and liquid-phase mass-transfer coefficient (ki).

Orifice plate: Number of orifices: S

NOGAS FLOW .
Liquid Composition: W -4 (n 4.6
Liquid Temperature: 1S °C

Date: @/,

Liquid Height (from outside bottom of reactor): v - 2w
Liquid Volume (including that in manometer): 2350 Wi,

Draft tube:  Distance from outside bottom of reactor to bottom of draft tube: 1.5 ¢ w~
Distance from top of draft tube to top of liquid: 2 . & cwa

Reactor Lid: Distance from top of liquid to bottom of lid: 2 <& & v

CAMERA
ALM: [@B&w  [JColor

TYPEYTMAX Tei- NS < 3L

SHUTTERSPEED: <50 (JOTHER;
LIGHTING: (A 2 Flood lamps @ ~ 6 cm from opposites of reactor wall
[J OTHER;
APERTURE SETTING: |5
Fi T RO* IF STRIPPING WITH NITROGEN
THEN ESTABLISH A STEADY
Gas Flow: Gauge Reading: 13 PSIG BASELINE (ABOUT 20 MINUTES)
Flow Rate: (™M mis/sec
Gas Composition: N ~
Dissolved Oxygen:  Beginning ppm: 7
Exposure label (take three data points): '/
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
, ~ (take three data points): BUBBLE RATIO IS ONE-
TO-ONE

Number of sparger orifices producing bubbles: S
Label this fength of strip char! output:

Final Dissotved oxygen ppm*: OO0 ,D

* Mark this on the strip chart output, also

123
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Liquid Temp.: 2< °C_




GAS FLOW NOT EQUAL TOZERO*

Gas Flow: Gauge Reading:l3 PSIG
Flow Rate: (,77 mls/sec

Gas Composition: Al 2

Dissolved Oxygen: Beginning ppm: o0o0. O

. o
Date: .

e o 0fF LM TN 136 -3

“/ioY blo 2 (o/\o A

Exposure label (take threce data points): ("/\0\{
Bubble size: Strobe light RPM
(take three data points):
oo Y] 1022

Number of sparger orifices producing bubbles: S

Label this length of strip chart output: AL *

MAKE SURE THE FLASH-
BUBBLERATIO IS ONE- -~
TO-ONE

Final Dissolved oxygen ppm*: r].o ' Liquid Temp.: Z‘{’dc/

GAS FLOW NOT EQUAL TQ ZERQ*

Gas Flow: Gauge Reading: 2.3 PSIG
Flow Rate: Ly mls/sec

Gas Composition: N

Dissolved Oxygen: Beginning ppm: 7] .

Exposure label(take three data points):“/lo AR// %o Ac ("/QAD

Bubble size: Strobe light RPM MAKE SURE THE FLASH-

(take three data points): BUBBLE RATIO IS ONE-

loop 110 l°%0 TO-ONE

Number of sparger orifices producing bubbles: 5

Label this length of strip chart output: __N_z-__‘

Final Dissolved oxygen ppm*: 0o .o

Liquid Temp.: 25°¢

COMMENT: LI‘\.}\A wn-\Qz Wel - 4
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3AS FLOW NOT EQUAL TO ZERQ*

jas Flow: Gauge Reading:2 > PSIG
Flow Rate: &7  mls/sec

3as Composition: AR

Dissolved Oxygen: Beginning ppm: 0. O

Date: G/ o

,
/0 AF pATY.NC!

)
Exposure label (take thrce data points): /o AE
Bubble size: Strobe light RPM
(take three data points):
1590 oo \eD

Number of sparger orifices producing bubbles: 5
Labe! this length of strip chart output: A?- *

Final Dissolved oxygen ppm*: >
Vs sra Mo

=T santd d"

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

Liquid Temp.: 1+ ¢

GAS FLOW NOT EQUAL TO ZERQ*

Gas Flow: Gauge Reading: 2.3 PSIG
Flow Rate: 4.1 mls/sec

Gas Composition: N‘L_

Dissolved Oxygen: Beginning ppm: (.2 &— t~oT 7100 by e 1O = Cf

Exposure label(take three data points): /o AH (o/{o Al /o AT

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take threc data points): BUBBLE RATIO IS ONE-

\OPp (LR {020

Number of sparger orifices producing bubbles: S

Label this length of strip chart outpul: __'\)_3____‘

Final Dissolved oxygen ppm*: o©o© .0

TO-ONE

Liquid Temp.: 24.5°C

COMMENT:  (nqud oM™ WCM -4
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EXPERIMENTAL AIRLIFT OPERATION

Data to be used to calculate overall mass-transfer coefficient (kja),
interfacial area, (a) and liquid-phase mass-transfer coefficient (k|).

Date: G/
Orifice plate: Number of orifices: 9

NOGAS FLOW .
Liquid Composition: Wesa -4 ( pW "*"53
Liquid Temperature: 25 ° -
Liguid Height (from outside bottom of reactor): 20+ &v™
Liquid Volume (including that in manometer): 21ov wods

Draft tube:  Distance from outside bottom of reactor to bottom of draft tube: 2.5 &—
Distance from top of draft tube to top of liquid: -5 &~

Reactor Lid: Distance from top of liquid 1o bottom of lid: 2.5 < w~

CAMERA

FILM: XB&w  [JColor TYPEYTMAX  Trmy 135 - 3%

SHUTTERSPEED: 150 OOTHER:

LIGHTING: & 2 Flood lamps @ ~ 6 ¢m from opposites of reactor wall

O OTHER;
APERTURE SETTING: 16
F TO ZERQ* IF STRIPPING WITH NITROGEN
THEN ESTABUSH A STEADY

Gas Flow: Gauge Reading: & 7 PSIG BASELINE (ABOUT 20 MINUTES)

Flow Rate: (7, mis/sec
Gas Composition: N
Dissolved Oxygen: Beginning ppm: ’7

Exposure label (take three data points):

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
~ (take three data points):_ BUBBLE RATIO IS ONE-
- TO-ONE

Number of sparger orifices producing bubbles:

oo.<o .,

Labe! this length of strip chart output: Liquid Temp.: 245 DC/

Final Dissolved oxygen ppm*: 00. o

* Mark this on the strip chart output, also



GAS FLOW NOT EQUAL TO ZERO*

Gauge Reading:¢] PSIG
Flow Rate: 41.{ mls/sec

Gas Flow:

Gas Composition: A&

Dissolved Oxygen: Beginning ppm: 00.0

Date: G/( o

o — LleO

Exposure label (take thrce data points): “’/\0"’\
Bubble size: Strobe light RPM
(take three data points):
13%0 \320 A0

Number of sparger orifices producing bubbles: °)

Label this length of strip chart output: AI *

Final Dissolved oxygen ppm*: '] | 4

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

Liquid Temp.: 7.6 OC/

GAS FLOW NOT EQUAL TO ZERO* C
+ 2V 0L
Gas Flow: Gauge Reading: 677 PSIG ¢ 2) (’(w( 4
Flow Rate: 1. mls/sec
. to 0.\ /vm'\
Gas Composition: N?_
|
Dissolved Oxygen: Beginning ppm: "]‘ |
Exposure label(take three data points): c’/mP ©/o Q {’/10 R
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
[EXT°) 1330 310 TO-ONE

Number of sparger orifices producing bubbles: S
Label this length of strip chart output: NZ .

Final Dissolved oxygen ppm*: op O

Liquid Temp.: 15 OC/

COMMENT: Liged tomnge WOM-4
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Date: (./
GAS FLOW NOT EQUAL TO ZERO* fo
Gas Flow: Gauge Reading:v7 PSIG
Flow Rate: \».y mls/sec
Gas Composition: AR
Dissolved Oxygen: Beginning ppm: 00.0
Exposure label (take thrce data points): C’_/ti é/m T % W
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
\3%0 (330 1330 TO-ONE

Number of sparger orifices producing bubbles: ?)

Label this length of strip chart output: AZ *

/

Final Dissolved oxygen ppm*: "}.0 Liquid Temp.: ZSOC‘,

GAS FLOW NOT EQUAL TO ZERO*
Gas Flow: Gauge Reading:"1 PSIG
Flow Rate: 2.1 mls/sec

Gas Composition: N,

Dissolved Oxygen: Beginning ppm:jo
Exposure label(take three data points): (°/i°\/ b/lo ﬂ L"Ao X

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
\fﬂo {R3%0 1330 TO-ONE

Number of sparger orifices producing bubbles: 0)

Label this length of strip chart output: N_S .

Final Dissolved oxygen ppm*: Oo:e Liquid Temp.: Zfoc‘,

COMMENT: (\quid covng * WCM - &
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EXPERIMENTAL AIRLIFT OPERATION

Data to be used to calculate overall mass-transfer coefficient (kja),
interfacial area, (a) and liquid-phase mass-transfer coefficient (kj).

Date: (/o
Orifice plate: Number of orifices: (¢

NOGAS FLOW : -
Liquid Composition: Wem =+ (R 43)
Liquid Temperature: 76 “C
Liquid Height (from outside bottom of reactor): zu-+ T~

Liquid Volume (ireluding-thatin—manometer): 7300 by

Draft tube:  Distance from outside bottom of reactor to bottom of draft tube: 4 ¢ .
Distance from top of draft tube to top of liquid: 3 < .~

Reactor Lid: Distance from top of liquid to bottom of lid: 7.8 ¢ wn

CAMERA
FILM: KlBaw OColor TYPE: R TMAX ™Y 636
SHUTTERSPEED: 7.50 (JOTHER;
LIGHTING: X 2 Flood lamps @ ~ 6 cm from opposites of reactor wall
(O OTHER:
APERTURE SETTING: ({,
GAS FLOW NOT EQUAL TQ ZERO* IF STRIPPING WITH NITROGEN
THEN ESTABLISH A STEADY
Gas Flow: Gauge Reading: 2+ 1 PSIG BASELINE (ABOUT 20 MINUTES})

Flow Rate: Zg¢.¢" mis/sec
Gas Composition: N~

Dissolved Oxygen: Beginning ppm: ”

Exposure label (take three data points):

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): . BUBBLE RATIO IS ONE-

TO-ONE

e

Number of sparger orifices producing bubbles: \OS
Label this length of strip chart output: N1 ’ Liquid Temp.: 1& DQ,

Final Dissolved oxygen ppm*: 00-O

* Mark this on the strip chart output, also
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Date: lo/\b
GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:2t.\ PSIG
Flow Rate: 2s.< mls/sec

Gas Composition: AR
Dissolved Oxygen: Beginning ppm: ©o.o

Exposure label (take three data points): Gho A é/IO B l‘/\t) <

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
{boo le20 J(°3F-) TO-ONE

Number of sparger orifices producing bubbles: |©)
Label this length of strip chart output: Al *

Final Dissolved oxygen ppm*: .0 Liquid Temp.: 2(,°C/

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow:  Gauge Readingl4\ PSIG
Flow Rate: 155 mls/sec

Gas Composition: N,
Dissolved Oxygen: Beginning ppm: 7.0

Exposure label(take three data points): %D é/\b € S/ €

Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
[L2o 0 TO-ONE

Q

Number of sparger orifices producing bubbles: 19
Label this length of strip chart output: _I;]Z. *

Final Dissolved oxygen ppm*: 00 .0 Liquid Temp.: %OC

COMMENT: L‘c\o‘& g Wi - 4

* Marl thic An the ctrin rhart antnnt. algo
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Date: (o/( D
GAS FLOW NOT EQUAL TQ ZERO*

Gas Flow: Gauge Reading'r! PSIG
Flow Rate: 2.5 mls/sec

Gas Composition: AR

Dissolved Oxygen: Beginning ppm: s0.0

Exposure label (take three data points): “lo G Gfio H b/is 1
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
[¢20 felo 112 TO-ONE

Number of sparger orifices producing bubbles: [

Label this length of strip chart output: __&7—-_‘
Final Dissolved oxygen ppm*: 7] o < Liquid Temp.: LS.5°Q/

GAS FLOW NOT EQUAL TO ZERQ*

Gas Flow:  Gauge Reading:t! PSIG
Flow Rate: 25 .5 mls/sec

Gas Composition: N

Dissolved Oxygen: Beginning ppm: 7.0

Exposure label(take three data points): “/o ] ('/lO K %ﬁg_’-_
Bubble size: Strobe light RPM MAKE SURE THE FLASH-
(take three data points): BUBBLE RATIO IS ONE-
&0 leoo lbio TO-ONE

Number of sparger orifices producing bubbles: {9
Label this length of strip chart output: N3 .

Final Dissolved oxygen ppm®*: 0C-Q Liquid Temp.: ZS.SGC/

COMMENT: Lrquid omp. WOR-4
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Liquid composition: Distilled Water

Number of orifices: S
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Liquid composition: Distilled Water

Number of orifices: 9
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Liquid composition: Distilled Water

, i Number of orifices: 9
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Liquid composition: Distilled Water
Number of orifices: 19




-\—— Liquid composition: 5 wt percent Sucrose
\,_;: Number of orifices: § —
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- Liquid composition: § wi percent Sucrose
— Number of orifices: §
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Liquid composition: 5 wt percent Sucrose

Number of orifices:
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Liquid .cx;mpés;it;on: § wi percent Sucrose - -




Liquid composition: § wt percent Sucrose
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Liquid composition: § wi percent Sucrose

-——- Number of orifices:
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L»quud oomposmon WCM-4 (pH = 4. 5)
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‘ Liquid composition: WCM

Number of orifices: 5
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Liquid composition: WCM-4 (pH = 4.5)

Number of orifices: 9
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WCM-4 (pH = 4.5)
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Liqﬁid composition:
Number of orifices:
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Airlift Reactor Experiment

Liquid Composition: Distilled Water Date:

Exposure Number No. of Exposure Number No. of
Label f Bubbl orifices Label of Bubbles orifices
6/3A 126 9 6/2A 147 19
6/3B 117 6/2B 144

6/3C 117 6/2C 210

6/3D 111 6/2D 194

GXD 114 6/2E 190

6/3E 112 6/2F 201

6/3F 114 6/2G 170

6/3G 118 6/2H 176

6/3H 109 6/21 210

6/31 118 6/2] 188

6/3] 115 6/2K 200

6/3K 120 6/2L 190

6/3L 134 6/2M 209

6/3M 60

6/3N 63 5

6/30 54

6/3P 57

6/3Q 61

6/3R 56

6/3S 57

6/3T 72

6/3U 57

6/3V 56

6/3W 53

6/3X 54

6/3Y 59

6/3Z 57
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Airlift Reactor Experiment

Liquid Composition: S5 wt percent sucrose Date: 7/12

Exposure Number No. of Exposure Number No. of
Label of Bubbles orifices Label of Bubbles  orifices
7/4A 259 19 7/7TA 87 5
7/4B 231 7/7B 88

7/4C 246 1/7C 88

7/4D 256 7/7D 95

7/4E 247 1/7E 91

7/4F 246 7/7F 88

7/4G 266 117G 93

7/4H 242 7/7TH 101

7/41 224 7/71 102

7/4) 243 7/7) 106

7/4K 243 7/7K 104

7/4L 242

7/5A 145 9

7/5B 137

7/5C 143

7/5D 135

7/5E 147

7/5F 158

7/5G 143

7/5H 156
7/51 155
7/5] 138
7/5K 129
7/5L 14




irlift R r _Experimen

Liquid Composition: WCM-4 Date: 7/4
Exposure Number No. of Exposure Number No. of
Label of Bubbles orifices Label f Bubbl rifi
6/10A 181 19 6/10AA ?
6/10B 181 6/10AB ?
6/10C 162 6/10AC 49 5
6/10D 189 6/10AD 49
6/10E 181 6/10AE 57
6/10F 187 6/10AF 51
6/10G 179 6/10AG 70
6/10H 182 6/10AH 76
6/101 190 6/10A1 69
6/10] 184 6/10AJ 69
6/10K 181
6/10L 185
6/10M 113 9
6/10N 116
6/100 121
6/10P 104
6/10Q 118
6/10R 104
6/10S 111
6/10T 121
6/10U 99
6/10V 110
6/10W 106
6/10X 110
6/10Y 56
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-In(1-C/C*Y)

-In(C/C*)

2.0

Aeration
y(A1) = - 0.1036 + 0.0489x R =1.00
y(A2) = - 0.1125 + 0.0561x R =1.00

30

1.5 1
1.0 4
0.5 -
o-o ] M 1 v | v Ll M ] ) M
0 5 10 15 20 25 30 35
TIME(min)
2.0 —
Stripping
y(N2) = - 0.1392 + 0.0609x R = 1.00
1.5 1 y(N3) = - 0.1556 + 0.0574x R =1.00
1.0 4
0.5 1
0.0 T T T
o

TIME(min)

: -In(dimensionless concentration) as a function of time.

Liquid composition: Distilled Water

Number of orifices: 5

Date: 6/3/88 Maximum C = 75% C*

Updated: 6/30/88
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-In(1-C/C*)

-In(C/C*)

Aeration
y(A1)= -0.1271 + 0.1167x R=1.00
15 y(A2) = - 0.1171 +0.0936x R =1.00
1.0 -
0.5+
a Al
g A2
o-o T v 1 v 1 h ] v 1 ] v
0 3 6 9 12 15 18
TIME(min)
2.0
Strippi
y(N1) = -0.0135+0.1116x R=1.00
154 Y(N2)= -0.1665+0.1214x R=1.00

1.0 1

o

0.5 -

0.0

y(N3) = -0.1696 + 0.1214x R =1.00

2 4 6 8 10 12 14
TIME(mIn)

: -In(dimensionless concentration) as a function of time.

Liquid composition: Distilled Water Number of orifices: 9
Date: 6/3/88 Maximum C = 75% C*

Updated: 6/30/88




-In(1-C/C*)

-In(C/C*)

y(A1) = - 0.2259 +0.1766x R =1.00
y(A2) = - 0.0475 + 0.1945x R =1.00

a8 A1
o A2

J
0.4 4

y(N2) = - 0.2099 + 0.2095x R =1.00
y(N3) = - 0.0904 + 0.215x R =1.00

TIME(min)

10

T

4
TIME(min)

: Dimensionless concentration as a function of time.

Liquid composition: Distilled Water

Date: 6/2/88

Re = 2100
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Number of orifices: 19



-In(1-C/C*)

-In(C/C*)

Aeration

1.6
y(A1) = - 0.227 +0.0711x R =1.00

14 y(A2) = - 0.0865 + 0.0679x R =1.00

1.2

1.0

0.8

0.6

0.4

0.2

00 | T ¥ ¥ ¥ ] ¥ T L
0 5 10 15 20 25

TIME(min)

2.0 1

1.8 4 Stripping

- 1  y(N2)=-0.4101 + 0.0826x R=1.00

1'4 1  y(N3)=-0.3399 + 0.0903x R =1.00

1.24

1.0 -

0.8

0.6 4

0.4

0.2 4
1

0.0 +—-r—"~—f——————
0 5 10 15 20 25

TIME(min)

: -In(dimensionless conc'n) as a function of time.
Liquid composition: 5 wt % sucrose Orifice no.: 5
Date: 7/7/88 Maximum C = 75% C*
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1 Aeration
d{ y(A1)= -0.0958 +0.1059x R =1.00
144 y(A2)= -0.019+0.1212x R=1.00

-In(1-C/C*)

TIME(mIn)

Strippi
y(N2) = -0.1742 +0.1463x R=1.00
1.4 y(N3) = - 0.1383 +0.1549x R =1.00

-In(C/C*)

TIME(min)

: -In(dimensionless conc'n) as a function of time.
Liquid composition: 5 wt % sucrose Orifice no.: 9

Date: 7/5/88 Maximum C = 75% C*
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-In(1-C/C*)

-In(C/C*)

1.8 1
1.6-.
1.4-.
(2]
1.0-.
0.4-.

Aeration
y(A1) = - 0.1507 + 0.2106x R =1.00
y(A2) = - 0.1839 + 0.2157x R =1.00

0.0

1.8 1
1.6-.
14
1.2':
1.0 4
081
0.6 +
0.4-
0.2-

TIME(min)

St
y(N2) = - 0.6143 + 0.2542x R =1.00
y(N3) = - 0.4389 + 0.2438x R =1.00

0.0

TIME(min)

In(dimensionless conc'n) as a function of time.
Liquid composition: 5 wt % sucrose Orifice no.: 19
Date: 7/4/88 Maximum C = 75% C*
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187 y(A1)= -0.1561 +0.0520x R =1.00
1.6 1 y(A2) = -0.1191 + 0.0532x R =1.00

1.4 1
1.2+
1.0 1

-In(1-C/C*)

0.8 4
061
0.4 5
021

0.0

TIME(min)

1.8 y(N2) = - 0.2276 + 0.0839x R =1.00
y(N3) =

-0.1038 + 0.0873x R=1.00

-In(C/C*)

0.0 Y T M 1
0 10 20

TIME(min)

: Dimensionless concentration as a function of time.
Liquid composition: WCM-4 (pH = 4.5)  Number of orifices: 5

¥

H

Date: 6/10/88 Re = 2100 Conn s IS
/
v ,"/{-‘t( <,( ' é‘//?i ,//X;:
. /
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-In(1-C/C*)

-In(C/C*)

1.8 y(A1) = - 0.189 +0.1169x R =1.00
1.6 y(A2) = - 0.3056 + 0.1106x R = 1.00

TIME(min)

18 y(N2) = - 0.2147 + 0.1489x R =1.00
1.6 y(N3) = - 0.2234 + 0.1584x R =1.00

1.4
1.2
1.0
0.8
0.6
0.4

a N2
0.2 ¢ N3

0.0 v T Y T v T Y T I 1

0 2 4 6 8 10
TIME(min)

: Dimensionless concentration as a function of time.

Liquid composition: WCM-4 (pH = 4.5)  Number of orifices: 9
Date: 6/10/88 Re = 2100 Co - BT
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-In(1-C/C*)

-in(C/C*)

1.8 5
1.6-.
1.4:
1.2-.
1.0-:
08-
0.6-.
0.4-.

0.2 1

o

y(A1) = -0.304 + 0.2111x R=1.00
y(A2) = - 0.3528 + 0.2282x R =1.00

0.0
0

1.8 5
1.6
14
121
1.0-
081
0.6
0.4

o

0.2 4

TIME(min) |

y(N2) = - 0.4624 +0.2863x R =1.00 ‘
y(N3) = - 0.3086 + 0.2874x R =1.00

a N2
® N3

0.0
1

-l

2 3 4 5 6
TIME(miIn)
Dimensionless concentration as a function of time.
Liquid composition: WCM-4 (pH =4.5) Number of orifices: 19
Date: 6/10/88 Re = 2100 Co =17 "
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Date of experiment: &/3
Liouid Composition: Distilled water

Chart label: at

Number of orifices: 5

Total gas flow rate: 4.9 mls/sec Gas flow rate per orifice .98
Strobe flash rate: 776.6667 RFM

Average number of bubbles: S8

Liaguid volume: 2300 mls

Gas holdup (dimensionless): 0.00191
Spherical bubble diameter: 0.525 cm
Interfacial area per unit dispersion: 0.02178 1/cm

Date of experiment: 6/3
Liouid Composition: Distilled water

Chart label: n2

Number of orifices: S

Total gas flow rate: 4.9 mls/sec Gas flow rate per orifice .98
Strobe flash rate: 770 RPM

Average number of bubbles: 58

Liouid volume: 2300 mls

Gas holdup (dimensionless): 0.00192
Spherical bubble diameter: 0.526 cm
Interfacial area per unit dispersion: 0.02191 {/cm

Date of experiment: 6&/3
Liguid Composition: Distilled water

Chart label: a2

Number of orifices: 5

Tokad gas flow rate: 4.9 mls/sec Gas flow rate per orifice .98
Strobe flash rate: 773,3333 RPM

Gverage number of bubbles: 55,3333

Liguid volume: 2300 mls

Gas holdup (dimensionless): 0.00183
Soherical bubble diameter: ©0.526 cm

Inderfociod oo per onit disgesion: 0.02084 1fom
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Date of experiment: 6&/3
Liouid Composition: Distilled water

Zhe . label: n3

Number of orifices: 5

Total gas flow rate: 4.9 mls/sec Gas flow rate per orifice .98
Strobe flash rate: 780 RFM

Averace number of bubbles: S56.66667

Liouid volume: 2300 mls

Gas holdup (dimensionless): 0.00185

Spherical bubble diameter: 0.524 cm
Interfacial area per unit dispersion: 0.02122 i/cm

Date of experiment: 6&/3
Liocuid Composition: Distilled water

thart label: at

Nunher of orifices: 9

Totas gas flow rate: 8.8 mls/sec GCas flow rate per orifice .97
Strobe flash rate: 1170 RPM

Averace number of bubbles: 115

Liaguid volume: 2300 mls

Gas holdup (dimensionless): 0.00250
Soherical bubble diameter: 0.458 cm
Interfacial area per unit dispersion: ©,03280 1/cm

Date of experiment: 6/3
Liguid Composition: Distilled water

chart label: n2

Number of orifices: 9

Total gas flow rate: 8.8 mls/sec Gas flow rate per orifice .97 mls/sec
Strobe flash rate: 1170 RPM

Averqce number of bubbles: 113.3313

Liguid volume: 2300 mls

Gas holdup (dimensionless): 0.00246

Soherical bubble diameter: 0.458 cm
Interfacial area per unit dispersion: 0.03232 1/cm
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‘har< label: a2

Number of orifices: 9

Total oas flow rate: 8.8 mls/sec
Strobe flash rate: 1160 RPM
Average number of bubbles:
liouid volume: 2300 mls

115

Gas holdup (dimensionless): ©.00252
Spherical bubble diameter: 0.459 cm
Interfacial area per unit dispersion:

chart label: n3

Number of orifices: ©

otal cas flow rate: 8.8 mls/sec
$trobe flash rate: 1170 RPM
fverage number of bubbles:
tiguid volume: 2300 mls

123

Gas holdup (dimensionless): Q.00267
Spherical bubble diameter: 0.458 cm
Interfacial area per unit dispersion:

171

673
Distilled water

Date of experiment:
Lioguid Composition:

Gas flow rate per orifice .97 mls/sec

0.03298 1/cm

6/3
Distilled water

Date of experiment:
Lioguid Composition:

Gas flow rate per orifice .97 mls/sec

0.03507 1/c




Date of experiment:
Liouid Composition:

Chart label: a1

Number of orifices: 19

Total oas flow rate: 18.4 mls/sec
Strobe flash rate:s 1450 RPM
Average number of bubbles: 196.6667
Liguid volume: 2300 mls

Gas holdup (dimensionless): 0.00343

Soherical bubble diameter: 0.425 cm
Interfacial area per unit dispersion: 0.04838 i/cm

Date of experiment:
Liguid Composition:

Shoaet label: n2

Number of orifices: 19

6/2
Distilled water

Gas flow rate per orifice .97 mls/sec

6/2
Distilled water

Total gas flow rate: 18.6 mls/sec Gas flow rate per orifice .97 mls/sec

Strobe flash rate: 1470 RPM
Average pumber of bubbles: 187
Liouid volume: 2300 mls

Gas holdup (dimensionless): 0.00324

Spherical bubble diameter: 0.424 cm
Interfacial area per unit dispersion: 0.04581 1/cm

Date of experiment:
Liguid Composition:

Chart label: a2

Number of orifices: 19

&/2
Distilled water

Te 1 gas flow rate: 18.6 mls/sec Gas flow rate per orifice .97 mls/sec

Strobe flash rate: 14460 RPM
Average number of bubbles: 191.3333
~louid volume: 2300 mls

Gas holdup (dimensionless): 0.00334

Spherical bubble diameter: 0.425 cm 60‘0*795 9?*
Interfacial area per unit dispergion: "~ ~tTn coe-
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Date of experiment: &/2
Liquid Composition: Distilled water

Chart label: n3

Number of orifices: 19

Total cas flow rate: 18.4 mls/sec Gas flow rate per orifice .97 mls/sec
Strobe flash rate: 1461.667 RPM

Average number of bubbles: 199,6667

Liouwid volume: 2300 mls

Gas holdup (dimensionless): 0.00348
Soherical bubble diameter: 0.425 cm
Interfacial area per unit dispersion: 0.04908 i/cm

Date of experiment: 6&/10

Liguid Composition: WCM-3 (pH=4,5)
Chart label: at

Numper of orifices: S

Total gas flow rate: 6.7 mls/sec
Strobe flash rate: 1093.3I33 RPM
Average number of bubbles: Sé
Liguid volume: 2300 mls

Gas flow rate per orifice 1.34 mls/sec

Gas holdup (dimensionless): 0.00179
Spherical bubble diameter: ©0.520 cm
Interfacial area per unit dispersion: 0.02063 1/cm

Date of experiment: 6/10

Liouid Composition: WCM~4 (pH=4.,5)
Chart label: n2

Number of orifices: §

Total oas flow rate: 6.7 mls/sec
Strobe flash rate: 1093.333 RPM
Average number of bubbles: 49
quuid volume: 2300 mls

Gas flow rate per orifice 1.34 mls/sec

Gas holdup (dimensionless): 0.00156
Spherical bubble diameter: 0.520 cm
Interfacial area per unit dispersion: (.01806 1/cm
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Date of experiment: 6&/10

Liouid Composition: WCM-4 {pH=4,5)
Chart label: a2

Number of orifices: 5

Total oas flow rate: 6.7 mls/sec
Strobe flash rate: 1093.333 RPM
Average number of bubbles: o9.33333
Liguid volume: 2300 mls

Gas flow rate per orifice 1.34 mls/sec

Gas holdup (dimensionless): 0.00189
Spherical bubble diameter: 0.520 ecm
Interfacial area ber unit dispersion: 0.02186 1i/cm

Date of experiment: 6&/10

Lioguid Composition: WCM-4 (oH=4.5)
Chart label: n3

Nuwber of orifices: 5

Tocral gas flow rate: 6.7 mls/sec
Strobe flash rate: 1086.667 RFM
Average number of bubbles: 71.33334
Liouid volume: 2300 mls

Gas flow rate per orifice 1.34 mls/sec

BGas holdup (dimensionless): 0.00229
Spherical bubble diameters 0.521 cm
Interfacial area per unit dispersion: 0.02637 1/cm

Date of experiment: 6&/10

Liquid Compositions WCM-4 (pbH=4,5)
Chart labels at

Number aof orifices: 9

Total gas flow rate: 12.1 mls/sec
Strobe flash rate: 1326.667 RFM
Average number of bubbles: 116. 6667
Liqpid volume: 2300 mls

Gas flow rate per orifice 1.34 mls/sec

Gas holdup (dimensionless): 0. 00307
Soherical bubble diameter: 0,488 cm
Interfacial area per unit dispersion: 0.03781 i/cm
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Date of experiment: 6/10 |

Liouid Composition:t WCM-4 (pH=4.5)
Chart label: n2

Number of orifices: 9

Total gas flow rate: 12.1 mls/sec Gas flow rate per orifice 1.34 mls/sec
Strobe flash rate: 1330 RPM

Average number of bubbles: 108.6b667

Liouid volume: 2300 mlis

Gas holdup (dimensionless): 0.00286

Soherical bubble diameter: 0.487 cm
Interfacial area per unit dispersion: 0.03517 1/cm

Date of experiment: 6/10

Lioguid Composition: WCM-4 (pH=4.5)
Chart label: a2

Number of orifices: 9

Total gas flow rate: 12.1 mls/sec Gas flow rate per orifice 1.34 mls/sec
Strobe flash rate: 1330 RPM

Avecage number of bubbles: 110.3333

Liouid volume: 2300 mls

Gas holdup (dimensionless): 0.00290
Spherical bubble diameter: 0.487 cm
Interfacial area per unit dispersion: 0.03571 i/cm

Date of experiment: &/10

Liguid Composition: WCM-4 (pH=4.5)
Chart label: n3

Number of orifices: 9

Total gas flow rate: 12.1 mls/sec Gas flow rate per orifice 1.34 mls/sec
Strobe flash rate: 1330 RPM

Average number of bubbles: 108.6667

Liquid volume: 2300 mls

Gas holdup (dimensionless): 0.00286&
Spherical bubble diameter: 0.487 cm
Interfacial area per unit dispersion: 0.03517 t/cm
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Date of'c$pefsleﬂt=

. Liguid Composition:
Chart label: ai

Number of orifices: 19

Total cas flow rate: 25.5 mls/sec
Strobe flash rate: 1613,.333 RPM
Average number of bubbles: 174,6667
Liguid volume: 2300 mls

Gas holdup (dimensionless): 0.00378

Spherical bubble diameter: 0.457 cm
Interfacial area per unit dispersion: 0.04950 1/cm

Date of experiment:
Liowid Composition:
Chart label: n2

Number of orifices: 19
Total gas flow rate: 25.9 mls/sec
Strobe flash rate: 1620 RPM

Averaoe number of bubbles: 185.46667
Liguid volume: 200 mls

a Gas holdup (dimensionless)t: 0. 00400
Spherical bubble diameter: 0.456 cm

Interfacial area per unit dispersion: 0.05257 1/cm

Date of experiment:
Liguid Composition:
Chart label: a2

Number of orifices: 19

Total cas flow rate: 25.5 mls/sec
Strobe flash rate: 1613, 33T RPM
fAverage number of bubbles: 183.6667
biouid volume: 2300 mis

Gas flow rate per orifice

Gas holdup (dimensionless): 0.00397
Spherical bubble diameter: 0.457 cm
Interfacial area per unit dispersion: 0.05214 1/cm

/10
WCM-4 (pH=4.5)

Gas flow rate per orifice 1,34 mls/sec

6/10
WCM-4 (pH=4.5)

Gas flow rate ver orifice 1.34 mls/sec

6710
WCM~-4  (pH=4.5)

1.34 mls/sec
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Deta of er;-pumwi b/»o
. Ligwnd LOM?O‘S\'\'\GY\: wm-4 (AN:‘{.(\,
Number of orifices: 19
Total ocas flow rate: 25.5 mls/sec Gas flow rate per orifice 1.34 mls/sec
Strobe flash rate: 1603.333 REM
Averaoge number of bubbles: 183.3333
Li- vid volume: 2300 mls

Gas holdup (dimensionless): 0.00399

Soherical bubble diameters 0,458 cm
Interfacial area per unit dispersion: 0.05226 1/cm
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Chart labkels Al

Number of orifices: S

Total gas flow rate: 4.4 mls/sec

Strobe flash rate: 1140 RFM

Average number of bubbles:
Linguid volume: 2300 mls

B7.b464648

Gas holdup (dimensionless): 0,00252
Spherical bubble diameter: 0.502 cm

Interfacial area per

unit dispersion:

Gas

Date of experiment: 7/7

Liguid Comoositiont

flow rate per

2 % sucrose

orifice 1.28 mls/serx

Chart label: N2

Number of orifices: S
Total gas flow rate
Strobe flash rated
Averane number of bu
Liguid velume: 232300

B3as holdup (dimensionless): O, 00224
Spherica)l bubble diameter: 0.473 cm

Interfacial area per

unit dispersion:

Date of experiment: 7/7
Ligquid Compositiont S % sucrose

Gas flow rate per orafice 1.28 mls/ser

Chart label: A2

Number of orifices: S

Total gas flow rate! 4.4 mlis/sec

Strobe flash rate: 1353.333 RFM

Average number of bubbles:

Liguid volume: 2300 mis

S8, LLLELL

Gas holdup (dimensionless): 0.00243
Soherical bubble diameter: 0.477 m

Interfacial area per

unit dispersiont

Date of experiments: 7/7
Liquid Composition: $ % sucrose

Gas flow rate per

0.03054 1/¢cm

orifice 1.28 ml

s

/sec




Date of experiment: 7/7
Ligquid Composition: S %4 sucrose
Chart label: N3

Nomber of orifices: S

Total gas flow rate: 4.4 mls/sec
Strobe flash rate: 1524.447 RFM
Average number of bubbles: 105
Liquid volume: 2200 mls

flow rate per orifice 1.28 mls/sec

(]
w
"

Sas holdup (dimensionless): O.00220
Spherical bubhle diameter: 0,452 cm
Interfarcial area per unit dispersiont 0.02926 1/cm
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Date of experiment: 7/5
Liguid Compesition: S % sucrose

Chart label: A1

Nunber of orifices: 9

Total gas flow rate! 11.4 mls/sec Gas flow rate per orifice 1.26 mls/sec
Strobe flash rate?! 1394.447 RFM

Averaage number of bubbles: 141, 4467

Liguid volumes: 2300 mls

Gas holdup (dimensionless)t 0.00334
Zpherical bubble Jdiameter: 0.470 cm
Interfacial area per unit dispersion: 0.04263 1/cm

Date of experiment: 7/5
Liguid Composition: S % sucrose
Chart label: NZ

Number of orifices: 9

Total gas flow rate: 11.4 mls/sec Gas flow rate per orifice 1.26 mls/sec
Strobe flash rate: 1344.4467 RFM

Averane number of bubbles? 184, 44467

L\quid volume: 2300 mls

3as holdup (dimensionless): O,00353
Spherical bubble diameter: 0,474 om
Interfacial area per unit dispersion: 0,04477 1/cm

Date of experiment: 7/5

Liguid Composition? 5 4 sucrose
CThart label: A2

Number of orificess 9

Toutal gas flow rate: 11.4 mls/
Strobe flash rate: 1370 RFM
Average number of bubbles: 151.3333
Liguid volume! 2300 mls

n

ec Gas flow rate oer orifice 1.24 mls/sec

3as holdup (dimensionless): O,00364
Soherical tubble diameter: 0.473 cm
Interfacial area per unit dispersiont: 0.04411 1/:m
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Chart label: N3 Date f E*Pr‘me»{'f '1/5
L\“wt\ Qm‘hm\"h'. S % sverase

Number of orifices: ¥

Total gas flow rates 11.
S+trabe flash rate: 1313,
A raage number of bubbile

Liauid volume: 2300 mls

4 mis/serc 335 flow rate per orifice 1.24 mls/sec
23T RFM
s! 134

3as heoldupo (dimensionless): O.00Z41
Spherical bubble diameter: 0,450 cm
Interfacial area oer unit dispersiond ©0,04244 1/cm
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Chart label: Al

Number of orifices! 19
Tatal gas floew rated 22,
Strobe flash rate: 1613
Average number of bubbles
Liguid volume?: 2300 mls

& mls/sec
- 333 RFM
! 245,353

(O}
]
(8]
W

Sas holdup (dimensionless): 0,00470
Spherical bubble diameter: 0.4329 cm
Interfacial area per unit dispersiont

Date of experiment: 7/4
Liguid Composition: S % sucrase

Gas flow rate per orifice 1.18 mls/ser

0.06422 1/cm

Chart latel: N2

Numter of orifices: 19

Total agas flow rated! 22.4 mls/sec Gas
Strobe flash rate: 14614.647 RPM

Avarane number of bubblest 249, 4647
Liguid velume: 23200 mls

Gas holdup (dimensicanless): O.00477

Soherica) btubble diameter: ©.432 cm
Interfacial area over unit dispersion!

Date of experiment: 7/4
Liguid Composition: S % sucrose

flow rate per arifice 1.18 mls/sec

0.045246 1/cm

Chart label: A2

Number of orifices: 19

Total gas Flow rate: 22.4 mls/sec Gas
Strobe flash rate: 1403.233 RFM

Averange number of bubbles: 244

Lioguid volume: 2300 mis

Bas holdup (dimensionless): 0,00470

Spherical bubble diameter: 0.440 cm
Interfacial area per unit dispersiont
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Date of experiment: 774
Liouid Composition: S % sucrose

flow rate per orifice 1.18 mls/sec

0.04413 1/cm



Date of experiment: 7/4

Liauid Comoesition: S % sucrose
Chart label: N3

Number of orifices: 19

Total gas flow ratet 22.6 mls/sec Gas flow rate per orifice 1.18 mls/sec
Strobe flash rate: 1613.333 RPFM

Averane number of bubbles: 242.4647

Liguid volume: 2300 mls

Gas holdup (dimensinnless): 0.00465

Spherical bubble diameter: 0.439 cm
Interfacial area per unit dispersion: 0.06352 1/¢cm
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Average kja,Values Based on Experimental Data.

kja (1/min) H202 SUC WCM-4
5 orifices:
A1b 0.0489 0.0711 0.0529
A2 0.0561 0.0679 0.0532
N2 0.0609 0.0826 0.0839
N3 0.0574 0.0503 0.0873
Air Average: 0.0525 0.0695 0.0531
Nit. Average: 0.0592 0.0865 0.0856
Average All: 0.0558 0.0780 0.0693 |
9 orifices:
Al 0.1167 0.1059 0.1169
A2 0.0936 0.1212 0.1106
N2 0.1214 0.1463 0.1489
N3 0.1214 0.1549 0.1584
Air Average: 0.1052 0.1136 0.1138
Nit. Average: 0.1214 0.1506 0.1537
Average All: 0.1133 0.1321 0.1337

19 orifices:

Al 0.1766 0.2106 0.2111
A2 0.1945 0.2157 0.2282
N2 0.2095 0.2542 0.2863
N3 0.2150 0.2438 0.2874
Air Average: 0.1856 0.2132 0.2197
Nit. Average: 0.2123 0.2490 0.2869
Average All: 0.1989 0.2311 0.2533

4Gas flow rate per orifice: H20, 0.98 ml/s; SUC, 1.28 ml/s; WCM-4, 1.35 ml/s.
bAl1 = first oxygen run; A2 = second oxygen run; N2 = first nitrogen run;

N3 = second nitrogen run.
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Table 6.3: Interfacial Area Based on A.rl\f+ Rewor Experimental Bubble

Diameter
area (l/cm) H20 SUC WCM-4
5 orifices:
Al 0.0218 0.0301 0.0206
A2 0.0208 0.0306 0.0219
N2 0.0219 0.0284 0.0181
N3 0.0212 0.0293 0.0264
Air Average: 0.0213 0.0303 0.0212
Nit. Average: 0.0216 0.0288 0.0222
Average All: 0.0214 0.0296 0.0217
9 orifices:
Al 0.0328 0.0426 0.0378
A2 0.0330 0.0461 0.0357
N2 0.0323 0.0448 0.0352
N3 0.0351 0.0426 0.0352
Air Average: 0.0329 0.0444 0.0368
Nit. Average: ’ 0.0337 0.0437 0.0352
Average All: 0.0333 0.0440 0.0360
19 orifices:
Al 0.0484 0.0642 0.0496
A2 0.0471 0.0641 0.0521
N2 0.0458 0.0653 0.0526
N3 0.0491 0.0635 0.0523
Air Average: 0.0477 0.0642 0.0509
Nit. Average: 0.0474 0.0644 0.0524
Average All: 0.0476 0.0643 0.0516

4Gas flow rate per orifice: H20, 0.98 ml/s; SUC, 1.28 ml/s; WCM-4, 1.35 ml/s.
DAl = first oxygen run; A2 = second oxygen run; N2 = first nitrogen run; |

N3 = second nitrogen run.
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The youngest of three children, James Thomas Gambill was born to Ed
and Sarah Gambill on August 26, 1963 in Oak Ridge, Tennessce. In 1981 he was
graduated from Oak Ridge High School. That same year he matriculated at the
University of Tennessee in Knoxville. Mr. Gambill was awarded his Bachelor
of Science degree in Chemical Engineering in 1985. After a brief hiatus, he
entered the graduate program of the same university to earn a Master of
Science degree with a major in Chemical Engineering. On August 21, 1988, Mr.
Gambill began his engineering career as an employee of Ethyl Corporation in

Baton Rouge, Louisiana.
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