
To the Graduate Council:

I am submitting herewith a thesis written by James Thomas Gambill entitled

"Oxygen Transfer Rates in a Single Concentric Tube Airlift Reactor". I have

examined the final copy of this thesis for form and content and recommend

that it be accepted in partial fulfillment of the requirements for the degree of

Master of Science, with a major in Chemical Engineering.

/

George C. Frazier, Major Professor

We have read this thesis

and recommend its acceptance:

Accepted for the Council:

Vice Provost

and Dean of the Graduate School



STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the requirements for a

Master's degree at the University of Tennessee, Knoxville, I agree that the

library shall make it available to borrowers under the rules of the Library.

Brief quotations from this thesis are allowable without special permission,

provided that accurate acknowledgement is made.

Permission for extensive quotation from or reproduction of this thesis

may be granted by my major professor, or in his absence, by the Head of

Interlibrary Services when, in the opinion of either, the proposed use of the

material is for scholarly purposes. Any copying or use of this material for

financial gain shall not be allowed without my written permission.

James Thomas Gambil

Date: / 13 / 6^



OXYGEN TRANSFER RATES IN A

SINGLE CONCENTRIC TUBE AIRLIFT REACTOR

A Thesis

Presented for the

Master of Science

Degree

The University of Tennessee, Knoxville

James T. Gambill

August 1989



ACKNOWLEDGEMENTS

The author is indebted to Dr. G. C. Frazier for his wisdom and advice in

guiding this project to completion. For their counsel, the author wishes to

express his appreciation to his other committee members: Dr. D. K. Dougall at

the Botany Department and Dr. T. W. Wang at the Chemical Engineering

Department.

Additional thanks go to Dr. D. K. Dougall for generously supplying the

components and facilities needed for producing the cell growth media used in

the experimental portion of this work.

The author wishes to express his appreciation to chemical engineering

professor Dr. C. E. Moore and his process control graduate students who

permitted extensive use of their computers and patiently tolerated crippling

onslaughts of malicious software.

The present investigation would not have been possible without the

help of the faculty and staff of the Chemical Engineering Department to whom

the author owes his gratitude.

Most importantly, the author would like to express his appreciation to

his family and friends for the love and moral support he received, for which

he will always be grateful.

11



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, k/a 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 k/a 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 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 mis/sec.

The average liquid-phase mass transfer coefficient, k/a, 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
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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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NOMENCLATURE

a= specific interfacial area cm^ cm*^

A= the major semiaxis of an oblate spheroid cm

Ad= downcomer cross sectional area cm^

Ai= area of surface i cm^

Af = riser cross sectional area cm^

ao = coefficient defined in equation 2.7 —

ai = coefficient defined in equation 2.7 sec cm

a2= coefficient defined in equation 2.7 sec^ cm"2
a3 = coefficient defined in equation 2.7 sec^ cm"3

B= the minor semiaxis of an oblate spheroid cm

Bo= Bond number —

Cg = concentration in the gas phase mol cm" 3
Cgi = concentration in the gas phase at the interface mol cm" 3
Cg* = concentration in the gas phase in equilibrium

with the liquid phase concentration mol cm"^
ci' = ci observed by a dissolved oxygen probe mol cm" 3

ci = concentration in the liquid phase mol cm"3

c]i = concentration in the liquid phase at the

interface mol cm"3

ci® = concentration in the liquid phase when

absorption begins mol cm"^
ci* = concentration in the liquid phase in

equilibrium with the gas phase concentration mol cm" 3

Ci = coefficient defined in equation 2.5 —

C2= coefficient defined in equation 2.5 —

C3= coefficient defined in equation 2.5 —

D= bubble column diameter c m

Db= mean bubble diameter cm

Dj= diameter of single bubble j cm

Di= liquid phase diffusivity cm^ sec"l

Do= diameter of the sparging orifice cm

Dr= riser diameter cm

Dsm= Sauter mean bubble diameter cm

dvx/dy= liquid flow velocity change in the y-direction cm sec" ̂
xii



e  eccentricity of an oblate spheroid —

f = bubble formation rate bub. min" ̂

fs = stroboscopic flash rate ("stop frequency") min" ̂

g = acceleration of gravity cm sec" ̂

G= free energy of a system g cm sec"^
gc = gravitational constant N s^ kg"l m"l

Ga= Galileo number —

Gh= excess free energy of a homogeneous system g cm sec" 2

h = liquid column height in equation 4.45 c m

H= height of the ungassed liquid in the reactor cm

H(i= height of dispersion (gas-liquid mix) cm

k= proportionality constant defined by eq'n. 4.1 cm sec"

kg = gas phase mass transfer coefficient for oxygen cm sec"

k/ = liquid phase mass transfer coeff. for oxygen cm sec"

K/= overall mass transfer coefficient for oxygen cm sec"

k/a = volumetric mass transfer coefficient for oxygen cm sec"

mj = number of bubbles having diameter Dj c m

m = Henry's constant —

Na= flux of material a molcm'^sec'^

Nb = average number of dispersed gas bubbles —

No= number of orifices in the orifice plate —

No2= flux of oxygen molcm"2sec"^

PA' = pneumatic gassing power N cm"^
?! = pressure at the top of the dispersion N cm" 2

q= gas flow rate through an orifice cm^ sec"l

Q= volumetric liquid flow rate cm^ sec"^
Qo= gas flow rate through an orifice cm 3 sec"l

R= radius of the "very long" tube in eq'n 4.43 cm

r = capillary tube radius in equation 4.45 c m

Re = Reynolds' number —

Reo = gas Reynolds' number at the orifice

sb = mean bubble surface area cm^

Sc= Schmidt number —

Sh = Sherwood number —

St= Stanton number —

t= time sec

xiii



T= characteristic response time of an electrode sec

Ug = gas superficial velocity (vol. flow/area) cm sec" ̂
ui = liquid superficial velocity (vol. flow/area) cm sec" ̂

V = volume of a spherical bubble cm3

Va = absolute liquid velocity in the annulus cm sec" ̂

vb = mean bubble volume cm^
Vg= gas volume dispersed in the liquid phase cm^
Vj = total liquid volume cm^

Vf = absolute liquid velocity in the riser cm sec" ̂

vsb = rise velocity of a single bubble cm sec" 1

vvm = volumetric gas flow rate on a minute basis

per unit liquid volume min" ̂

z= the distance between two successive gas

bubbles rising in the liquid phase at terminal

velocity c m

Za = the apparent distance between two

successive gas bubbles at stroboscopic

stop frequency fg cm

Greek Symbols

a= AdMr

Ap= PI - pg g cm" 3
Ac = concentration gradient mol cm"3

Ap = pressure gradient driving liquid flow g cm"^ sec"^

6= gas holdup

Y= liquid surface tension g sec"^

|i= liquid viscosity g cm"^ sec" ̂

K= 3.1415927

Pg= gas density g cm3
pi= liquid density g cm3

Xyx = liquid shear force per unit area g cm" ̂ sec" ̂

Chemical Symbols

e" = electron
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H+ = proton

H20= water molecule

02= oxygen molecule

5032- = sulfite ion

8042- = sulfate ion
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1 INTRODUCnON

"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 SO 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, k/a, 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 (k/a). The goal of many

airlift investigations is to quantify k/a 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 k/a 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 k/a 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, k/a, 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 k/a 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 SIGNIHCANCE

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. Modem 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 Gels (1977) investigated

the effects of individual liquid constituents on k/a 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 k/a values than pure water systems.

Also, the increase in k/a 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, k/. A correlation was reported relating k/a to superficial

gas velocity, Ug and mean bubble diameter, Di,



k/a = 0.0023 (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 cm in height to determine the effects that

liquid physical properties had on gas holdup and k/a in absorption in aqueous

solutions. The resulting correlation was reported in dimensionless form:

ShaD =0.6 ScO-5 BoO-62 GaO-31 (2.2)

Sh = k/D/Di

Sc= )l/(plDi)

Bo= gD2pi/Y

Ga= gD^p/pi

Akita and Yoshida (1974) later studied bubble size, interfacial area and k/in

the same systems to develop empirical correlations for k/ :

k/= 0.5 g5/8 Di1/2 pi3/8 y-3/8 d^1/2 (2.3)

/' V \Ug r 1 1 /c f M-1-1/8
^  iji2

r:= 8.887gD

 \

gD2pi J l^gD3pi2
1/12 e 10/9 (2.4)

where Db 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 k/a 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 k/a values in the bubble column were lower than the reactors

with one or two draft tubes. Sheppard's correlation for k/a in the reactors

with the 1.27 mm DIA orifice tube spargers depended only on superficial gas

velocity

k/a = 33.3 ug2 (2.4)

where k/a 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 k/a 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 (k/a versus pneumatic

power input or superficial gas velocity) it is evident that it is not reliable for

quantitative comparison of k/a 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,
•5

but the curves themselves differ greatly. At a gassing power of 0.08 kW/m
■3

there is a 60 percent difference in the mass transfer coefficients; at 0.3 kW/m

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 (Aj) and the downcomer (A(j), as well as the

superficial liquid velocity, u], 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
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Table 2.1: Summary of Significant Airlift Reactor Investigations^

Type^ of Ad D or Dr Hd(Ho) Type of
No. Rcf. Contactor Af (m) (m) Liquid Sparger

1 El-Gabbani CT 0.29 0.095 1.65 Water Ring
(1.47)

2 Fukuda CT 0.381 - 1.67 0.20 1.82 Na2S03 Perforated

(1.00) Solution plate
3 Gasner RS 1.0 0.20x0.30 1.22 Na2S03 U-shaped

(0.71) Solution

4 Botton et al CT 1.14 0.19 1.30 Na2S03 Concentric

Solution ring
5 Hatch CT 1.12 0.30 2.8C 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 Na2S03 Single hole

Erickson (1.07) Solution

SC 1.0 0.15 0.66 Na2S03 Single hole
(two (0.51) Solution

stage) each stage
8 Sinclair CT 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 4.4 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

^From Bello, Robinson, Moo-Young (1985)
^BC, bubble column; EL, external-loop airlift contactor; CT, concentric-tube

airlift contactor; RS, rectangular split airlift contactor; SC, split cylindrical
airlift contactor.

'^Clear liquid height.

11



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 < Ad/Ar ̂  0.69 for the external loop reactors and 0.13 < Ad/Aj < 0.56

for the concentric tube designs.

Supporting previous reports, Bello et al found a direct relationship

between k/a 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, ui is established by

Ad/Ar. Bello et al also incorporated the total dispersion height in a

dimensionless correlation:

St= Ci(ug/ui)C2 (1 + Ad/Ar)C3 (2.5)

(k/a)rHd
where St= ——r (^-6)

tuUr

and (k/a)r=k;a in the riser

Equations 2.5 and 2.6 were found to best fit the data when Ci, 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 Ci, 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. ui) are not as easily measured as gassing

rates and reactor dimensions (e.g. Ug, Ad/Aj). 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

12
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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

4.4, 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.

asva^ + a2Va^ + aiva + ao = 0 (2.7)

Pi
where ao = -2

Pi

and ai= 0

a2= vsb

f  f
PlHg

loge 1 + ̂
/

1 + a2

a3= a= Ad/Ar

Vsb
V PlDb 2

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

mass balance on the liquid in the vessel. Equating the absolute mass flow rate

up the riser (vdAd) with the absolute mass flow rate down the annulus (vaAf)

results in

VfAr =VaAd (2.8)

or Vr = ava (2.9).

The absolute liquid velocity in the riser, vr, is related to the superficial liquid

velocity, ui, by the liquid fraction in the riser: 1 - E, where E is the gas holdup.

In other words,

ui= (l-E)vr (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)AdVa
ui= (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 ui

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 a effect k;a.

15
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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 (k/a) 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 k/a 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 k/a values were

calculated from transient oxygen probe response data. The values for a were

calculated from photographic measurements of gas holdup and stroboscopic

bubble diameter measurements: k/a values were extracted from those obtained

for k/a 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, Na, 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= -kAC (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, N02. to the gas-

liquid interface equals the oxygen flux through the liquid film.

Mathematically (Bailey and Ollis, 1986)

No2= h/(c/- c/j) liquid side (4.2)

= k^(cg - Cgi) gas side

The interfacial concentrations, Cgi and c/j, 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

18



phase concentration of pure substances, e. g. Henry's law

Cgi= m cii (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, c^* 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)

No2= K/(c/* - c/) (4.5).

Mathematical manipulations of equations 4.2 through 4.5 lead to the following

relation:

1  1 1

Kj- ir7"^5n^ (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

7" IT/

In other words, most of the resistance to mass transfer is in the liquid phase

and n
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and K/ can be approximated with k/. Equation 4.5 then becomes

No2= k/(c/* - 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, dc//dt , is considered

instead of the flux per unit interfacial area. No 2- Determination of k/a 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):

SO32- + JO2 SO42- (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)

02 + 4H++4e- 2H2O (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

20



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, k/a:

It is possible to show that k/a 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:

No2a (4.12).

For oxygen absorption No2a = k/a (c/*- c/). Equation 4.12 then becomes

k/a (c/ *- c/) (4.13).

Mathematical manipulation reveals

(c/»-'c,)' k/ad, (4.14).

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

-ln(c/* - c/)= k/a-t + constant (4.15).

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

constant in equation 4.15 is -ln(c/*):

-ln(c/* - c/)=k/a-t - ln(c/*) (4.16).

or -In^^ k/at (4.17).

Equation 4.17 is a linear expression that, when transformed to a coordinate

system with time as the abscissa and -ln(l-c//c/*) as the ordinate, describes a

line of slope k/a.

For oxygen desorption from a saturated liquid phase No2a = k/a (c/- c/*).

Equation 4.12 then becomes

k/a(c/-c/*) (4.18).

The mathematical manipulation and integration follow the logic of the

absorption case until

-ln(c/* - c/)=k/a-t + constant (4.19).

Initially c/ = c/o and the constant in equation 4.19 is ln(c/o - c/*). The resulting

linear expression is

[clo - ci* J
k/a-t (4.20).

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

simplifies to
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k/a-t (4.21).

The line described here also has slope k/a with time as the abscissa and

ln(c//c/o) 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/k/a).

Nakanoh and Yoshida (1976) derived an expression similar to equation 4.20, but

included the time constant T:

ln(c/* - c/')=ln[e-k/a.t . k/a-Te-t/T] + ln[c/*/(l-k/aT)] (4.22)

where c/' is the c/ observed by a dissolved oxygen probe. They worked with

an oxygen probe with T < 10 seconds (lAT > 0.1 s*^) and measured k/a values all

less than 0.1 s*^. 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 k/a values had been

greater than 0.1 s'^, then it would have been necessary to solve equation 4.22

with known values of c/', t and T.

Thus, the volumetric mass transfer coefficient (k/a) 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:

4.2.1 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

Db= (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 oriflce 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

Db= 0.0287 Do^^eo^/^ (4.24)

where Db and Dq are in meters; and for other gases and liquids

(4.25).

For most gases and liquids pi » Pg or Ap = pi. It is interesting to note that with

this consideration equation 4.25 simplifies to

Db= 1.49g-0-2QoO-4 (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.

24



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 difflcult 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:

Db = 0.18 Do^^eo^^^ (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) Db < 0.7 mm; (2) 0.7 < Db < 1.4 mm; (3) 1.4 mm <

Db < 6 mm; and (4) Db > 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

gOb^Ap
Vt= (4.28)

18Pi

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)
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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 Dgm represents a surface-

averaged value for the bubble diameter (Bailey and Ollis, 1986, p. 482):

y.mjDj3
Dsm- V ~ (4.30)

LmjDj2

Estimating Dsm using this equation requires counting and measuring each

bubble dispersed in the liquid phase. Other researchers have reported

correlations for Dgm in terms of pneumatic gassing power (PA'), fluid
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properties (eg. Pg, Pi, and Y) and gas holdup, £. For example, Calderbank

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

Dsm= 2.25 _ eO-^Pl(P/V)0

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 (vb). 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.

/bvb
I>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, fj." As the bubbles

being dispersed at formation rate, f, leave the orifice they accelerate until the

achieve terminal velocity Vt. At any height greater than that point at which

Vt has been reached the distance, z, between any two successive bubbles is

f/Vt for regular and uniform bubble formation. At stop frequencies fs^ f the

apparent distance, Za between bubbles will be equal to z. If fg > f then za < z.

The following equation applies:

Za= T—z (4.34).
Is

As fg increases, that value of fg that last produces Za = 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 area to the total volume of the reactor

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

mathematically:

Sb
ab=
°  Vb

(4.35)

Sb = JtDb^ (4.36)

Vb = ^b^ (4.37)
II

(4.38).

where

and

o r

The transition from single bubble volume to total reactor volume is

performed by multiplying ab by the gas holdup, e:

a= e-ab (4.39)

6e
or a= (4.40)

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

For nonspherical bubbles a different equation for ab 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)

Sb= 2 7tA2+ (4.41)

4  -
where vb = ~AB^ ,3

e =

Va2-b2
A

In = logarithm base 2.71828

The variables ab 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

29



bubbles. Other equations would be needed to calculate ab 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

easily measured.

4.3.1 Viscosity:

For steady laminar fluid flow viscosity, |J., 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, Tyx, is proportional to

the negative of the local velocity gradient (Bird, Stewart and Lightfoot, 1960).

Mathematically,

dvr

=  -^"17 (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

^ SQL (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 Ai, A2, .

.  .Aj can be expressed

G= Gh+lYiAi (4.44)

where Yi is the surface tension of surface i. Shoemaker et al report the

following derivation:

"Let a liquid with surface tension Yl be in contact with a
solid with surface tension Y2 > with which it has an interfacial

tension Yl2- 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:

Yi + Yi2-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 7tr2(h + r/3)pg, exactly counterbalances the
tension at the circumference, which is 27Crg. . . .Thus we obtain

Yi= j(h+j)rpg" (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 4.4 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, NH4CI 320.04 6.00

magnesium sulfate, Mg4SO-71120 185 0.75

calcium chloride, CaCl4 166 1.50

potassium phosphate, dibasic, K2HPO4 87.1 0.50

disodium EDTA 18.6 0.05

ferrous sulfate, FeS04-7H20 13.6 0.05

manganous sulfate, MnS04-H20 7.0 0.04

zinc sulfate, ZnS04-7H20 4.0 0.01

boric acid, H3BO3 2.4 0.04

ammonium molybdate, (NH4)6Mo7024-4H20 0.01 8.0E-06

potassium iodide, KI 0.38 2.0E-03

cupric sulfate, CuS04-5H20 0.015 6.0E-05

thiamine HCl 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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b9
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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,

bl9 = 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 (k/a):

The liquid-phase mass transfer coefficient product (k/a) 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
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Figure 5.4: Expected results of plotting the chart recorder output for

absorption using the format of equation 4.17.

40



slope equal to k/a. The slope k/a was measured from the end of the response

lag time of the system to t75. The variable tjs 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 (0 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
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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, e:

Vg= Vb-Nb

=  ̂xNoxNb (5.1a)

e= (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,

k/a
k/ = -f- (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

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 (|i = 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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Capillary tube: 0.0203 cm
i.d. and 38.2 cm long

I

Apply pressure
or suction by mouth

Liquid under
investigation

^Rubber hose
^ segment sleeve

Glass sleeve for

free sliding fit

-X liquid column
^  equilibrium height

h in equation 4.45

Liquid level

Figure 5.6: Apparatus for measuring surface tension by the method of

capillary rise. A Sargent-Welch cathetometer was used to measure h.
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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, k/a, 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.

Liquid ^ (cm^j M  R ^ /dvne^i
T (°C)^ [cm-secj ^  cm J

H20 0.99 0.0090 72.1 25.0

SUC 1.01 0.0119 72.4 24.5

WCM-4 1.00 0.0111 72.7 24.5

Air or N2'' 1.21 xlO-3 0.00018 - 25.0

®H20 = distilled water; SUC = five wt percent sucrose; WCM-4 = wild carrot cell

media (pH = 4.5).

''The 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 Dq on Db became less until a change from Dq = 0.056 cm
to Do = 0.066 cm produced negligible change in bubble diameter. It was
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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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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, k/a:

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, k/a, 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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column: bubble diameter (mm) vs. gas flow rate (ml/s) for three liquid
compositions: distilled water, five weight percent sucrose, WCM-4 (pH = 4.5).
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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. System: Air-
water and 19 orifices at a gas flow rate of 0.98 ml/s per orifice.
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may be attributed to the dissolved oxygen meter, because the characteristic

response time of the meter (t95) 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 (ci*) is not exactly constant with varying gassing rate. The

value for ci* 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 k/a
for that system is relatively large. Quantification of k/a 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, t/ag. 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
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of equation 4.17.
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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 k/a 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 tiag and before tys

(the time at which the dissolved oxygen electrode has reached 75 percent of

the total dissolved oxygen change. Mathematically, at tys in an absorption run

ci = 0.75 ci* and substituting into the left-hand side of equation 4.17.

,  fc\* - 0.75ci*n-In ^ i-j= -ln(0.25) = 1.39 (6.1).

Similarly, for a desorption run at tys, ci = 0.25 ci* and equation 4.21 becomes

-In -In (0.25) = 1.39 (6.2).

Thus, the portion of the semilog plot considered for measuring the value of k/a

for either absorption or desorption is the portion with abscissa greater than

tiag 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 t/ag . The constant b is the overall mass transfer
coefficient, k/a for oxygen. The equations shown in Figure 6.6 yield two values

for oxygen absorption into the system, k/a = 0.1167 min'l and k/a = 0.0936 min"

^ and two values for oxygen desorption from the system, k/a = 0.1116 min"^
and k/a = 0.1214 min"!. The average of the first two values (k/a = 0.1052 min*^ )
was considered a good estimate of the absorption k/a for that system; similarly
with the average of the second two values (k/a = 0.1165 min"! ) for the

desorption k/a for that system.
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Table 6.2 is a summary of the absorption and desorption k/a'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 k/a values and the gassing rate (vvm). A

regression analysis on the data in Figure 6.7 produced equations relating k/a to

vvm for absorption

k/a = 0.336 vvmO-917 (6.3)

and for desorption

k/a = 0.41 vvmO-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 k/a's were consistently greater than

those for the absorption k/a'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 k/a values for oxygen absorption that averaged significantly

less than the k/a 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 k/a to Ug for absorption

k/a = 0.282 UgO-916 (6 5)
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Table 6.2: Average k/a,Values Based on Experimental Data.

k/a n/min^ Ji2Gl sue WCM-4

5 orifices:

Alb

A2

N2

N3

Air Average:

Nit. Average:

Average All:

0.0489

0.0561

0.0609

0.0574

0.0525

0.0592

0.0558

0.0711

0.0679

0.0826

0.0903

0.0695

0.0865

0.0780

0.0529

0.0532

0.0839

0.0873

0.0531

0.0856

0.0693

9 orifices:

A1

A2

N2

N3

Air Average:

Nit. Average:

Average All:

0.1167

0.0936

0.1214

0.1214

0.1052

0.1214

0.1133

0.1059

0.1212

0.1463

0.1549

0.1136

0.1506

0.1321

0.1169

0.1106

0.1489

0.1584

0.1138

0.1537

0.1337

19 orifices:

A1

A2

N2

N3

Air Average:

Nit. Average:

Average All:

0.1766

0.1945

0.2095

0.2150

0.1856

0.2123

0.1989

0.2106

0.2157

0.2542

0.2438

0.2132

0.2490

0.2311

0.2111

0.2282

0.2863

0.2874

0.2197

0.2869

0.2533

aOas flow rate per orifice: H20, 0.98 ml/s; SUC, 1.28 ml/s; WCM-4, 1.35 ml/s.

bAl = first oxygen run; A2 = second oxygen run; N2 = first nitrogen run;
N3 = second nitrogen run.
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and for desorption

k/a = 0.346 (6.6)

where k/a 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 k/a

to gassing rate, but relating k/a 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 k/a data to superficial

gas velocity:

k/a = 33.3 Ug2 (6 7)

where k/a 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 k/a 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 k/a = 0.16 min'^. While the present work found an

approximately linear proportionality between k/a and gassing rate, Sheppard
reported k/a proportional to the square of Ug.

In an attempt to clarify the relationship between k/a and gassing rate

alone (ug), regression analyses were performed on Sheppard's data together
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relates k/a to the square of the superHcial 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 k/a 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 k/a.

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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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 ui. The operational parameters of the

present work fell within the limits established in Jones' investigation.

For each 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, U], in the central

draft tube was then calculated using equation 2.11. The resulting value of ui

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:

(k/a)r Hd

with C2 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 et 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 k/a and a. The bubble volume, Vb 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, Db.
The gas holdup, e, was calculated from equations 5.1a and 5.1b and the

measured number of bubbles, Nb.

Some workers report k/a 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 k/a and a (k/ = k/a/a). For an approximately constant gassing rate
there was not an appreciable change in k/a with changing liquid composition

(see 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 fl/cml H2Q S12C WCM-4

5 orifices:

A1 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:

A1 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:

A1 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

aOas flow rate per orifice: H20, 0.98 ml/s; SUC, 1.28 ml/s; WCM-4, 1.35 ml/s.

''Al = first oxygen run; A2 = second oxygen run; N2 = first nitrogen run;
N3 = second nitrogen run.
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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'l) were consistently

greater than those for the absorption (ranging 0.0489 to 0.2282 min"^). The

desorption k/a values averaged about 27 % greater than the absorption k/a

values, but the percent difference between the two ranged from 13% to 61%.

Although the absolute values of the average k/a 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 k/a values for oxygen absorption were on the average

significantly less than the k/a values for oxygen desorption.

2. The volumetric mass transfer coefficients, k/a 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 k/a 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 superiicial 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 k/a 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

percent 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 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

elucidate 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.
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3. The changes in volumetric mass transfer coefUcients 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 D5 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.
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Bubble Column Experiment

System — Liquid; Distilled Water Orifice Diameter:

Gas: Air

11 mils

Gauge Q

Ji) (m\/s)

1

2

2.5

3

4

5

6

7

8

10

15

20

23

0.05

0.15

0.25

0.3

0.4

0.5

0.55

0.65

0.70

0.80

1.05

1.25

1.35

Time(hr:min):

7:10

Isrh

565

1120

1330

1440

1620

1700

Db

mm

2.13

2.44

2.74

2.83

3.00

3.18

Time(hr:min):

7:22

fs

630

1170

1300

1450

1580

1750

Db

mm

2.05

2.41

2.76

2.82

3.02

3.14

Time(hr:min):

7

fs

560

1100

1280

1410

1610

1770

Db

mm

2.13

2.46

2.77

2.85

3.00

3.13

Liquid: height (above orifice): 5.7 cm

volume: 2 L

temperature (C) 25
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Bubble Column Experiment

System Liquid: Distilled Water Orifice Diameter:

Gas: Air

14 mils

Gauge Q

-G:) (mlZsl

1

2

2.5

3

4

5

6

7

8

10

15

20

23

0.05

0.15

0.25

0.3

0.4

0.5

0.55

0.65

0.70

0.80

1.05

1.25

1.35

Time(hr:min):

7:40

fs

343

592

660

800

950

1070

1200

1270

Db

mm

2.51

3.02

3.45

3.44

3.58

3.71

3.68

3.82

Time(hr:min):

7:50

fs

336

643

750

810

970

1090

1200

1305

Db

mm

2.53

2.94

3.31

3.43

3.55

3.68

3.68

3.78

Time(hr:min):

8:05

fs

325

645

770

820

960

1090

1200

1300

Db

mm

2.56

2.94

3.28

3.42

3.57

3.68

3.68

3.79

Liquid: height (above orifice): 5.7 cm

volume:

temperature (C)

2L

24
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Bubble Column Experiment

System Liquid; Distilled Water Orifice Diameter:

Gas: Air

22 mils

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

Gauge Q fs Db fs Db fs Db

(-) fml/sl fs-h mm fs-1) mm Cs'^l 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: 2 L

temperature (C) 24
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Bubble Column Experiinent

System Liquid: Distilled Water Orifice Diameter:

Gas: Air

26 mils

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

Gauge Q Db Db fs Db

(-) fml/sl (s-h mm (s-1) mm fs-ll 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: 2 L

temperature (C) 26
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Bubble Column Experiment

System — Liquid; 5 wt % Sucrose Orifice Diameter:

Gas: Air

11 mils

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

Gauge Q fs Db fs Db fs Db

(-) fml/sl fs-ll mm (s-1) mm Cs-ll 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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Bubble Column Experiment

System —

Gauge Q

(ml/st

1

2

2.5

3

4

5

6

7

8

10

15

20

23

0.05

0.15

0.25

0.3

0.4

0.5

0.55

0.65

0.70

0.80

1.05

1.25

1.35

Liquid: 5 wt %

Gas: Air

Time(hr:min):

8:00

Sucrose Orifice Diameter: 14 mils

325

625

720

815

950

1060

1170

1295

Db

mm

2.56

2.97

3.36

3.42

3.58

3.72

3.71

3.79

Time(hr:min):

8:20

fs

350

620

750

820

970

1090

1195

1300

Db

mm

2.50

3.00

3.31

3.42

3.55

3.68

3.69

3.79

Time(hr:min):

8:30

326

610

730

810

970

1090

1195

1305

Db

mm

2.56

2.99

3.34

3.43

3.55

3.68

3.69

3.78

Liquid: height (above orifice): 5.7 cm

volume:

temperature (C)

2L

25
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Bubble Column Experiment

System Liquid: 5 wt % Sucrose Orifice Diameter:

Gas: Air

22 mils

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

Gauge Q fs Db fs Db fs Db

(-) fml/sl Cs-l) mm (s-1) mm fs-ll mm

1 0.05 222 2.91 222 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 4.91 1150 4.91 1150 4.91

23 1.35 1220 4.94 1220 4.94 1230 4.93

Liquid: height (above orifice): 5.7 cm

volume: 2 L

temperature (C) 25
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Bubble Column Experiment

System — Liquid: 5 wt % Sucrose Orifice Diameter:

Gas: Air

26 mils

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

5:45 5:55 6:)5

Gauge Q Db Db Db

(-) fml/sl fs-h mm (s-ll mm fs-ll mm

1 0.05 222 2.91 222 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 4.91 1150 4.91 1150 4.91

23 1.35 1220 4.94 1220 4.94 1230 4.93

Liquid: height (above orifice): 5.7 cm

volume: 2 L

temperature (C) 25
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Bubble Column Experiment

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

Gas: Air

11 mils

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

Gauge Q fs Db fs Db fs I>b

(-) fml/sl fs-ll mm fs-h mm fs-ll mm

1 0.05

2 0.15 980 2.55 980 2.55 860 2.67

2.5 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: 2.5 L

temperature (C) 25
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Bubble Column Experiment

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

Gas: Air

14 mils

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

2:25

Gauge Q fs Db fs Db Db

f-) fml/sl fs-h mm (s-h mm fs-ll 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: 2.5 L

temperature (C) 22
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Bubble Column Experiment

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

Gas: Air

22 mils

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

Gauge Q fs Db fs Db Db

(-) tml/sl (s-h mm (s-1) mm fs-h 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 4.41

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: 2.5 L

temperature (C) 25
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Bubble Column Experiment

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

Gas: Air

26 mils

Gauge Q

M  (mm)

1

2

2.5

3

4

5

6

7

8

10

15

20

23

0.05

0.15

0.25

0.3

0.4

0.5

0.55

0.65

0.70

0.80

1.05

1.25

1.35

Time(hr:min):

4:25

fs

Is-^I

285

355

395

475

545

600

650

730

820

1000

1140

1240

Db

mm

3.86

4.25

4.36

4.51

4.64

4.64

4.77

4.71

4.74

4.85

4.92

4.91

Time(hr:min):

4:32

fs

285

350

395

470

540

590

655

730

820

1000

1140

1240

Db

mm

3.86

4.27

4.36

4.52

4.65

4.66

4.76

4.71

4.74

4.85

4.92

4.91

Time(hr:min):

4:40

fs

280

350

390

465

540

595

650

730

820

1000

1140

1240

Db

mm

3.88

4.27

4.37

4.54

4.65

4.65

4.77

4.71

4.74

4.85

4.92

4.91

Liquid: height (above orifice): 5.7 cm

volume: 2.5 L

temperature (C) 24.5
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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 (vvm) 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 II

The following pages contain raw data collected during the operation of

the airlift reactor. Included are the strip chart recording of the liquid phase

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 (k|a),
interfacial area, (a) and liquid-phase mass-transfer coefficient (kj).

Date: 6^3
Orifice plate: Number of orifices: S

NO GAS FLOW •

Liquid Composition:
Liquid Temperature:
Liquid Heigtit (from outside bottom of reactor):
Liquid Volume (including that in manometer):

Draft tube: Distance from outside bottom of reactor to bottom of draft tube: Z
Distance from top of draft tube to top of liquid: Z. s c

Reactor Lid: Distance from top of liquid to bottom of lid: 7 ,S t

CAMERA

FILM: 0,6 & W QColor TYPE:0TMAX iw+20
SHUTTER SPEED:'LSO QOTHER:

LIGHTING: 0 2 Flood lamps @ ~ 6 cm from opposites of reactor wall
□ OTHER:

APERTURE SETTING: |(<»

GAS FLOW NOT EQUAL TO ZERO* IF STRIPPING WITH NITROGEN
THEN ESTABUSH A STEADY

Gas Flow: Gauge Reading: 1 -1 PSIG BASELINE (ABOUT 20 MINUTES)
Flow Rate: mis/sec

Gas Composition: N 2.
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-

17o TIP TO-ONE

Number of sparger orifices producing bubbles:

Label this length of strip chart output: N 1 • Uquid Temp.: 2-9 C-

Final Dissolved oxygen ppm*: 00-O

* Mark this on the strip chart output, also
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GAS FLOW NOT EQUAL TO ZERO*

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

Gas Composition: A\H

Dissolved Oxygen: Beginning ppm: O O »O

Exposure label (take three data points):

Bubble size: Strobe light RPM
(take three data points): „
n&o lia

Number of sparger orifices producing bubbles; ^

Label this length of strip chart output: _AL

Final Dissolved oxygen ppm*: B . *]

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TO-ONE

is' c

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: I ."b PSIG
Flow Rate: ^ mis/sec

Gas Composition: H z.

Dissolved Oxygen: Beginning ppm: 8>,1

Exposure label(take three data points): W-

Bubble size: Strobe light RPM
(take three data points):
nno Tlo 110

Number of sparger orifices producing bubbles: S

Label this length of strip chart output: Ml

Final Dissolved oxygen ppm*: OO.O

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TO-ONE

COMMENT: H'jO
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RAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: PSIG
Flow Rale: mis/sec

A

;7
/

Gas Composition: A* S-

Dissolved Oxygen: Beginning ppm: Oo o ^

Exposure label (take three data points): ^/z lA ^(z V ^^3 Ia/

Bubble size: Strobe light RPM
{^ke three dat^polnts):

no Igg)

Number of sparger orifices producing bubbles: S

Label this length of strip chart output: AX

Final Dissolved oxygen ppm*: g. 3

f^KE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TO-ONE

GAS FLOW NOT FOl lAL TO ZERO*

Gas Flow: Gauge Reading:
Flow Rate:

PSIG

mis/sec

Gas Composition:

Dissolved Oxygen: Beginning ppm: '

Exposure label(take three data points): X

Bubble size: Strobe light RPM
(take three data points):
nso "iBo T6o

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TO-ONE

Number of sparger orifices producing bubbles: S

Label this length of strip chart output:

Final Dissolved oxygen ppm*: oo.6 OiH" C* Do 0

COMMENT: £ ̂  |s
Lic^uv<i cow\^ • •

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 (kj).

Date: L> /-^
Orifice plate: Number of orifices:

NO GAS FLOW •

Liquid Composition:
Liquid Temperature: C-
Liquid Height (from outside bottom of reactor): 'u>
Liquid Volume (including that in manometer): -•-2^

Draft tube: Distance from outside bottom of reactor to bottom of draft tube:
Distance from top of draft tube to top of liquid: l .'S i —

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

CAIVIERA

FILM: SB & W DColor
SHLUTER SPEED: V?-'

LIGHTING: (S 2 Flood lamps
□ OTHER:

APERTURE SETTING: \{^

TYPE:(3TMAX
□ OTHER:.

! »aS V 2 '
A'SA to

- 6 cm from opposites of reactor wall

GAS FLOW NOT FOt lAL TO ZERO*

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

Gas Composition: Ni v
Dissolved Oxygen: Beginning ppm: ^.7-

Exposure label (take three data points): A

IF STRIPPING WITH NITROGEN
THEN ESTABUSH A STEADY
BASELINE (ABOUT 20 MINUTES)

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

|i6;o iKoO \\10

Number of sparger orifices producing butrbles: ^
Label this length of strip chart output: N ^
Final Dissolved oxygen ppm*: oo .o

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TOONE

Liquid Temp.:'L'4'S

kAr.,i, «n «ho etrin rharl niitnul. alSO
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PiAS FLOW NOT FOl lAL TO ZERO*

Gas Flow: Gauge Reading: "?> ■®) PSIG
Flow Rate: e- ■£? mis/sec

Gas Composition: A>i P-

Dissolved Oxygen: Beginning ppm: oo o

Exposure label (take three data points): i.7?or-

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

Number of sparger orifices producing bubbles:

Label this length of strip chart output: —tsl.
Final Dissolved oxygen ppm*: g, . 1

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TOONE

PiAR R nw NOT FOl lAI TO ZERO*

Gas Ftow: Gauge Reading: PSIG
Flow Rate: s S> mis/sec

Gas Composition: N

Dissolved Oxygen: Beginning ppm: S *

Exposure label(take three data points):

Bubble size: Strobe light RPM
(take three data points):
wno i\no niQ

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

Final Dissolved oxygen ppm*: 00^0

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

2_5 C-

COMMENT: cowx^ •• ^,^0

Mark this on the strip chart output, also
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GAS FLOW NOT EQUAL TO ZERO*

Gas Flow; Gauge Reading: PSIG
Flow Rate: &■© mis/sec

Gas Gompositton:

Dissolved Oxygen: Beginning ppm: ■ O

Exposure label (take three data points):

Bubble size: Strobe light RPM
(take three data points):
;li;:,o llt^O If 60

Number of sparger orifices producing bubbles: 3
Label this length of strip chart output: AZ-
Final Dissolved oxygen ppm*: ^

k/IAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

' ci 14.S O

GAS FLOW NOT FQt iAL TO ZERO*

Gas Flow: Gauge Reading: ^ ^ PSIG
Flow Rate: mis/sec

Gas Composition: Nl ̂
Dissolved Oxygen: Beginning ppm: fe -®)

Exposure label(take three data points): %

NCkO

Of

 J V? K L.

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

ino nno

Number of sparger orifices producing bubbles: 3

Label this length of strip chart output: M3
Final Dissolved oxygen ppm*: oO. 0

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

COMMENT: To->:

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 (kj).

Date: Uh
Orifice plate: Number of orifices: 1°)

NO GAS FLOW

Liquid Composition: \4-jP
Liquid Temperature: Z'b.S'c
Liquid Heigfit (from outside bottom of reactor): ,4
Liquid Volume (including that in manometer):

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

Reactor Lid: Distance from top of liquid to bottom of lid: 1.

camera

FILM: E|B & W QColor
SHUTTER SPEED:

LIGHTING: 02 Flood lamp

typebtmax n-s'-'m-
□ OTHER:

s @ - 6 cm from opposites of reactor wall
□ OTHER:

APERTURE SETTING: I

GAS FLOW NOT EQUAL TO 7FRn*

Gas Flow: Gauge Reading: 14. E> PSIG
Flow Rate: |g>.6' mis/sec

Gas Composition: Kl
Dissolved Oxygen: Beginning ppm:

Exposure label (take three data points): A

IF STRIPPING WITH NITROGEN
THEN ESTABUSH A STEADY
BASELINE (ABOUT 20 MINUTES)

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

Number of sparger orifices producing bubbles: \

Label this length of strip chart output: NJ1
Final Dissolved oxygen ppm*: OD. O

^/t- A
OoPS

TUjo £>^ A
MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TO-ONE

Liquid Temp.: Z6> . S

Mark fhi<5 nn fhfi sfrio chart outDUt. also
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GAS FLOW NOT EQl lAL TO ZERO*

Gas Ftow: Gauge Reading; IH'. 5 PSIG
Ftow Rate: \fc.Oi mis/sec

Gas Composition: AiO.

Dissolved Oxygen: Beginning ppm: 00,0

Exposure label (take ttiree data points):

^/2_

G/2-

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

m-fco \m2-

Number of sparger orifices producing bubbles: 19

Label this length of strip chart output: Ai

Final Dissolved oxygen ppm*: © • "E

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TO-ONE

L'C^Vii Z.(o''Q_^

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: I'i. 3 PSIG
Flow Rate: l& Co mIs/sec

Gas Composition: M2_

Dissolved Oxygen: Beginning ppm: fe -S

Exposure label(take three data points): ^/^E- Lfi /•T- F <^/xG

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

470

Number of sparger orifices producing bubbles: I B

Label this length of strip chart output: N Z.

Final Dissolved oxygen ppm*:

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TOONE

COMMENT: cow\^i H-j^O

Mark this on the strip chart output, also
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GAS FLOW NOT Eg JAL TO ZERO*

Gas Flow: Gauge Reading: • S PSIG
Flow Rate: \fe-0 mis/sec

Gas Composilton: /\lPv

Dissolved Oxygen: Beginning ppm: oo.a

Exposure label (take three data points): H

G/2_

45/2.1 (o/xZ

Bubble size: Strobe light RPM
(take three data points):
14/^0 1^0 /44Q

Number of sparger orifices producing bubbles: \®)

Label this length of strip chart output:

Final Dissolved oxygen ppm*: 8.5

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TO-ONE

T^p.'.

GAS FLOW NOT EOUALTO ZERO*

Gas Flow: Gauge Reading: \4-. S PSIG
Flow Rate: t&.Co mis/sec

Gas Composition: Nl 2.

Dissolved Oxygen: Beginning ppm: 8 5

Exposure label(take three data points): ^ (t-\^ ^/l. \ fo/x fA

Bubble size: Strobe light RPM
(take three data points):
l4-CiC) (feo

Number of sparger orifices producing bubbles: I ̂

Label this length of strip chart output:

Final Dissolved oxygen ppm*: O O. (

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TO-ONE

COf>^NT: ^ 56^?^ iocGv Qo • d dxi v'V^ N 2.

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 (kj).

Orifice plate; Number of orifices:  S
Date: 1^.

7

NQG^SFLQW <ucrv^
Liquid Composition: ^ /o
Liquid Temperature;
Liquid Height (from outside bottom of reactor);
Liquid Volume ; ^

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

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

CSMEBA
FILM; (3b & W QColor
SHLTTTERSPEED; o

TYPE;(3[TMAX
□OTHER;

LIGHTING; (S 2 Flood lamps @ ~ 6 cm from opposites of reactor wall
□ OTHER;

APERTURE SETTING: jb

GAS FLOW NOT EQUAL TO ZERO'

Gas Flow; Gauge Reading;
Flow Rate;

PSIG
mis/sec

Gas Composition;

Dissolved Oxygen; Beginning ppm;

Exposure label (take three data points);

n

IF STRIPPING WITH NITROGEN
THEN ESTABUSH A STEADY
BASELINE (ABOUT 20 MINUTES)

Bubble size; Strobe light RPM
(take three data points); -

Number of sparger orifices producing bubbles; 5

Label this length of strip chart output; ^ ^
Final Dissolved oxygen ppm*; oo o

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

Liquid Temp.; 7

• Mark this on the strip chart output, also
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r.AS F1 .OW NOT FOl IALT02ER0*

Gas Flow: Gauge Rcading:E.-^ PSIG
Flow Rate: mis/sec

Gas Composition: fa.

Dissolved Oxygen: Beginning ppm: oo.o

Exposure label (take three data points):

Date: V-

Bubble size: Strobe light RPM
,, (take three data points):
no 0 pfao iibo

Number of sparger orifices producing bubbles: 5

Label this length of strip chart output: Ai

Final Dissolved oxygen ppm*: "1

V-vV i:>

GAS FLOW NOT F.Ol lAl. TO ZERO*

Gas Flow: Gauge Reading: L A psiG
Flow Rate: uj mis/sec

Gas Composition: t\j/^

Dissolved Oxygen: Beginning ppm: "j -~j

Exposure label(take three data points); 1/nv

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: Z-? S^

lie. 2m.

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

Number of sparger orifices producing bubbles: ^

Label this length of strip chart output: ^ ̂ *
Final Dissolved oxygen ppm*: Oo. 0

COMMENT: cowv^'. S tot/j, <>ucto^>€

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.:

115



0

r. H .OW NOT Fr>l) AL TO ZERO*

Gas Flow: Gauge Reading:l.< PSIG
Flow Rate: (;.(4 mls/scc

Gas Composition: fi_

Dissolved Oxygen: Beginning ppm: oo.O

Exposure label (take three data points):

Dale: 'ij'J

Vn

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

ni^o ifgo nop

Number of sparger orifices producing bubbles: 5

Label this length of strip chart output:

Final Dissolved oxygen ppm*: ^ ."1

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: "Q

r,A.s n ,ow NOT f.oi ialto zero*

Gas Flow: Gauge Reading:'^ PSIG
Flow Rate: mis/sec

Gas Composition:
2-

Dissolved Oxygen: Beginning ppm: I."")

Exposure label(take three data points);• Vto A'
0^

Bubble size:

Mo

Strobe light RPM
(take three data poing^

Number of sparger orifices producing bubbles: S

Label this length of strip chart output:

Final Dissolved oxygen ppm*; t»o, <>

(XIMMENT: to\v\^ -. 5 SvtaoSfi

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: 'LS *CL
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EXPERIMENTAL AIRLIFT OPERATION

Data to be used to calculate overall mass-transfer coefficient (k|a),

interfacial area, (a) and liquid-phase mass-transfer coefficient (k|).

Date: ly

Orifice plate: Number of orifices: ^

NQG^SaOW _ ̂  ^
Liquid Composition: 'iv'C-ov®-
Liquid Temperature: 15 "i-
Liquid Heigtit (from outside bottom of reactor): . t
Liquid Volume : at ao v—

Draft tube: Distance from outside bottom of reactor to bottom of draft tube: 7 c
Distance from top of draft tube to top of liquid: 7 ,q

Reactor Lid: Distance from top of liquid to bottom of lid: i, C i, w.

CAf^ERA

FILN^: SB & W OColor TYPE:(3TMAX
SHUTTER SPEED: o □ OTHER:

LIGHTING: B 2 Flood lamps @ - 6 cm from opposites of reactor wall
□ OTHER:

APERTURE SETTING:

GAS FLOW NOT FQt lAI TO ZERO* IF STRIPPING WITH NITROGEN
/  THEN ESTABUSH A STEADY

Gas Flow: Gauge Reading: 1 o PSIG BASELINE (ABOUT 20 MINUTES)
Flow Rate: mis/sec

Gas Composition: f^ -j_
Dissolved Oxygen: Beginning ppm: 6-0

Exposure label (take ttiree 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:

Label this length of strip chart output: K11 Liquid Temp.:
Final Dissolved oxygen ppm*: Oo , o

Mark this on the strip chart output, also

117



r.AS F1 nw NOT EOI lALTO ZERO*

Gas Flow: Gauge Reading:n.l-PSIG
Flow Rate: mis/sec

Gas Composition; Av'?~

Dissolved Oxygen: Beginning ppm:oo.o

Exposure label (take three data points): ''/rA

Date:

^ c

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

l4oo Koo

Number of sparger orifices producing bubbles: 9

Label this length of strip chart output:

Final Dissolved oxygen ppm*: 1,

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: 'cL,

r,A.S H OW NOT F.ni lAL TO ZERO*

Gas Flow: Gauge Reading:! ."L PSIG
Flow Rate: ,4- mis/sec

Gas Composition:

Dissolved Oxygen: Beginning ppm: '~j

Exposure label(take three data pointsl!'^'^ t?

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

^^•56 I'Wj

Number of sparger orifices producing bubbles: ^

Label this length of strip chart output:

Final Dissolved oxygen ppm*;

COMMENT: 6 vJiV/e

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: z<"c
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r. A«; F1 OW NOT FOUALTO ZERO*

Gas Row: Gauge Reading:'^ r*- PSIG
Flow Rate: mis/sec

Gas Composition:

Dissolved Oxygen: Beginning ppm: OO.O

Exposure label (take three data points):

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

yyia \V1»

Number of sparger orifices producing bubbles: ̂

Label this length of strip chart output: ♦

Final Dissolved oxygen ppm*: ^

Date: ^

S H

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-
TOONE

Liquid Temp.:

G AS R NOT FOT lAl. TO 2ER0*

ing:"Gas Row: Gauge Reading: PSIG
Flow Rate: ii a. mis/sec

Gas Composition: i_

Dissolved Oxygen: Beginning ppm: 1 ■ (fi

Exposure label(take three data points): ^

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

1*^00 13 T-0

Number of sparger orifices producing bubbles: ^

Label this length of strip chart output: __f *

Final Dissolved oxygen ppm*: 00.0

COMMENT:

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

r r

Liquid Temp.: O
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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

Orifice plate: Number of orifices: I'')

NQ GAS FLOW ir .r
Liquid Composition:i)
Liquid Temperature: "xs - C * <1^
Liquid Height (from outside bottom of reactor): 2_c
Liquid Volume (including that in manometcrr^:

Draft tube: Distance from outside bottom of reactor to bottom of draft tube: i S"
Distance from top of draft tube to top of liquid: z.s

Reactor Lid: Distance from top of liquid to bottom of lid: "L. < <xv~->

CAMERA

FILI^: SB & W DColor
SHUTTER SPEED:

TYPE:STMAX

□ OTHER:

LIGHTING: S 2 Flood lamps @ - 6 cm from opposites of reactor wall
□ OTHER:

APERTURE SETTING:

GAS FLOVi/ NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:^ "
Flow Rate: ">

PSIG
mis/sec

Gas Composition: tO

Dissolved Oxygen: Beginning ppm:

Exposure label (take three data points):

IF STRIPPING ViflTH NITROGEN
THEN ESTABUSH A STEADY
BASELINE (ABOUT 20 MINUTES)

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

Number of sparger orifices producing bubbles: 13
N i

Label this length of strip chart output: J

Final Dissolved oxygen ppm*: Dq , o

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

Liquid Temp.: *5t

* Mark this on the strip chart output, also
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HAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: "Z-T—PSIG
Flow Rale: mis/sec

Gas Composition: A.>2-

Dissolved Oxygen: Beginning ppm: °

Exposure label (take three data points): A

Date

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

I  (q \ U \ 0

Number of sparger orifices producing bubbles: /'')

Label this length of strip chart output:

Final Dissolved oxygen ppm*:

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.:

GAS FLOW NOT EOUAL TO ZERO*

Gas Flow: Gauge Reading:n- PSIG
Flow Rate: •x.i-.lo mis/sec

Gas Composition: Kl

Dissolved Oxygen: Beginning ppm: r-\ f")

Exposure label(take three data points): VfE.

Bubble size:

llolt

Strobe light RPM
(take three data point^:

,10

Number of sparger orifices producing bubbles: 1*^
Label this length of strip chart output:

Final Dissolved oxygen ppm*: oO . O

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: "Z-S C

COMMENT: LAc^oici . S *>00^046
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r.AS H.OW Nnrr EQUAL TO ZERO*

Gas Flow: Gauge Reading: "Z-"'- PSIG
Flow Rate: mis/sec

Gas Composition: AtlZ—

Dissolved Oxygen: Beginning ppm: oo.'^

Exposure label (take three data points):

Date:

Ytc, Yhh % I

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

li,i<> l&OO Ifcoo

Number of sparger orifices producing bubbles:

Label this length of strip chart output:

Final Dissolved oxygen ppm*: 1 ^

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-
TDONE

Liquid Temp.: ^

GAS FLOW NOT FOt 1AI. TO ZERO*

Gas Flow: Gauge Reading: PSIG
Flow Rate: 11^ mis/sec

Gas Composition:

Dissolved Oxygen: Beginning ppm: •1

):]^Exposure label(take three data points): u

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

KpLo IblO lUtO

Number of sparger orifices producing bubbles:

Label this length of strip chart output:

Final Dissolved oxygen ppm*: OO • 0

CXDMMENT: S

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: Z5i ̂
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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:

Orifice plate; Number of orifices: S

NO GAS FLOW

Liquid Composition:
Liquid Temperature:
Liquid Heigtit (from outside bottom of reactor):
Liquid Volume (including tfiat in manometer): 'i.'ioo

Draft tube: Distance from outside bottom of reactor to bottom of draft tube: t C

Distance from top of draft tube to top of liquid: i -C c-»^

Reactor Lid: Distance from top of liquid to bottom of lid: 2 d

CAf^ERA

FILI^: SB & W QColor
SHLTTTER SPEED: T.S"o

TYPE:^TMAX Tr-.i • Ai: ' 1 i.
□ OTHER:

LIGHTING: 02 Flood lamps @ ~ 6 cm from opposites of reactor wall
□ OTHER:

APERTURE SETTING:

GAS FLOW NOT EOUAL TO ZERO*

Gas Flow: Gauge Reading: !-• 3 PSIG
Flow Rate: (, D mis/sec

Gas Composition: SJ
Dissolved Oxygen: Beginning ppm: 7

Exposure label (take ttiree data points): _

IF STRIPPING WITH NITROGEN
THEN ESTABUSH A STEADY
BASELINE (ABOUT 20 MINUTES)

Bubble size: Strobe ligtit RPM
(take th^e data points)^

Number of sparger orifices producing bubbles: S
KJ ^Label ttiis lengtti of strip chart output:

Final Dissolved oxygen ppm*: O 0 ,0

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

Liquid Temp.: '<^

' Mark this on the strip chart output, also
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O)

n  FT .nw NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:l-'S PSIG
Flow Rate: ^ mls/scc

Gas Composition: N R.

Dissolved Oxygen: Beginning ppm: oo. O

Exposure label (take three data points): ^l\o^

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

Date: ^ ^

Of FaM Bf-3

Number of sparger orifices producing bubbles:

Label this length of strip chart output: *

Final Dissolved oxygen ppm*: ''

■ oY z. A./

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.:

r,A.S n.OW NOT EOI IAL to zero*

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

Gas Composition: (s] .j_

Dissolved Oxygen: Beginning ppm:

Exposure label(take three data pointsl:Vi& AR

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

iQo^a \\&0 lo'^o

Number of sparger orifices producing bubbles: 5

Label this length of strip chart output: N 2- *
Final Dissolved oxygen ppm*: Oo . o

COMMENT: Li > A '• W CM - 4

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: Z^°<^
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(2)

•iAC n OW NOT Ff>I lAl. TO ZERO*

3as Flow: Gauge Reading;2 .'b PSIG
Flow Rate: Cc-1 mis/sec

3as Composition:

Dissolved Oxygen: Beginning ppm: oo, o

Exposure label (take three data points): 10 AE

(a/
Date: /1

%loA£

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

to°>o lo^o

Number of sparger orifices producing bubbles: 5

Label this length of strip chart output: Kl

Final Dissolved oxygen ppm*:
n.o

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-
TOONE

Liquid Temp.:^'+ '^ 'C

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: t A PSIG
Flow Rate: mis/sec

Gas Composition: hJ ̂

Dissolved Oxygen: Beginning ppm: £, ^

Exposure labcl(take three data points): AK

t^irr 1-0 wyC T O

At

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

\ePS5 lo*(0 10*^0

Number of sparger orifices producing bubbles: ̂

Label this length of strip chart output:

Final Dissolved oxygen ppm*: oo ■ o

COMMENT: (X"^^ • WCIA - 4

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp
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EXPERIMENTAL AIRLIFT OPERATION

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

Date:
Orifice plate: Number of orifices:

NO GAS FLOW - .

Liquid Composition: Wcja-H- C
Liquid Temperature: T.'S °
Liquid Heigtit (from outside bottom of reactor): 2.0 • >
Liquid Volume (inciuding that in manometer): ^-vou

Draff tube: Distance from outside bottom of reactor to bottom of draft tube: 2. -'S
Distance from top of draft tube to top of liquid: T—S'

Reactor Lid: Distance from top of liquid to bottom of lid: 1

CAMERA

FILM: & W QColor
SHLITTER SPEED:

UGHTING:

TYPE:K|TMAX ^
□ OTHER:

B 2 Flood lamps @ - 6 cm from opposites of reactor wall
□ OTHER:

APERTURE SEHING: lu.

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: ^ ^ PSIG
Flow Rate: , \ mis/sec

Gas Composition: M ̂

Dissolved Oxygen: Beginning ppm: ^

Exposure label (take three data points): _

IF STRIPPING WITH NITROGEN
THEN ESTABUSH A STEADY
BASELINE (ABOUT 20 MINUTES)

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

Number of sparger orifices producing bubbles:

Label this length of strip chart output: ^

Final Dissolved oxygen ppm*: 00. o

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TaONE

Liquid Temp.:

' Mark this on the strip chart output, also
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r.AS n.OW NOTROtlALTOZERQ*

Gas Flow: Gauge Reading: fc T PSIG
Flow Rate: "Jv-1 mis/sec

Gas Composition:

Dissolved Oxygen: Beginning ppm: 00-V

Exposure label (take three data points): 10 rA

Date: ̂ /.
' I o

'^/lO kI ^Ao Q

Bubble size: Strobe light RPM
- - (take three data points):
l1>3o \zzc> \'\v^

Number of sparger orifices producing bubbles: ̂

Label this length of strip chart output: At ♦
Final Dissolved oxygen ppm*: ^

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: ■2,5

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: fc -l PSIG
Flow Rate: ii., \ mis/sec

Gas Composition:

Dissolved Oxygen: Beginning ppm: ""I |

Exposure label(take three data points): P f>l ^/fo R

Bubble size: Strobe light RPM

llld_ iHo
(take three data points):

W,o

Number of sparger orifices producing bubbles: ^

Label this length of strip chart output: 2. *

Final Dissolved oxygen ppm*: oo , 0

CQMMEDJii U)CK-^

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-
TOONE

Liquid Temp.: 7-S
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OAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:'*! PSIG
Flow Rate: tv. \ mis/sec

Gas Composition: A'P-

Dissolved Oxygen: Beginning ppm: oo o

Exposure label (take three data points):

Date
lo

T  ̂li U

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

\V>0

Number of sparger orifices producing bubbles:

Label this length of strip chart output: <^2-

Final Dissolved oxygen ppm*: H -0

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-
TOONE

Liquid Temp.: 2,S'cl,

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:C>n PSIG
Flow Rate: Ix.i mis/sec

Gas Composition:

Dissolved Oxygen: Beginning ppm:^'°

Exposure Iabel(take three data points): W,o v % J ^/io %

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

llio

Number of sparger orifices producing bubbles:

Label this length of strip chan output: Ni 3

Final Dissolved oxygen ppm*: Do. q

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.:

COMMENT-

6)
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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: L>/^o
Orifice plate: Number of orifices: («)

NO CAS FLOW • , . ,
Liquid Composition: (f" ̂'"^3
Liquid Temperature:
Liquid Height (from outside bottom of reactor):
Liquid Volume (ieetudtng that in monomctor):

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

Distance from top of draft tube to top of liquid: 2.,<rc^

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

CAMERA

FILM: 0B & W QColor
SHLITTER SPEED:

LIGHTING: 0 2 Flood lamps @
□ OTHER:

APERTURE SETTING: IC,

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading: 2'f ( PSIG
Flow Rate: Z<Z.f mis/sec

Gas Composition: ^ i-
Dissolved Oxygen: Beginning ppm:

Exposure label (take three data points):

n

TYPE:0TMAX tikV
□ OTHER:

6 cm from opposites of reactor wall

IF STRIPPING WITH NITROGEN
THEN ESTABLISH A STEADY
BASELINE (ABOUT 20 MINUTES)

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

Number of sparger orifices producing bubbles:

Label this length of strip chart output: 1^1
Final Dissolved oxygen ppm': 0*^-0

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

Liquid Temp,: T-f? C,

* Mark this on the strip chart output, also
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GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:2H,\ PSIG
Flow Rate: mis/sec

Gas Composition: A>

Dissolved Oxygen: Beginning ppm: o o. o

Exposure label (take three data points): A

Date: to/
11>

lo/io B

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

KaOP IblO [(oU>

Number of sparger orifices producing bubbles: 1*^

Label this length of strip chart output: AI '

Final Dissolved oxygen ppm*: ) V

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-
TOONE

Liquid Temp.:

GAS nX)W NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:l+-\ PSIG
Flow Rate: IS5 mIs/sec

Gas Composition: Ni.|_

Dissolved Oxygen: Beginning ppm: T^

Exposure Iabel(take three data points):

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

\L^o I

Number of sparger orifices producing bubbles: |C)

Label this length of strip chart output: KlZ.

Final Dissolved oxygen ppm*: oo.O

COMMENT: VjlK-4

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.:

* Mo rin rhart nntnitt al.'?n
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r. AS n.OW NOT EQUAL TO ZFRO*

Gas Flow: Gauge Reading:!-^ 1 PSIG
Flow Rate: TJS'.S' mis/sec

Gas Composition: A. > ̂

Dissolved Oxygen: Beginning ppm: oo.o

Exposure label (take three data points): Vio 6

Date:  <0/1

Cg/zo H I

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

\6,to i 'u>\0

Number of sparger orifices producing bubbles: (°)

Label this length of strip chart output: Kl—

Final Dissolved oxygen ppm*: ^

MAKE SURE THE FLASH-

BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.:

GAS FLOW NOT EQUAL TO ZERO*

Gas Flow: Gauge Reading:!"! ! PSIG
Flow Rate: mis/sec

Gas Composition:

Dissolved Oxygen: Beginning ppm: "l.o

Exposure label(take three data points): .1 K L

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

Ifcoo Ifcoo (Csio

Number of sparger orifices producing bubbles:

Label this length of strip chart output: ^ 3

Final Dissolved oxygen ppm*: Oo O

CX)MMFNT: VyjA-'4'

MAKE SURE THE FLASH-
BUBBLE RATIO IS ONE-

TOONE

Liquid Temp.: ZS S
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Liquid composition: Distilled Water
Number of orifices: 5
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1  Liquid composition: Distilled Water
Number of orifices: 5
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Liquid composition: Distilled Water
Number of orifices: 5

7-
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Liquid composllion: DIslllled Water
Numljer of orifices: 9
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"— Liquid composition; Dislilied Water
Number of orifices: 9
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Liquid composition: Distilled Water
Number of oriHces: 9
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0-

Liquid composilion: Oislilied Water
Number of orifices: 9

i
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Liquid composition: Distiited Water
Number of orifices: 19
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'  Liquid composition: Distilled Water
Numl)er of orifices: 19
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Liquid composition; 5 wt percent Sucrose
Number of orifices: 5
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—r 1- J— Liquid composition; 5 w1 percent Sucrose
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Liquid composition; 5 wt percent Sucrose
Number of oririces: S
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Liquid composition: 5 wt percent Sucrose
Number of orifices: 9

145



Liquid composition: 5 wt percent Sucrose
Number of orifices: 9
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Liquid composition: 5 wl percent Sucrose
Number of orifices: 9
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Liquid composition: 5 wt percent Suaose
• Number of orifices: 19
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Liquid composition: 5 wt percent Sucrose
Number of orifices: 19
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Liquid composition: WCM-4 (pH « 4.5)
Number of orifices: 5
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Liquid composition: WCM-4 (pH • 4.5)
Number of orifices: 5
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II Liquid composition: WCN4-4 (pH - 4.5)
- Number of orifices: 5
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Liquid composilion: WCM-4 (pH - 4.5)
Number of orifices: 5
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Liquid composition: WCM-4 (pH « 4.5) —
Number of orifices: 9 _I
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_ ;z Liquid composition: WCM-4 (pH « 4.5)
Number of orifices: 9
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_  Liquid composition: WCM-4 (pH « 4.5)
—. Number of orifices: 19
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1— Liquid composition: WCM-4 (pH • 4.5)
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Airlift Reactor Experiment

Liquid Composition: Distilled Water Date:

Exposure Number No. of Exposure Numbe

Label of Bubbles orifices Label of Bubbl(

6/3 A 126 9 6/2 A 147

6/3 B 117 6/2 B 144

6/3 C 117 6/2C 210

6/3D 111 6/2D 194

C<Xd) 114 6/2E 190

6/3E 112 6/2F 201

6/3F 114 6/2G 170

6/3 G 118 6/2H 176

6/3 H 109 6/21 210

6/31 118 6/2J 188

6/3J 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

6/3 U 57

6/3 V 56

6/3 W 53

6/3X 54

6/3 Y 59

6/3 Z 57

No. of

orifices

19

157



Airlift Reactor Experiment

Liquid Composition: 5 wt percent sucrose Date: 7/12

Exposure Number No. of Exposure Number

Label of Bubbles orifices Label of Bubbles

7/4A 259 19 7/7A 87

7/4B 231 7/7B 88

7/4C 246 7/7 C 88

7/4D 256 7/7 D 95

7/4E 247 7/7E 91

7/4F 246 7/7F 88

7/4G 266 7/7G 93

7/4H 242 7/7H 101

7/41 224 7/71 102

7/4J 243 7/7J 106

7/4K 243 7/7K 104

7/4L 242

7/5A 145 9

7/5 B 137

7/5 C 143

7/5 D 135

7/5 E 147

7/5F 158

7/5G 143

7/5H 156

7/51 155

7/5J 138

7/5K 129

7/5L 14

No. of

orifices
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Airlift Reactor Experiment

Liquid Composition: WCM-4 Date: 7/4

Exposure

Label

Number

of Bubbles

No. of Exposure

orifices Label

Number

of Bubbles

No. of

orifices

6/lOA

6/lOB

6/1OC

6/lOD

6/lOE

6/1 OF

6/lOG

6/lOH

6/101

6/lOJ

6/lOK

6/lOL

6/lOM

6/lON

6/1OO

6/lOP

6/1OQ

6/lOR

6/lOS

6/lOT

6/lOU

6/lOV

6/lOW

6/1 OX

6/lOY

181

181

162

189

181

187

179

182

190

184

181

185

113

116

121

104

118

104

111

121

99

110

106

110

56

19 6/lOAA

6/lOAB

6/1OAC

6/1OAD

6/lOAE

6/1 OAF

6/10 AG

6/lOAH

6/lOAl

6/lOAJ

7

7

49

49

57

51

70

76

69

69
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2.0'

U

D

Aeration

y(A1) = - 0.1036 + 0.0489X R = 1.00

y(A2) = - 0.1125 + 0.0561 x R = 1.00
.5-

1.0-

0.5-

A1

A2

1 0 2515 20

TIME(min)

1.5-

O

^  1.0-1

0.5'

0.0'

StriDDina

y(N2) = - 0.1392 + 0.0609x R = 1.00

y(N3)= -0.1556+ 0.0574X R=1.00

N2

• N3

20
TIME(min)

:  -ln(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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2.0

U

0

Aeration

y(A1)= -0.1271 +0.1167x R = 1.00

y(A2)= -0.1171 +0.0936X R = 1.001.5-

1.0-

0.5-

A1

A2

1 59  12

TIME(mln)

U

D

Stripping

-0.0135 + 0.1116X R = 1.00

- 0.1665+ 0.1214X R = 1.00

- 0.1696+ 0.1214X R = 1.00

y{N1) =

y(N2) =

y(N3) =

.0-

N1

N2

N3

0.0

126  8

TIME(mln)

:  -ln(ciimensionless 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
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1.8-

1.6'

1.4-

1.2-

o

D l.o-i
1

C 0.8:

0.6-

0.4-

0.2-

0.0-

C

1.8-1

1.6-

1.4-

1.2-

4t

U 1.0-
u .

c

"T 0.8-

0.6-

0.4-

0.2-

0.0-

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

y(A2)= -0.0475 + 0.1945x R^I.OO

B A1

• A2

4  6

TIME(mln)

y(N2) = - 0.2099 + 0.2095X R = 1.00

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

N2

N3

TIME(mln)

Dimensionless concentration as a function of time.

Liquid composition: Distilled Water Number of orifices: 19

Date: 6/2/88 Re = 2100
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1.8-

1.6-

1.4-

1.2-

o 1.0-
o

0.8-
c

 . 1 ..
CO

d

0.4-

0.2-

0.0-

Aeration

y(A1) = - 0.227 + 0.0711X R = 1.00

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

El A1

A2

20 2510 15

TIME(mln)

2.0-

1.8-

1.6-

1.4-

1.2-
o ■

o 1.0-

0.8-

0.6-

0.4-

0.2-

0.0-

StrlDDinQ

y(N2) = - 0.4101 + 0.0826X R = 1.00

y(N3)= -0.3399+ 0.0903X R = 1.00

N2

N3

10 15

TIME(min)

-ln(dimensionlGss 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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1.8-1

1.6-

1.4-

1.2-
«

o 1.0-
(3 .

0.8-
c

1

0.6-

0.4-

0.2-

0.0-

1.8-q

1.6:

1.4 •:

1.2:

b I.O-i
0 1

c

frTT
00
d

OC
d

0.4:

MC
d

0.0-

Aeration

y(A1) » - 0.0958 + 0.1059x R . 1.00

y(A2)> -0.019+ 0.1212x R-1.00

A1

A2

151 0

TIME(mln)

y(N2)

y(N3)

StrioDlna

-0.1742 + 0.1463x R.

-0.1383 + 0.1549x R =

1.00

1.00

N2

N3

10 12

TIME(min)

: -Infdimensionless conc'nl as a function of time,
□quid composition: 5 wt % sucrose Orifice no.: 9
Date: 7/5/88 Maximum C - 75% C*
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1.8-1

1.6-

1.4-

1.2-

b 1.0-
b
1

0.8-
C

1

0.6-

0.4-

0.2-

0.0-

1.8-1

1.6-

1.4-

1.2-
.

6 1.0-

u
e 0.8-

0.6-

0.4-

0.2-

0.0-

Aeration

y(A1)= -0.1507+ 0.2106X R = 1.00

y(A2) = - 0.1839 + 0.2157x R = 1.00

A1

A2

TIME(mln)

SlQ]2i2iQfl
y(N2) = - 0.6143 + 0.2542x R = 1.00

y(N3)= - 0.4389 + 0.2438X R = 1.00

N2

N3

TIME(mln)

-ln(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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u

D

y(A1) = - 0.1561 + 0.0529X R = 1.00

y(A2) = - 0.1191 + 0.0532X R = 1.00

A1

A2

20
TiME(min)

U

D

y(N2) = - 0.2276 + 0.0839X R = 1.00
y(N3) = - 0.1038 + 0.0873x R = 1.00

N2

N3

2010

TIME(mln)

Dimension less concentration as a function of time.

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

Date: 6/10/88 Re = 2100
-  ■

1
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u

D

y(A1) =

y(A2) =

0.189 + 0.1169X R = 1.00

0.3056 + 0.1106x R=1.00

A1

A2

155  10
TIME(min)

1.8-

1.6-

1.4-

1.2-

«

u 1.0'
u

c 0.8-

0.6'

0.4-i

0.2:

0.0-

y(N2)= -0.2147+ 0.1489x R = 1.00

y(N3) = - 0.2234 + 0.1584x R = 1.00

N2

N3

04  6

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 c,
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u

D

1.8-
y(A1)= -0.304+ 0.2111X R = 1.00

y(A2) = - 0.3528 + 0.2282x R = 1.001.6-

1.4-

1.2-

1.0-

0.8

0.6-

0.4- A1

A2
0.2-

0.0

1 04  6

TII\/IE(mln)

1.8-1

1.6-

1.4-

1.2-

•»

u 1.0-

0
c 0.8-

0.6-

0.4-

0.2-

0.0-

y(N2)= - 0.4624 + 0.2863X R = 1.00

y(N3) = - 0.3086 + 0.2874x R = 1.00

N2

N3

TlME(mln)

: Dimensionless concentration as a function of time.

Liquid composition: WCM-4 (pH = 4.5) Number of orifices: 19

Date: 6/10/88 Re = 2100 . '
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Date o-f exoeriment: 6/3

Liquid Composition: Distilled water

Chart 1abel: al

Number o-f ori-fices: 5

Total oas flow rate: 4.9 mis/sec Gas Tlow rate oer ori-fice .98
Strobe -flash rate: 776.6667 RPM
Average number o-f bubbles: 58
Liquid volume: 2300 mis

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

Date o-f experiment: 6/3
Liquid Composition; Distilled water

^hvt 1 abel : n2

Number o-f ori-fices: 5
Total gas -flow rate: 4.9 mis/sec Gas -flow rate oer orifice .98
Strobe flash rate: 770 RPM

Average number of bubbles: 58
Liquid volume: 2300 mis

Gas holdup (dimensionless): 0.00192
Spherical bubble diameter: 0.526 cm
Interfacial area per unit dispersion: 0.02191 1/cm

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

Chart label: a2

Number of orifices: 5

OSS flow rate: 4.9 mis/sec Gas flow rate per orifice .98
Strobe flash rate: 773.3333 RPM
Average number of bubbles; 55.33333
Liquid volume: 2300 mis

Gas holdup (dimensionless): 0.00183
Spherical bubble diameter: 0.526 cm

Ir\4'<.r.(Lcvip-l o-rtte- per ow.tf
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Date of experiment: 6/3
Liquid Composition: Distilled water

Zhi . 1abel: n3

Number of orifices: 5

Total oas flow rate: 4.9 mis/sec Bas flow rate per orifice .98
Strobe flash rate: 780 RPM

fiveraoe number of bubbles: 56.66667

Liquid volume: 2300 mis

Gas holdup <dimensionless): 0.00185
Spherical bubble diameter: 0.524 cm

Interfacial area per unit dispersion: 0.02122 1/cm

Date of exoeriment: 6/3

Liquid Composition: Distilled water

lhart 1abel: al

Nu*ilje.r of orifices: 9
Total oas flow rate: 8.6 mis/sec Bas flow rate per orifice .97
Strobe flash rate: 1170 RPM

rtveraoe number of bubbles: 115
Liquid volume: 2300 mis

Bas holdup (dimensionless): 0.00250
Spherical bubble diameter: 0.458 cm
Interfacial area per unit dispersion: 0.03280 1/cm

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

;hart label: n2

Number of orifices: 9

Total oas flow rate: 8.8 mis/sec Bas flow rate per orifice .97 mis/sec
Strobe flash rate: 1170 RPM
Avercige number of bubbles; 113.3333
Liqu^id volume: 2300 mis

Gas holdup (dimensionless): 0.00246
Spherical bubble diameter: 0.458 cm
Interfacial area per unit dispersion: 0.03232 1/cm
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Date of experiment: 6/3
Liquid Composition: Distilled water

:har-t 1 abel: a2

flumber o-f orifices: 9
Total gas flow rate: 8.8 mis/sec Bas flow rate oer orifice .97 mis/sec
Strobe flash rate: 1160 RPM
Average number of bubbles: 115
Liquid volume: 2300 mis

Bas holdup (dimensionless): 0.00252
Spherical bubble diameter: 0.459 cm
Interfacial area per unit dispersion: 0.03298 1/cm

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

"hart label: n3

Nun^bcr of orifices: 9
Tot^ gas flow rate: 8.8 mis/sec Bas flow rate oer orifice .97 mis/sec
Strobe flash rate: 1170 RPM
leverage number of bubbles: 123
Liquid volume: 2300 mis

Bas holdup (dimensionless): 0.00267
Spherical bubble diameter: 0.458 cm
Interfacial area per unit dispersion: 0.03507 1/cm
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Date o-f experiment: 6/2
Liquid Composition: Distilled water

Chart label: al

Number o-f ori-fices: 19
Total gas flow rate: IB.6 mis/sec Gas flow rate oer orifice .97 mis/sec
btrobe flash rate: 1460 RPM
Average number of bubbles: 196.6667
Liquid volume; 2300 mis

Gas holdup (dimensionless): 0.00343
Spherical bubble diameter: 0.425 cm
Interfacial area per unit dispersion; 0.04B38 1/cm

Date of experiment: 6/2
Liquid Composition: Distilled water

ChiOkrt label: n2

Number of orifices: 19
Total gas flow rate: 18.6 mis/sec Gas flow rate per orifice .97 mis/sec
btrobe flash rate; 1470 RPM
Average number of bubbles: 187
Liquid volume: 2300 mis

Gas holdup (dimensionless): 0.00324
Spherical bubble diameter: 0.424 cm
Interfacial area per unit dispersion: 0.04581 1/cm

Date of experiment: 6/2
Liquid Composition: Distilled water

Chart label; a2

Nu'nber of orifices: 19
Ti ,1 gas flow rate; 18.6 mis/sec Gas flow rate oer orifice .97 mis/sec
btrobe flash rate; 1460 RPM
Average number of bubbles; 191.3333
-iquid volume: 2300 mis

Gas holdup (dimensionless): 0.00334
Spherical bubble diameter: 0.425 cm /C^h

iTtterfacial area per unit dispeniori: ' --
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Date of experiment! 6/2
Liquid Composition! Distilled water

Chart 1abel! n3

Number of orifices! 19
Total gas flow ratei 18.6 mis/sec Gas flow rate per orifice .97 mis/sec
Strobe flash rate: 1461.667 RPM
Average number of bubbles! 199.6667
Liquid volume! 2300 mis

Sas holdup <dimensionless)! 0.00348
Spherical bubble diameter! 0.425 cm
Interfacial area per unit dispersion! 0.04908 1/cm

Date of experiment! 6/10
Liquid Composition! WCM-4 (pH=4.5)

Chart label! al

Numoer of orifices! 5
Total gas flow rate! 6.7 mis/sec Gas flow rate per orifice 1.34 mis/sec
Strobe flash rate! 1093.333 RPM
Average number of bubbles! 56
Liquid volume: 2300 mis

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

Chart 1abel: n2

Date of experiment! 6/10
Liquid Composition: WCM-4 (pH=4.5)

Number of orifices: 5
Total gas flow rate: 6.7 mis/sec Gas flow rate oer orifice 1.34 mis/sec
Strobe flash rate: 1093.333 RPM
A^(S.«"aQe number of bubbles: 49
Liquid volume: 2300 mis

Gas holdup (dimensionless)! 0.00156
Spherical bubble diameter: 0.520 cm
Interfacial area per unit dispersion: 0.01806 1/cm

173



Date of exoeriment: 6/10

Chart label: a2 Liquid Composition: WCM-4 <pH=4.5)

Number of orifices: 5

Stroie"frasi°ra^eJ^io93!3S^RPr »■ ^4 mis/sec
Average number of bubbles: 59.33333
Liquid volume: 2300 mis

Gas holdup <dimension!ess): 0.00189
Spherical bubble diameter: 0.520 cm
Interfacial area per unit dispersion: 0.02186 1/cm

Date of experiment: 6/10
Chart label: n3 Liquid Composition: WCM-4 (pH=4.5)

Nuivl)ler cf orifices! 5
Total oas flow rate: 6.7 .
strobe flash rate: 1086.667 RPM " orifice 1.34 mis/sec
Average number of bubbles: 71.33334
Liquid volume: 2300 mis

Gas holdup <dimensionless): 0.00229
Spherical bubble diameter: 0.521 cm
Interfacial area per unit dispersion: 0.02637 1/cm

Date of experiment: 6/10
Chart label: al Liquid Composition: WCM-4 (pH=4.5)

Number of orifices: 9

Average number of bubbles: 116.6667
Liqpid volume: 2300 mis

Gas holdup (dimensionless): 0.00307
Spherical bubble diameter:• 0.488 cm
Interfacial area per unit dispersion: 0.03781 1/cm
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Date o-f experiment: 6/10
Liquid Composition: WCM-4 (dH=4.5)

Chart 1abel: n2

Number o-f ori-fices: 9

Total oas flow rate: 12.1 mis/sec Gas flow rate oer orifice 1.34 mis/sec
Strobe flash rate: 1330 RPM
Average number of bubbles: 108.6667
Liquid volume; 2300 mis

Gas holdup (dimensionless): 0.00286
Spherical bubble diameter: 0.487 cm
Interfacial area per unit dispersion: 0.03517 1/cm

Chart 1abel:

Date of experiment: 6/10
Liquid Composition: WCM-4 (pH=4.5)

Number of orifices: 9
Total gas flow rate: 12.1 mis/sec Gas flow rate oer orifice 1.34 mis/sec
Strobe flash rate: 1330 RPM
Avgpage number of bubbles: 110.3333
Liquid volume: 2300 mis

Gas holdup (dimensionless) : 0.00290
Spherical bubble diameter: 0.487 cm
Interfacial area per unit dispersion: 0.03571 1/cm

Date of experiment: 6/10
Liquid Comoosition: WCM-4 (oH=4.5)

Chart 1abel: n3

Number of orifices: 9

gas flow rate: 12.1 mis/sec Gas flow rate oer orifice 1.34 mis/sec
Strobe flash rate: 1330 RPM
Average number of bubbles: 108.6667
Liquid volume: 2300 mis

Gas holdup (dimensionless): 0.00286
Spherical bubble diameter; 0.487 cm
Interfacial area per unit dispersion: 0.03517 1/cm
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or«*peniie(^ts 6/10
Chart label; al Liquid Composition: WCM-4 (pH=4.5)

Number o-f ori-fices; 19
Total gas -flow rate: 25.5 mls/ser ^ i _
Strobe flash rate: 1613.333 RPM w ra e per orifice 1.34 mis/sec
Average number of bubbles: 174.6667
Liquid volume: 2300 mis

Bas holdup <dimensionless): 0.0037B
Spherical bubble diameter: 0.457 cm
Interfacial area per unit dispersion: 0.04960 1/cm

Date of experiment: 6/10

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

Number of orifices: 19

Strobe"flash°rate^^i62o"RPM^^^^^'^ 1.34 mis/sec
Average number of bubbles: 185.6667
Liquid volume: 2300 mis

Bas holdup (dimensionless): 0.00400
Spherical bubble diameter: 0.456 cm
Interfacial area per unit dispersion: 0.05257 1/cm

Date of experiment: 6/10

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

Kumber of orifices: 19

Average number of bubbles: 183.6667
Ciquid volume: 2300 mis

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

176



of : to/io
Number of orificesi 19 Ll^wvi COr^^o-S»+ic>A ; oof/^-cf ^
Total oas flow rate: 25.5 mls/ser r:== i ,
Strobe flash rate: 1603.333 RP^ mis/sec
Average number of bubbles: 183.3333
U: - 'id volume: 2300 mis

8as holdup <dimensionless): 0.00399
Spherical bubble diameter: 0.458 cm
Interfacial area per unit dispersion: 0.05226 1/cm
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Chart label: A1

Date of exoeriment: 7/7

Liijijid CoiTiDosition: 5 '/. sucrose

Number of orifices: 5

Total oas floiu rate: 6.4 mis/sec Gas f 1 oui rate per orifice 1.28 mls/ser
Strobe flash rate: 1160 RPM

Average number of bubbles: 87.66666
Liguid volume: 2300 mis

Gas holdup ( dirriens i Oh 1 ess >: 0.00252

Spherical bubble diameter: 0.502 cm
Interfacial area per unit dispersion: 0.03009 1/cm

Date of experiment: 7/7

Liauid CotTiDosition: 5 7. sucrose
Chart label: N2

Number of orifices: 5

Total gas floui rate: 6.4 mis/sec Gas flow rate oer orifice 1.28 irils/ser
Strobe flash rate: 1346.667 RPM

rage number of bubbles: 91.33334

Liuuid volurrie: 2300 mis

Gas holdup (dimension 1 ess): 0.00226
Spherical bubble diameter: 0.478 cm
Interfacial area per unit dispersion: 0.02839 1/cm

Date of exper i iTient: 7/7

Liquid Cotripos i t i on: 5 X sucrose
Chart label: A2

NuiTiber of orifices: 5

Total gas flow rate: 6.4 mis/sec Gas flow rate oer orifice 1.28 mis/sec
Strobe flash rate: 1353.333 RPM
Average number of bubbles: 98.66666
Liquid volutTie: 2300 mis

Gas holdup (dimension 1 ess): 0.00243
Spherical bubble diameter: 0.477 cm
Interfacial area per unit dispersion: 0.03056' 1/cm
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Date of excier imerit! 7/7

Liauid Compos i t i on s S '/. sucrose

Chart labels N3

NjMber of orifices! 5

Total oas floiu rate! 6.4 mis/sec Gas floiD rate per orifice 1.28 mis/sec
Strobe flash rate! 1586.667 RPM

Average number of bubbles! 105

Liouid volume! 2300 mils

Gas holdup (dimension 1 ess)! 0.00220

Spherical bobble diameter! 0.452 cm

Inter-facial area per unit dispersion! 0.02926 1/cm
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Date of exoeriment: 7/5

Liquid Composition: 5 sucrose
Chart label: A1

er of orifices: 9

Total gas flow rate: 11.4 mils/sec Gas f1ou rate per orifice 1.26 mis/sec
Strobe flash rate: 1396.667 RPM

Average number of bubbles: 141.6667
Liquid v o 1 u iTie: 2300 m 1 s

Gas holdup < d i miens i on 1 ess ) : 0.00334

Spherical bubble diamieter: 0.470 cm

Interfacial area per unit dispersion: 0.04263 1/cmi

Date of experiment: 7/5

Liquid Composition: 5 '/. sucrose
Char t label: N2

Numiber of orifices: 9

Total gas flow rate: 11.4 mils/sec Gas flow rate per orifice 1.26 mils/sec
Strobe flash rate: 1366.667 RPM

Average nuitiber of bubbles: 146.6667
L  u i d vo 1 umie : 2300 m 1 s

Gas holdup < d i miens i o n 1 e s s ): 0.00353

Spherical bubble diamieter: 0.474 cm

Interfacial area per unit dispersion: 0.04477 1/cmi

Date of experiment: 7/5

Liquid Comipos i t i on: 5 X sucrose
Chart label: A2

Numiber of orifices: 9

Total gas flow rate: 11.4 mils/sec Gas flow rate per orifice 1.26 mis/sec
Strobe flash rate: 1370 RPM

Average number of bubbles: 151.3333
Liquid volumie: 2300 mils

Gas holdup ( d imiens i on 1 ess >: 0.00364

Spherical bubble diamieter: 0.473 cm

Interfacial area per unit dispersion: 0.04611 1/cmi
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Chart label: N3 ! "Vs

Number of orifices: 9

Total gas flow rate: 11.4 mis/sec Gas f1oui rate oer orifice 1.26 mis/sec
S r r. o b e flash rate: 1313.333 RPM

A  rage humber of bubbles: 136

Liouid volume: 2300 mis

Gas holduD (dimension 1 ess): 0.00341

Spherical bubble diameter: 0.4S0 cm

Interfacial area per unit dispersion: 0.04264 1/cm
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Date o-f exDeriment! 7/4

Liauid Cottidos i t i on: 5 X sucrose
Ct'e.rt 1 abe 1 : A1

Number o-f orifices! 19

Total aas flow rate! 22.ifc mils/see Gas flow rate oer orifice 1.18 mis/sec
Strobe flash rate! 1613.333 RPM

Average number of bubbles! 245.33:33

Liauid volume! 2300 mis

Gas holdup { d iiTiens i on 1 ess >! 0.00470

Spherical bubble diameter! 0.439 cm
Interfacial area per unit dispersion! 0.06422 1/cm

Chart label! N2

Date of experiment! 7/4

Liquid Corriposition! 5 X sucrose

NutTiber of orifices! 19

Total gas flow rate! 22.6 tiils/sec Gas flow rate per orifice 1.18 mis/sec
Strobe flash rate: 1616.667 RPM
AvArage number of bubbles! 249.6667
Liauid volume! 2300 iti 1 s

Gas holdup ( d itiiens i on 1 ess )! 0.00477

Spherical bubble diameter! 0.438 cm
Interfacial area per unit dispersion! 0.06526 1/cm

Date of experimient! 7/4

Liauid Composition! 5 X sucrose
Chart label: A2

Number of orifices: 19

Total gas flow rate: 22.6 mis/sec Gas flow rate per orifice 1.18 mis/sec
Strobe flash rate! 1603.333 RPM

Average nutJiber of bubbles! 244
Liauid volume! 2300 mis

Gas holdup (dimension 1 ess)! 0.00470
Spherical bubble diaineter! 0.440 cm
Interfacial area per unit dispersion: 0.06413 1/cm
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Date of exoerimerit: 7/4

Liauid Comoosition: 5 '/ sucrose
Chart label: N3

Number of orifices: 19

Total gas floiD rate: 22.6 mis/sec Gas flou) rate per orifice 1.18 mls/«;ec
Strobe flash rate: 1613.333 RPM
Average number of bubbles: 242.6667
Liouid volume: 2300 mis

Gas hoi duo (dimension 1 ess): 0.00465
Sbherical bubble diaineter: 0.439 cm
Interfacial area per unit dispersion: 0.06352 1/cm

183



Average k/a,Values Based on Experimental Data.

(1/min) Ji2QL sue WCM-4

5 orifices:

Alb

A2

N2

N3

Air Average:

Nit. Average:

Average All:

0.0489

0.0561

0.0609

0.0574

0.0525

0.0592

0.0558

0.0711

0.0679

0.0826

0.0903

0.0695

0.0865

0.0780

0.0529

0.0532

0.0839

0.0873

0.0531

0.0856

0.0693

9 orifices:

A1

A2

N2

N3

Air Average:

Nit. Average:

Average All:

0.1167

0.0936

0.1214

0.1214

0.1052

0.1214

0.1133

0.1059

0.1212

0.1463

0.1549

0.1136

0.1506

0.1321

0.1169

0.1106

0.1489

0.1584

0.1138

0.1537

0.1337

19 orifices:

A1

A2

N2

N3

Air Average:

Nit. Average:

Average All:

0.1766

0.1945

0.2095

0.2150

0.1856

0.2123

0.1989

0.2106

0.2157

0.2542

0.2438

0.2132

0.2490

0.2311

0.2111

0.2282

0.2863

0.2874

0.2197

0.2869

0.2533

^Gas flow rate per orifice: H20, 0.98 ml/s; SUC, 1.28 ml/s; WCM-4, 1.35 ml/s.

bAl = 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^ Experimental Bubble
Diameter

arga fl/gm) H20 SHC WCM-4

5 orifices:

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:

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:

A1 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

Avgragg All; 0.0476 0.0643 0.0516
aCas flow rate per orifice: H20, 0.98 ml/s; SUC, 1.28 ml/s; WCM-4, 1.35 ml/s.
^A1 = first oxygen run; A2 = second oxygen run; N2 = first nitrogen run;
N3 = second nitrogen run.
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