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MASS TRANSFER COEFFICIENTS AND INTERFACIAL AREA FOR 
GAS ABSORPTION BY AGITATED AQUEOUS ELECTROLYTE 

SOLUTIONS 

Campbell W. • Robinson and Charles R. Wilke 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

ABSTRACT 

In order. to design or optimize the operation of stirred-tank gas 

absorbers, such as are used for the submerged cultivation of aerobic 

microorganisms wherein oxygen is supplied by mass transfer from 

dispersed air bubbles, it is necessary to be able to characterize the 

oxygen mass transfer capabilities in terms of the physicochemical 

properties of the aqueous phase, the agitation power input, and the 

aeration rate. The oxygen mass transfer capability of a. particular tank 

can be described in terms of the overall volumetric mass transfer 

coefficient, KL 4a . 

KL
4

a measuremtmts were made in several· aqueous electrolyte 

solutions of varying ionic strength over a wide range of agitation-

aeration intensity in a 2.5 litre fully~baffled stirred tank having standard 

geometric ratios and equipped with a turbine-type impeller. Both 

steady-state and unsteady-state experimental methods were applied, 

utilizing a dissolved oxygen probe to measure the aqueous-phase oxygen 

tension or its rate of change: Unsteady-state oxygen probe response 

methods are described which permit measurement of KL
4

a with a 
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minimum of experimental complexity. Mathematical analysis of and 

computer solutions for probe response are given. 

KL4a values are reported as a function of the agitation power 

input per unit volume (P G/V L), superficial gas velocity ( v 
5

>. and solu­

tion ionic strength. The results indicate that the ionic strength has a 

pronounced effect on the value of KL 4a at constant P G/V L and v
5 

; 

the effect of ionic strength heretofore has not been 'explicitly described 

in the literature. ·A generalized correlation for the prediction of KL
4

a 

for electrolyte solutions or for water is. gi'li'en for the particular type of 

stirred tank used. Physical absorption results are compared to oxygen 

absorption-with-reaction results obtained from the copper-catalysed 

sulphite oxidation method. 

A new simultaneous measuring technique involving concurrent 

chemical absorption of carbon dioxide and desorption of oxygen is 

developed for separately evaluating the liquid-phase oxygen mass trans-

fer coefficient, kL
4 

, and the specific interfacial area, a . Results 

from three different non-viscous aqueous electrolyte solutions show that 

at high agitation power input levels, such that the average gas bubble 

diameter is between 0.02 and 0.25 em, kL
4 

decreases with increasing 

P G/V L . This behavior is in contrast with the results of others at 

lower agitation levels or in non-electrolytic liquids, but is in general 

agreement with previous results for the behavior of single bubbles or 

bubble swarms having the same range of average bubble diameter 

produced in viscous, non-electrolytic aqueous solutions. 
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I. INTRODUCTION 

L Gas-Liquid Mass Transfer in Stirred-Tank Microbial Cultivation 
Vessels 

Stirred-tank gas absorbers or absorber-reactors containing an 

aqueous electrolyte solution as :the liquid phase are frequently used in 

the chemical processing industries for conducting a diversity of opera-

tions and are almost invariably used in the microbial processing 

industries for the submerged cultivation of aerobic microorganisms. 

In the latter case, air· is the commonly-used sparge gas, and the overall 

transfer process for the microbially-required oxygen consists of a 

number of steps in series, each of which has a particular resistance to 

oxygen mass transfer. First, transfer of oxygen from the bulk dispersed 

gas phase to the gas -liquid interface; second, establishment of physical 

gas-liquid equilibrium at the interface and transfer across any inter~ 

facial resistance; third, transfer from the liquid interface to the bulk 

of the liquid phase; fourth, transfer of oxygen from the bulk of the liquid 

phase to the liquid-organism interface; fifth, transport through the 

organism's cell wall and cell membrane into the internal cytoplasmic 

region where, finally, the oxygen is consummed by an enzymatically-

catalyzed oxidation-reduction reaction. Theory and experiment have 

lead to the conclusion that the mass transfer resistance of the third 

step - transfer of oxygen from the liquid interface to the bulk liquid - is 

the overall rate-controlling one in many cases. The overall volumetric 

mass transfer coefficient for this step is KL 4a , and much attention 

has been given to its evaluation in fermentation media or in what have 

been considered to be analog solutions. 
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Until recent years, or,ganisms were grown in submerged processes 

in aqueous media containing inorganic salts (sources of nitrogen, 

phosphorous, sulphur, and trace elements required by all forms of life) 

and a soluble carbon and/or energy source, e. g., glucose. In such 

soluble-substrate processes utilizing microbes having a high oxygen 

demand (high respiration rate) it has been frequently found that if suf­

ficient glucose and inorganic nutrients were supplied then the cell yield 

was limited by the rate of supply of oxygen (1). In addition to the require-

ment of oxygen for microbial growth E ~· in many processes the 

yield of a valuable extracellular product, e. g., penicillin, is affected 

by the oxygen supply capability of the stirred-tank cultivation vessel, 

the yield increasing with increasing oxygen mass transfer rate, for 

example (2). Soluble-substrate processes are generally conducted with 

agitation power inputs per unit volume in the range ZOO ~ P G/V L ~ 1000 

ft-lbf/min-ft
3

. 

Recently, much interest has been expressed in producing protein 

fr.om microbial cells grown in aqueous .electrolyte media containing 

dispersed n-alkane droplets as the source of cellular carbon and energy, 

e. g. (3). Unlike glucose, n-alkanes of course contain no oxygen, and 

hence the microbial oxygen demand from sparged air is greater than 

in the case of the more-conventional soluble substrate processes. 

Darlington has shown that hydrocarbon substrate growth requires up to 

2. 7 times the rate of oxygen transfer from air as microbial growth on 

glucose (4). In order to disperse the hydrocarbon droplets to a high 

degree, thereby increasing the rate of supply of organic substrate, 

agitation power inputs in these systems are relatively high, PG/V L 
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being on the order of 10,000 ft-lbf/min-ft3 or greater, as estimated 

from the impeller rotational speeds used in the works of Webb, Lilly, 

and Ertola (5), Johnson and Miller (6, 7), and Johnson, Lie, and 

Miller (8). 

The oxygen transfer capability of a particular stirred-tank gas 

absorber design has generally been characterized by Ki.Aa for a given 

air-liquid system. Scale-up is usually based on correb.tions of various 

kinds to predict KL
4

a for a specified absorber. Commonly, KL 4a 

has been assumed to be a function of either the agitation power per unit 

volume; . P G/V L , or the impeller rotational speed, N , in addition to 

the superficial gas velocity v S ; some workers have also included the 

effects of liquid-phase viscosity, density, interfacial tension and dif­

fusion coefficient (9, 10). However, no completely general correlation 

has_ been developed, particularly for those cases in which KL 4a is 

strongly influenced by physicochemical factors which are functions of 

ionic composition and concentration. 

2. Previous Results. 

Many investigators have studied oxygen or other sparingly-soluble 

gas absorption -behavior in stirred tanks. The results have generally 

been expressed as 

( 1.1) 

or as 

( 1.2) 
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With respect- to specifically characterizing the behavior of aqueous 

fermentation media, two means of evaluating the overall volumetric 

mass transfer coefficient have generally been used. First, the cupric 

ion catalysed sulphite oxidation system, where dissolved oxygen is 

reacted with sulphite ion (usually at concentrations initially greater 

than 0.5M). The rate of oxidation of sulphite to sulphate is used to 

evaluat~. K~4a , . the overall volumetric coefficient for oxygen absorption 

with reaction {11, 12, 13, i4). Second, the absorption of oxygen in a non-

reactive aqueous phase, usually pure water, whereby KL 4a is eval­

uated (10, 14). The properties of neither the sulphite solution nor pure 

water are synonymous with the physicochemical properties of actual 

fermentation media, but nonetheless K~4a or KL4a results in these 

systems have commonly been used to design and scale-up aerobic 

microbial processes. 

Further uncertainty in the interpretation or comparison of the 

various correlations results from the fact that there has been no stan-

darW.zation of the geometry in the stirred tanks used by various workers. 

Many .different combinations of impeller type, D1/DT ratio, baffle 

width and air sparger type have been used; the effect of variations in 

these geometric factors is uncertain at best. 

The results of some examples of previous work are shown on 

Table 1.1, which clearly illustrates the discrepancies that exist between 

r 
various empirical correlations for KL 4a or KL4a in terms of 

PG/V L (or N) and v5 . 



Table.1.1. KL
4

a or K~4a Correlating Parameters in Fully-Baffled Stirred Tanks. 

·System and 
iiwestigator(s) Ref. Impeller type 

.SULPHITE OXIDATION 

· Cooper et al. 11 16-blade vaned disc 0.40 

Yoshida et al. 

Phillips and 
Johnson 

Westerterp et al. 

Augenstein and 
Wang 

WATER 

Calder bank 

Yoshida et al. 

·"· 

14 12-blade turbin.e 0.40 

13 8-blade turbine 0.625• 

12 6-blade turbine 0.3-0.7 

15 turbine 0.51 

9,10 6-blade turbine 0.333 

14 12-blade turbine 0.40 

• 

Agitation Range Exponent of 

PG/VL N .PG/V L. ~ __ v.!::<S __ _ 

0-2870 0.95 0.67 

100- 550 2.34 

600-4500 1.21 

600- 3600 1.00 0.0 (N>N
0

) . 

500-37000 0.57-0.85 0.0-0.20 

330- 3300 0.40 0.50 

100-550 2.01 0.67 

1\ 

I 

00 
I 
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Assuming a Power number of 6.0, and using the Aeration number 

correlation of Ohyama andEndoh (15), .. values of PG/V L were calcu­

lated from known values of N given in the works of Yoshida et al. (14), 

Phillips and Johnson ( 13), and Westerterp et aL ( 12). Comparing the 

results of various workers on the basis that KL4a or K~4a varies 

( ) 0 . 6 7 . ( ) 1 /( ) 0 . 6 7 r /( ) 0 . 6 7 as v5 , F1g .. 1:1 shows va ues of KL 4a v S or KL 4a v S 

correlated with measured or calculated values of P G/V L . Where the 

experimental dependency on the. superficial gas velocity was not as 

(v
8

)
0

:
67 

, e. g., as in the works of (9), (10), and (12), then the value 

of KL4a/(v
8

)
0

·
67 

or K~4a/(v5) 0 · 67 at constant PG/V L will, 

course, vary with v
5 

; the behavior at only one value of v
8 

is shown 

for illustrative purposes. 

Figure (1.1) shows the wide variation that can result when KL
4

a 

or K~4a is predicted from the various correlations, which for the 

most part were obtained at values of PG/V L less than 4000. Further, 

if one assumed that the dependency of KL 4a or K~4a upon P G/V L 

were constant regardless of the value of P G/V L , extrapolation of the 

low-power data to a power input level characteristic of processes for 

microbial growth on n-alkane substrates would result in even greater 

differences between the values of KL
4

a or K~4a given by the various 

correlations. For example, at an agitation power input of 10,000 ft-lb f/ 

min-ft
3

, KL4a(Cooper) /KL4a(Calderbank) :;:: 38.7, K~4a(Cooper) I 

K~4a(Westerterp) z 2.7, KL4a(Cooper)/K~4a(Yoshida) z 2.7, and 

K~4a(Cooper)/KL4a(Yoshida) z 4.0. 
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1000 

Ref v5 ft/hr 
I , - 10,16 54.0 -~ 13 3.9 . 

d 12 139~0 .... 
.s:::; -,... 
~· -(/) 

> -' ~· ... ..:.~ 

14, water 
·~ 

... 
0 ,.... 

tD 
d -(/) 

> 

' 0 
~ 
~ 

I 
102 

Fig. 1.1. 

10,16 

104 105 

PG/VL (ft-lb1/min-ft
3

) 
XBL 714-3215 

Comparison of Oxygen Mass Transfer Coefficients 
Estimated from Previous Correlations. 
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3. Research Goals and Methods 

In view of the foregoing, one goal of this present study was to 

attempt to define a factor or factors, other than geom.etry, which might'-

explain some of the previous discrepancies in the dependency of KL4a 

or K~4a upon the agitation and ·aeration parameters at relatively low 

power inputs, and further to extend the power input range to include 

the higher power levelS associated with the production of biomass from 

liquid hydrocarbon substrates. 

Experimentally, the oxygen mass transfer characteristics of the 

sulphite oxidation system (K~4a) and of non-reactive aqueous electro­

lyte solutions of varying composition and concentration. (KL4a) were 

studied in a single, fully-baffled stirred tank of 2.5 litres working liquid 

volume equipped with a 6-blade turbine impeller having a D1/DT ratio 

of one-third. Both continuous flow, steady-state and semi-batch 

unsteady-state experiments were conducted. The steady-state dissolved 

oxygen concentration or its unsteady- state rate of change are related 

to the value of KL4a as discussed in Section II. 2. 

The dissolved oxygen tension in the aqueous phase or its rate of 

change with time was measured in situ using a dissolved oxygen probe 

of the galvanometric type. A mathematical model of the transient 

response of the probe was developed to account for the diffusional 

response lag in the polymeric membrane separating the probe's electrodes 

from the external solution. The theory of the oxygen probe's behavior 

in both steady and unsteady-state is developed in Section II. 4. When 

the probe is used in unsteady- state oxygen transfer experiments, the 
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corresponding value of KL
4

a is obtained indirectly from a computer 

non-linear least squares fitting programme which computes the value 

of a parameter ~ (which includes KL 4a) which best fits the transient 

experimental data to the theoretical response model. The nature of 

this computer programme is discussed in Section II. 4(e)(iii). 

For sparingly-soluble gases such as oxygen, the overall volumetric 

mass transfer coefficient KL
4

a is the product of two individual param­

eters:.· first, the liquid-phase mass tranSfer coefficient, kL
4 

, and 

second, the interfacial area per unit liquid volume.. a . Theory and 

experiment show that in general kL and a have fundamentally different 

dependencies upon the physicochemical parameters of the system. For 

example, at a given hydrodynamic condition (relative motion between 

the gas bubble and the liquid phase), kL is primarily dependent upon 

the liquid-phase viscosity and component diffusivity (9, 17, 18, 19) (in 

reacting systems, k~ may also depend on the kinetics of the reaction), 

whereas a is primarily dependent upon the interfacial surface ten-

siort (10) and the ionic strength, being less dependent on the liquid­

phase density and viscosity ( 10). Therefore, the second goal of this 

research was to develope and apply a new technique whereby t_he indivi­

dual behavior of kL4 and a in aqueous solutions of electrolytes could 

be evaluated under consistent hydrodynamic arid physicochemical property. 

conditions. Such consistency has not been a feature of some of the pre-

vious methods used to separate the behavior of kL and a . 

In the new technique, the aqueous electrolyte solution contains a 

small concentration· of hydroxide ion (less than 0.1M). The technique 
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consists of concurrent unsteady-state desorption of oxygen with pseudo­

steady state absorption-with-reaction of carbon dioxide from a sparged 

nitrogen-carbon dioxide gas which is dilute with respect to carbon 

dioxide (0.10 mole fraction). The oxygen desorption rate is measured 

by a dissolved oxygen probe, the response of which is used to evaluate 

KL
4

a ; the rate of absorption with reaction of carbon dioxide is used to 

evaluate a , the corresponding value of kL 4 being calculated by com­

bining the two results. The general theory of absorption with chemical 

reaction, and the conditions under which a can be evaluated directly 

are discussed in Section II. 5. The development of the new technique 

for the concurrent measurement of KL 4a and a and the subsequent 

evaluation of kL
4 

is presented in Section II. 6. 

4. Experimental Results 

Following a discussion of the experimental apparatus, its operating 

characteristics and the analytical methods in Section Ill, the results of 

this investigation are given in Section IV. A heretofore unevaluated 

effect of solution ionic strength upon the relationship between KL 4a and 

P G/V L is given in Section IV. 3, wherein a generalized correlation for 

the prediction of KL
4

a in agitated and aerated aqueous electrolyte 

solutions is presented. 

The kL 4 and a results of the new concurrent measurement 

technique are given in Section IV. 4. It is clearly shown that in aqueous 

electrolyte solutions subjected to agitation power in the range 

1000 ~ PG/V L ~ 15,000, kL 4 and a have distinctly different depen­

dencies upon P G/V L . As the agitation power input is increased, kL 4 
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decreases while a increases, the former result being in contrast to 

previous results of others at lower agitation levels, in non-electrolytic 

liquids, or with bubbles of a different size range. 

The implications of the experimental results and their comparison 

with those of previous workers are discussed in Section V. 
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II. , THEORY AND PREVIOUS WORK 

1. Mass Transfer Driving Forces and Coefficients 

a) General Relationships 

The transfer of a component from a gaseous phase in direct 

contact with a liquid phase to that liquid phase will occur at a finite rate 

whenever the two phases are not at mut1~al chemical equilibrium with 

respect to that component; that is, whenever the fugacity of the component 

is not ide~tical in both phases. The direction of rnass transfer will be 

from that phase having the component at the higher fugacity level to the 

phase in which the fugacity of the component is the lesser. 

The overall process of interphase mass transfer can be consi­

dered to consist of a number of sequential steps. For the situation of 

transfer from the gaseous phase to the liquid phase these steps can be 

postulated to be: 

Step 1: movement of the component from the bulk of the gaseous 

phase to the interface between the phases. The instantaneous volumetric 

rate of mass transfer of a component k is proportional to the gas-phase 

transfer coefficient kG , defined as 

(2.1) 

where subscript B denotes a property of the bulk (cup-mixed) phase, 

and subscript i denotes the parameter value at the interface. 

Equation (2.1) is in the form of the classical definition, wherein 

the more-readily-measurable partial pressure is used in place of the 

rigorously-exact fugacity. The fugacity is related to the partial pressure 

by 
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(2 .2) 

where <flk is defined as the gas phase fugacity coefficient. For ideal 

gases, or non-associating gases at low (i.e,, less than 10 atmospheres) 

pressure, <Pk_ = 1.0. 

Step 2: diffusion of the component across any interfacial 

resist~nce. Usually, in systems devoid of such obvious z:esistances 

as interfacial surfactant films, it is assumed that there is no interfacial 

resistance to the mass transfer andthat instantaneous establishment of 

gas-liquid physical equilibrium occurs at the interface. Thus, for a 

component which follows Henry's law, 

ck. = pk./R . 
• 1 1 -~J 

(2.3) 

Step 3: movement of the component in the liquid from the 

interface to the bulk of the liquid phase. Here, the instantaneous 

volumetric absorption rate is proportional to the liquid phase mass 

transfer coefficient, kL, · defined classically as 

(2.4) 

Steps (1) to (3), inclusive characterize fully the process of 

physical absorption of a gaseous component into a liquid. However, if 

the liquid phase contains a non-volatile component which reacts homo-

geneously with the dissolved gas component; then an additional step is 

introduced, namely 

.. 
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Step 4: chemical reaction within the liquid phase. Depending 

upon the relative magnitudes of the reaction rate and the physical 

absorption rate capabilities of the system, the presence of the reaction 

can affect the overall absorption rate in either one of two ways, or 

both. Either the reaction can merely maintain the bulk liquid conce'n-

tration CkB at its equilibrium value (in the case of an irreversible 

reaction this means that CkB approaches zero), thereby increasing 

the concentration-difference driving force, or the reaction rate itself 

can be rate-controlling or rate-limiting resulting in the overall 

absorption-with-reaction rate being independent of or not solely depen-

dent on the values of the physical mass transfer coefficients kG and 

kL . The effect of chemical reaction will be further discus sed in 

Section II. 5(b). 

At steady-state, equating Eq. (2.1) and Eq. (2.4) in terms 

of the mass transfer flux, there results 

(2. 5) 

Equation (2.5) does not permit the experimental evaluation of 

either kG or kL at measured RVk/a as it is impossible to measure 

the interfacial values pki or Cki . However, for systems where the 

equUibrium relationship, e. g., Eq. (2.3) gives a straight line distri-

bution over the range of concentrations of interest, and where the ratio 

kL/kG remains constant within the linear portion of the distribution 

curve, it can be shown that (20) 

(2.6) 



where KG and KL are defined as overall mass transfer coefficients 

based on the overall gas and overall liquid phase driving forces, 

respectively, p: is the (hypothetical) partial pressure of the component 

in equilibrium with CkB , and c: is the (hypothetical) liquid concen­

tration in equilibrium with pkB . KG and KL incorporate the transfer 

resistances of both phases expressed in terms of the driving force 

appropriate to their particular phase. 

As is commonly done for stepwise transfer processes that 

occur in series, the overall coefficients can be written as a function of 

the individual phase coefficients (21) such that 

(2. 7) 

and that 

(2.8) 

b). Sparingly-Soluble Gases in Absorption Without Reaction 

Gases which are sparingly-soluble in aqueous media, such 

as oxygen and carbon dioxide; have Henry's law coefficients of relatively 

large magnitude. Therefore, when kL and kG are of the same order 

of magnitude, then HkG > > kL , and Eq. (2.8) reduces to 

1/K · ~ 1/k 
. L L 

or, 

(2.9) 
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in which case the major resistance to interphase mass transfer lies 

within the liquid phase, and it is then commonly said that the liquid 

phase controls. 

Combining Eqs. (2 .5), (2 .6), and (2 .9) it is readily seen that 

for sparingly-soluble gases Cki ~ c: and pki ~ pkB . As there is 

a negligible partial pressure gradient in the gaseous phase, for all 

practical purposes the interfacial liquid concentration is set by the 

component's bulk gas-phase partial pressure. Therefore, we can write 

(2.10) 

KL a , the overall volumetric mass transfer coefficient, can 

be evaluated from Eq. (2.10), given values of RVk, 

Historically, most absorption results have been expressed as the 

product of KL and a as the evaluation of the individual parameters 

requires a second type of experiment to separately evaluate the specific 

interfacial area a . 

c) Some Tl:leoretical Models for Mass Transfer in Gas-Liquid 
Dispersions 

For interphase mass transfer, when the shape of the interface 

across which the transfer occurs can be mathematically described as 

a function of both spatial position and time, and in addition when the 

relative motion between the two phases at the interface (the so-called 

slip velocity) can be described by a velocity vector, then it is possible 

in some simple cases to achieve a solution of the general three-

dimensional material balance relationship describing the transfer with 

. respect to one of the phases, e. g., Eq. (2.84). To date no such 
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mathematically-precise description of the behaviour of bubble swarms 

in randomly-turbulent liquid flow fields, such as those which exist in 

stirred-tank gas absorbers, has been developed. However, many· 

simplified, and hence approximate modelS of dispersed gas-liquid phase 

interactions have been proposed. A number of these models have been 

reviewed recently by Resnick and Gal-Or (Z2) and Schaftlein and 

Russell (23). 

Turbulence at a gas bubble -liquid interface promotes heat and 

mass transfer rates, and, in addition, can result in the break-up of the 

bubble itself into smaller bubbles (conversely, bubble size growth due 

to coalescence can occur in those regions of the stirred tank wherein 

the scale of turbulence is less). Kolmogoroff (24) developeda theory 

of isotropic turbulence, in which the turbulent fluid is considered to 

consist of eddies in two diatinct size ranges: first, large, unstable 

primary eddies (being of size magnitude similar to the dimensions of 

the main flow stream, and which dissipate their. energy by viscous flow 

in breaking up into smaller eddies), and second, small eddies which 

dissipate most of the energy. The behaviour of the small eddies is 

considered .to be statistically independent of that of the large eddies, 

such that small-eddy properties are determined solely by the local 

rate of energy dissipation per unit mass of fluid; that is, local isotropic 

turbulence exists. Kolmogoroff showed that the size of the small eddies 

is inversely proportional ·to the one-quarter power of the agitation power 

input per unit rna s s . 
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Using Kolmogoroff's expression for the smalleddy size, and 

assuming that the Sherwood number could be correlated with the 

turbulence Reynolds number and the Schmidt number £or the case of 

turbulent gas -liquid dispersions, Calderbank and Moo..;. Young (16) 

derived a semiempirical expression in which the liquid phase mass 
I 

transfer coefficient, kL , is directly proportional to the one-quarter 

power of the agitation power per unit volume. Their model is valid only 

for those dispersions having an average bubble size range for which 

the value of kL is independent of the magnitude of the average bubble 

size. 

Gal-Or and co-workers (22, 25, 26, 27) recently have proposed 

several models to describe the mass and/or heat transfer behaviour of 

bubble swarms with and without liquid-phase chemical reaction. In the 

first of these, Gal-Or and Resnick (25) presented a model based on 

gas residence time in the dispersion. They assumed a time-independent 

number of bubbles, each of which is surrounded by an identical spherical 

volume of liquid with which it is in contact for a time period equal to 

the overall average gas residence time, defined as the volume of the 

gas holdup divided by the volumetric gas input rate. The model further 

assumes even distribution of gas bubbles throughout the liquid phase 

(whereas, in practice, the distribution varies spatially) and uniform 

bubble diameter (whereas, in practice, there is a distribution of bubble 

sizes). The model relates, by a complicated expression, the total 

average mass transfer rate to six parameters: sparge gas volumetric 

flow rate, bubble mean residence time, first~order reaction velocity 

constant, liquid phase diffusivity, liquid volume, andthe bubble radius. 
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However, for predictive purposes with respect to the performance of 

a given stirred-tank, the average bubble diameter and the mean resi­

dence time are not known~ priori as functions of the agitation rate 

or the vessel geometry. 

In the second model, Gal-Or and Hoelscher (26) considered 

the case of unsteady-state mass transfer from a. swarm of interacting 

bubbles with bubble size distribution. The theoretical analysis was 

made by dividing the total volume into "subreactors"; eventually, the 

total mass transfer rate was obtained by integrating over all the "sub­

reactors". The final result was again expressed in terms of several 

parameters similar to those in the preceding case, among which is 

the unknown (a priori) average bubble diameter. 

Gal-Or, Hauck, and Hoelscher (28) developed a model for 

estimating KL a values for an ensemble of bubbles in terms of eight 

parameters of which three, namely the average bubble residence time, 

dispersed gas fractional holdup, and the average bubble size were 

considered to be the main factors affecting interactions between adjacent 

bubbles. An experimental test of the model failed to verify its validity 

in the particular absorption apparatus used as further discussed in 

Section II. 4(e)(ii). 

2. Measurement of Oxygen Supply Rate Capability 

a) Operating Methods 

Various modes of operation may be used to experimentally 

measure the value of the overall volumetric mass transfer coefficient 

for oxygen, KL4a , in a stirred-tank absorber, a generalized 
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representation of which is shown on Fig. (2.1). Two such modes are 

(i) continuous-flow stirred tank (CFST) wherein both the gas and liquid 

phases are fed to arid removed from the absorber continuously at con-

trolled, invariable rates, and, (ii) semi-batch stirred tank (SBST), 

wherein one phase-.,. the aqueous-- is stationary and the other-- the 

gaseous-- flows continuously into and out of the system. In some ex-

perimental systems, the oxygen absorption occurs in the presence of a 

homogeneous liquid-phase reaction which consummes oxygen, e.g., 

the sulphite oxidation method; in such systems, the vessel may be 

described as a stirred-tank reactor, and the operations denoted as 

CFSTR and SBSTR. The value of the overall volumetric mass transfer 

coefficient may be affected by the reaction, and is therefore denoted 

In order to determine the numerical value of either KL 4a or 

r KL
4

a , obviously a driving force for mass transfer must be inhere.nt 

· in the system or be induced therein. Three means of providing the 

necessary driving force or displacement from physical equilibrium 

which are distinguished by the time dependence of the behaviour of the 

gas and liquid phases are (i) unsteady-state or transient response 

method, (ii) steady-state method, and (iii) the pseu<io-steady state 

method. 

In .the unsteady-state method, the mass transfer driving force 

is induced in the system, for example by making a step change in the 

inlet gas composition. One of the time-dependent phase concentration 

changes is then followed, the rate of approach to the new equilibrium 

position being dependent upon the value of the overall coefficient. This 
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measurement method can be used in conjunction with any one of the 

CFST, CFSTR, or SBST operating modes. Here, during the course 

of measurement, neither phase is in a component concentration steady­

state. 

In the steady-state method, the mass transfer. driving force 

is inherent in the system, and exists, for example, by virtue of the 

fact that the inlet aqueous phase oxygen concentration is less than the 

equilibrium concentration possible at the temperature and pressure con­

ditions of the vessel, and the fact that the gas-liquid contact time is 

well below the time required to reach equilibrium. The time-indepen­

demt phase concentration differences between inlet and outlet streams 

then .give a measure of the value of the overall volumetric coefficient. 

This method can, by definition, be used only with the CFS T or CFSTR 

operating modes; during the course of measurement, both phases are 

invarient with respect to flow rate and component concentration. 

In the pseudo- steady state method, the driving force is 

. inherent in the system due to the fact that the dissolved gaseous com-·· 

ponent enters into a liquid phase reaction which holds its bulk fluid 

concentration at its low or zero chemical equilibrium value. Provided 

that the rate of absorption with chemical reaction is pseudo-first order 

with respect to the dissolving gaseous component, then the time-inde­

pendent gas phase concentration difference between inlet and outlet 

streams or in conj'unction with the SBSTR mode of operation the time.., 

dependent liquid-phase reactant concentration and its rate of change 

can be used to measure KL
4

a . In this case, one phase.,.-the gaseous-­

is in a steady-state condition, while the aqueous phase is in an unsteady-
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state condition with respect to reactant concentration. 

To experimentally determine the mass transfer rate capability 

under defined conditions of aeration and agitation, it is necessary to 

relate the measured values of component concentration (gas and/or 

liquid phases) and the system parameters (time; flow rates) to arrive 

at a value for the overall volumetric coefficient at the particular tern-

perature of operation. · The exact nature of the relationship depends,. 

of course, on the mode of operation used in conjunction with a parti-

cular method of providing the necessary mass transfer driving force. 

For the case of mass transfer in the absence of chemical reaction, i.e., 

purely physical absorption, we will examine two of the possible com­

binations, namely: SBST /unsteady-state and CFST /steady-state systems. 

b) General Material Balances 

For the process of absorption of a gaseous component by a 

liquid the material balances for the gas and liquid phases can be 

written as (23) 

Liquid phase: input - output + transfer from gas 

- depletion due to reaction = accumulation, 

where Ry = rate of chemical reaction, gmole/(tinit vol. )(unit time). 

Using the relationship 

(2.12) 
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Eq. (2 .11) can be written, for the case of no chemical reaction, as 

(2 .13) 

In the derivation of Eq. (2.11), the assumption has been made 

that the dispersed gas phase is well mixed, that is, the mole fraction 

of oxygen in the gas phase throughout the dispersion is time dependent, 

' 
but is independent of position within the dispersion volume. Hanhart 

_!tl al. (29) studied the residence time distribution of an air -hydrogen 

gas mixture dispersed in a well-agitated aqueous phase contained in a 

fully-baffled vessel equipped with a single six-bladed turbine impeller. 

They showed that where the liquid height:ves sel diameter ratio was not 

far from unity, in a gas absorption process where the rate of absorption 

of a gaseous component is proportional to its mole fraction in the gas, 

the correct driving force for absorption is based on the composition of 

the gas leaving the dispersion. Thus, we can write 

c* ( 2 .14) 

that is, the interfacial concentration in the aqueous phase is in equilibrium 

with the partial pressure of oxygen in the outlet gas stream, and in the 

general case represented by Eq. (2.14) is time dependent due to the 

function of y 
2 

( t). 

Gase phase: Input :- output - transfer to liquid phase 

= accumulation, 
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G1y1 G2y2 
KGaPT(y2 -

H d(hy2) (2.15) 
VL - - CB 15':') = dt VL T 

dy2 db = hdt + Yz dt 

The general material balances, Eqs. (2.13) and (2.15) for the 

* liquid and gas phases respectively are coupled, .since C = PTy
2

/H 

iri the former depends on the value of y
2 

in the latter as discussed 

above. The particular 
1
procedure used for solving these coupled equa-

tions depends upon the met~od used to experimentally determine KL a , 

i.e., whether the mass transfer process is conducted under unsteady-

state conditions or steady-state conditions. 

c) Semi:..batch Stirred-Tank Unsteady-State Mass Transfer 

Recall that this approach to determining KL a utilizes a 

steady flow rate of gas sparged into a batch liquid volume. Mass trans-

fer driving forces are induced by a step change in inlet gas composition. 

In this situation, the liquid phase mass balance Eq .. (2.13) 

simplifies to 

(2.16) 

To achieve an analyticalsolutiC>n of coupled Eqs. (2.15) and 

(2.16) it is necessary to in:troduce some simplifying assumptions. First, 

we assume that the change in inlet gas composition in going from, say, 

pure nitrogen to air has no effect on the total dispersed gas holdup in 

the "aerated" liquid; this means that we take the gas holdup to depend 

solely upon the agitation and gas flow rates and to be independent of 
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gas phase composition over the range of composition change. This is 

a very close approximation under experimental conditions where initially 
' c 

the liquid phase is in equilibrium with pure nitrogen at a given pressure, 

and then it is contacted with air at the same head space pressure and 

inlet flow rate. The liquid and gas compositions will change toward the 

final vapor -liquid equilibrium state of equi-fugacity with respect to both 

components, nitrogen and oxygen~ hence; oxygen willle.ave the gas 

bubbles, which therefore tend to diminish in volume, but nitrogen is 

transferred to the air bubbles, partially offsetting the volume change. 

where vb = volume of an average gas bubble, 

n = gmole gas/bubble, 

3 em, 

(2 .1 7) 

3 
Letting Nb = average number of gas bubbles/em of gas-

free liquid, then 

h = gmole ·total free ~~u = 
3 f 1. .d em gas- ree tqut 

(2.18) 

where H' 
3 3 

= total gas holdup (em )/em gas-free liquid 

' 
Applying the assumption of time -invariant total disper.ged 

gas holdup, the time derivative of Eq. (2.18) becomes 

. 1 

dh/dt = (PT/R.T)(dH /dt) = 0. (2.19) 
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We know that at 60°F and 1.0 atmosphere (the conditions at 

which the gas rotameter was calibrated) the volumetric flow rate is 

(2 .20) 

The second simpli~ying approximation, which is consistent 

with the first and which also follows from the fact that oxygen transfer 

efficiencies are low (i.e. , only a relatively small fraction of the con-

tained oxygen is transferred from an air bubble during its residence 

time in the liquid phase) is that the total exit gas flow rate is approxi-

mately the same as the inlet gas rate: 

(2 .21) 

Combining Eqs. (2.15), '(2.19), (2.20), and (2.21), the gas 

phase material balance becomes 

(2 .22) 

An analytical solution of the coupled material balance Eqs. 

(2.16) and (2.22) is still not possible as the term CB , which has an 

unknoWn (a priori) time dependency appears in both equations. To 

achieve an analytical solution, we introduce the third, and final, approxi- ,. 

mation, namely that the product of the dispersed gas molar holdup (h) 

and the time variation of the gas phase oxygen mole fraction (dy
2

/dt) 

is negligibly small compared to the other two terms of Eq. (2 .22). This 

criterion may be approached experimentally by using sparingly-solube 
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gasses such as oxygen, and high gas flow rate:liquid volume ratios. 

The approximate gas phase material balance equation becomes 

0 . (2.23) 

i) Absorption 

Equation (2.23) is solved for y
2

, and this is substituted in 

the liquid phase balance, Eq. (2.16), giving a linear, first-order ordinary 

differential equation describing the time variation of . CB as a function 

of the system parameters· KL a, PT' H, 0
1

, and V L' namely 

where 

and 

a = 

-1 
sec 

gm mole o
2 

3 
(em )(sec) 

In a given experimental run where Q 1 , PT, V L and 

(2.24) 

(2 .25) 

(2.26) 

KL a = f(Q
1

, N) are all constant, then 13 and a are both constants. 

Equation (2.24) is solved by multiplying both sides by an 

integrating factor 

exp J 13 dt = exp (13t) 
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such that the .left-hand side of Eq. (2.24) becomes a complete differential, 

which upon integration results in 
\ 

a • c 8 exp(j3t) = i3 exp (j3t) + A . (2.27) 

The integration constant is evaluated by applying the initial 

condition 

The initial time t = 0 is not necessarily synonymous with the point in 

real time at which the step change in inlet gas concentration was made. 

At some point along the concentration vs. real time curve we set 

CB = CBO and arbitrarily set t ·= 0 there. All other times, t 8 , are 

then expressed relative to the arbitrary initial time and are thus not 

measured from the actual time of the step change .. 

Using the initial condition to evaluate the integration constant 

A' in Eq. (2 .2 7), noting that 

the _solution of Eq. (2.27), written in terms of the original variables, 

becomes 

(2 .28) 

Taking the logarithm of Eq. (2.28) and collecting coefficients 

of KLa , the solution may be expressed in a form more useful for 

computation purposes: 

... 

_, 
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( 
CGO - CBO) 

ln. C - C 
00 l3 

(2.29) 

In using Eq. (2 .29) for computation:, all times are expressed 

relative to the real time at which CB = CBO where t was arbitrarily 

taken to be zero. On the other hand, if the time values are measured 

from the moment of the step change in inlet gas composition (real time 

zero), then Eo. (2 .29) may be generalized to 

(.
Coo - CB1) 

ln C - C . 
oo B2 . 

(2 .30) 

Calderbank used an expression analogous to Eq. (2.24) to 

describe the variation of KL a in a series of gas - liquid mass transfer 

experiments in stirred tanks (9). 

It is interesting to note in pas sing that many of the "standard" 

references and other works on aeration in fermentation processes (for 

example: 14, 28, 30, 3i, 32) determine KL a by the "gassing-in" tech­

nique considering only the transient behaviour of the liquid phase com-

position, i.e. , they consider only Eq. (2 .16). In taking thi·s approach, 

the exit gas. mole fraction y 
2 

(and hence the interfacial liquid concen­

* tration C ) is considered to be a constant, whereas it in fact varies 
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not only with time, but with the aeration-agit~tion parameters 0
1

, V L' 

and KL a. Therefore, the solution of Eq. (2.16) by itself may be con­

sidered to be only the first approximation of KL a. Although it was 

necessary to neglect the time variation of y
2 

in deriving Eq. (2.23), 

the effect of the above mentioned aeration-agitation parameters is 

included. In this sense, Eq. (2.24) may be considered a second approxi-

mation of KL a , . which is particularly better under conditions of low 

Q 1:KL a VL ratios. 

ii) Desorption 

For the case of transient desorption or stripping of oxygen 

from liquid solution caueed by a step-change (decrease) in inlet gas 

oxygen mole fraction, the liquid phase material balance is still described 

by Eq: (2.16), but the approximate gas phase material balance becomes 

(2.31) 

Equation (2.31) is written for the case where the oxygen mole 

fraction in the inlet stripping ga~, y 1, is zero, and incroporates' as 
discussed before; the simplifying approximations that G

2 
~ G

1 
and 

h(dy
2

/dt) is negligibly small. In addition. we have again applied the 

well-mixed gas phase assumption. 

Solving Eq. (2.31) for y
2 

and substituting the the result in 

Eq. (2.16), the differential equation describing the system is found to 

be 

(2.32) 

where.~ is defined by Eq. (2.25). 
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The boundary conditions applicable to the desorption model 

Eq. (2.32) are 

t = 0, CB = co 

t = t, CB = CB 

The final solution .for the transient behaviour of the liquid­

phase oxygen concentration for desorption by a deoxygenated gas is 

(2 .33) 

where C
0 

= (PT/H)(y 
1

)t<O , i.e., c
0 

is the saturation concentration in 

equilibrium with the oxygen-containing gas initially in contact with the 

batch liquid before the step change to deoxygenated inlet gas was made. 

As i~ the absorption case, the solution given by Eq. (2.33) 

for desorptio·n can be solved explicitly for KL a which is incorporated 

in the parameter 13 • However, for the particular experimental methods 

used in this work, an explicit solution for KL a from either of Eqs. 

(2.24) or (2.33) is not required. The method whereby KL a was deter­

mined is discussed in Section II. 4. 

d) CFST Steady-State Absorption 

In this experimental situation both the liquid and gas phases 

flow into and out of the stirred tank absorber at invariant rates .. All 

system parameters are time independent and in the general material 

balance equations all time derivatives are, therefore, identically 

zero. 

For the liquid phase, F 
1 

= F 
2 

and Eq. (2.13) becomes 
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(2 .34) 

In Eq. (2.34) we have used the well-mixed liquid assumption, 

cL
2 

= C:B , i.e., the exit liquid has the same composition as the bulk 

liquid in the vessel (the bulk liquid concentration is spatially invariant). 

The gas phase material balance Eq. (2.15) becomes 

Qi 
--~-.;3:---- < Y - Y2> 
(23.7)(10 )VL ·1 

p 
= K a ·_I_ ( C H ) . 

L . H Y2- BP':" 
T 

(2 .23) 

where the well-mixed gas phase assumption, y
0 

= y
2 

, and the approxi­

mation that the amount of gas absorbed is small relative to the total gas 

flow rate, G ::::: G
2 

, are incorporated. This is the same functionality 1 . . 

as useq for the gas phase representation in the unsteady- state procedure 

discussed previously, but in the steady-state case Eq. (2.23) is exact 

since dy
2
/dt is identically zero here, whereas in the previous case it 

was not zero but only taken to be negligibly small. 

As before, Eq~ (2.23) is solved for y
2 

which is substituted 

in Eq. (2 .34). After some algebraic manipulation, the solution to the 

steady-state case becomes 

KLa = D 

23. 7(10 >v:L PTD . 

Q1H . 

(2 .35) 

where D= dilution rate= F
1
/VL' and, as before C

00 
= PTy

1
/H. 

Calderbank (9) gives an expression analogous to Eq. (2.35) 

for the case of a steady- state CFST absorption process; 

.. 
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·For the special case where the inlet feed is completely 

deoxygenated, i.e., CLi = 0, then the relationship between KL a 

and the system parameters becomes 

c 
00 c-­
B 

(2.36) 

In conclusion, it has been shown how either the SBST unsteady..: 

state procedure or the CFST steady-state procedure may be used to 

experimentally evaluate the overall volumetric coeffiCient of mass 

transfer, KLa, for mass transfer in an agitated liquid. Over a wide 

range of aeration and agitation conditions either approach will give 

results having a sufficient degree of accuracy, and the choice of methods 

is merely a matter of convenience. The transient method has the virtue 

of relative simplicity as no liquid feed and collection systems are re-

quii'ed, and the experimental run times are shorter as only the liquid 

volume in the absorption vessel need be degassed before re-use, there 

being no (large) volume of feed liquid. However, the use of the transient 

method imposes the requirements of being able to accurately detect 

small differences in dissolved gas concentrations at a low absolute 

concentration level which is changing rapidly with time. It is preferable 

to measure the instantaneous concentrations in situ, particularly at 

. high KL a conditions where dCB/dt is also large since the finite amount 

of time required to take a sample for external analysis becomes slgnifi­

cant with respect to the time increment over which the dissolved gas 

concentration changes by a detectable amount, 
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Where the analytical technique cannot meet the above require-

ment, it becomes preferable, if not necessary, to use the CSTR steady-

state method since all concentrations are time invariant and sampling 

time is of no significance. In any case, the steady-state method is to 

be preferred at those experimental conditions characterized by very 

high KLaV L:Q
1 

ratio, as the assumptions of G
1 

z G 2 and negligible 
. 

dy
2
/dt are then no lo~ger "close" approximations and Eq. (2 .23) 

becomes inadequate. 

3. Some Previous Methods of Overall Volumetric Mass Transfer 
Coefficient Measurement 

a) Mass Transfer Without Homogeneous Liquid-Phase 
Reaction (KL4a) 

Using an oxygen-free gas to transiently desorb dissolved 

oxygen from solution (the so-called gassing out technique), the rate of 

change of dissolved oxygen concentration can be related to the value of 

KL
4

a , as in, for example, Eq. (2 .30). Alternately, using a CFST 

method, the steady- state oxygen concentration achieved can be used to 

calculate KL4a, for example using Eq. (2.36). Both methods, of 

course, depend upon the use of suitable analytical methods for deter-

mining the dissolved oxygen concentration. Traditional methods have bee 

been reviewed by Richards (30) and Finn (34), and will be discussed 

only briefly here. 

i) Polarographic Method 

Under the influence of an appli~d potential, the flow of electric 

current to a fresh mercury surface is dependent upon the liquid-phase 

oxygeri concentration. To avoid polarization at the mercury surface, 

'!" 

• 
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the dropping mercury electrode mase be used (35). As such drops are 

subject to deformation in the turbulent flow field when the electrode is 

placed inside the stirred tank, and since the flux rate of oxygen to the 

drop surface is dependent upon the mass transfer coefficient in the 

hydrodynamic boundary layer around the falling drop, the polarographic 

method of measurement is not independent of the liquid-phase agitation 

rate. 

ii) Chemical Analysis 

Liquid samples can be taken from the absorption vessel and 

analysed for oxygen concentration by the Winkler method, as was done 

by Calderbank (10), in which manganous ions are oxidized, the excess 
. . 

manganous ion concentration being determined iodometrically. This 

method is subject to possible oxygen loss or gain due to the handling of 

the liquid sample which is not in physical equilibrium with the oxygen 

content of the environment external to the absorber. 

iii) Biological Method 

Some species of the microbial genera Pseudomonas, 

Aspergillus, or Penicillium produce gluconic acid from glucose via the 

enzymatic reaction-rate controlled metabolism of the growing cells. 

Tsao and Kempe (36) considered that under oxygen-limited condi~ions 

(excess glucose and other essential nutrients) the rate of production of 

the gluconic acid, which is excreted from the cells into the growth 

medium, was directly proportional to the rate of oxygen in.a.ss transfer 

into the liquid medium from the dispersed air bubbles, and hence 

proportional to KL 4a . 
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However, as shown by both Humphrey and Reilly (37) and 

Hsieh, Silver, and Mateles ( 38), the reaction mechanism does not 

involve the production of gluconic acid by the direct reaction of oxygen 

with glucose. Instead, glucose is first oxidized enzymatically (glucose 

oxidase) to an intermediate, D~glucono-6-lacton~. with concurrent 

reduction of flavoprotein (FAD); in turn, the FADH
2 

reduces molecular 

oxygen. Depending upon the type of organism or cell-free enzyme sys-

tern used, the· gluconolactone intermediate is hydrolysed either non-

enzymatically (37) or enzymatically (38) to the gluconic acid end-product.' 

In Humphrey and Reilly's investigation (37), they found that the produc-

tion rate of gluconic aeid from P. ovalis was proportional to the rate of 

hydrolysis of the gluconolactone, and not to the rate of oxidation of the 

glucose by the glucose oxidase - FAD coupled reaction, such that the 

rate of oxygen uptake was not directly proportional to the rate of 

gluconic acid production. 

It appears then that gluconic acid production rates in systems 

containing either viable cells. or cell-free enzyme extracts can be rate-

controlled by the reactive .activities of two or three enzyme systems 

rather than being mass-transfer-rate controlled by the availability of 

oxygen, making this an uncertain method for the direction evaluation of 

KL4a. 

b) Sulphite Oxidation Method (K~4a) 
This method utilizes the fact that dissolved oxygen will react 

in the aqueous phase with sulphite ion (usually supplied by sodium 

sulphite) in the presence of cupric or cobaltous ion catalyst. The overall 

reaction may be written as 

-: 
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++ ++ 
Cu or Co 

(2 .3 7) 

The absorption-with-reaction has generally been conducted by 

a semi-batch procedure (continuous air supply with batch liquid). The 

rate of oxidation of the sulphite ion can be followed very simply by 

standard iodometric titration. This simplicity of analysis has lead to 

this method becoming one of the, if not the one most commonly used in 

fermentation oxygen supply capability studies (2, 11, 13, 14, 33, 39, 40, 

110) since its use in 1944 by Cooper, Fernstrom, and Miller ( 11). 

Although this method has been used frequently, it is subject 

to some uncertainty as far as the reproducibility or the significance of 

the results are concerned. First, the exact mechanism of the sulphite 

ion - oxygen reaction is still not clear. Barron and O'Hern ( 41) found 

the reaction to be zero order in oxygen and three -halves order in 

sulphite over a sulphite concentration range of 0.04 to 0.5 molar; in 

addition, increasing concentrations of cupric ion at the micromolar 

level increased the rate of reaction, while cuprous ion decreased it. 

They suggested that a significant amount of cupric ion normally added 

to the solution is reduced to the cuprous form under the usual conditions 

of the absorption experiment. Srivastava, McMillan, and Harris (42) 

found the reaction to be first order with respect to oxygen, but zero 

order with respect to sulphite concentration in the range 0.08 to 0.16M. 

In addition, at the typical test pH range of 8 to 9, they found precipitation 

of the cobaltous hydroxide (cupric ion is also subject to similar precipi- · 

tation at sufficiently alkaline pH). 
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In absorption-with-reaction studies, the overall rate of oxygen 

mass transfer generally has been found to be independent of the concen-

tration of sulphite ion above a minimum value of 0.08 to 0.17M as in, 

for example, the works of Fuller and Crist (39) and Cooper et al. (H). 

The absorption-with-reaction rate in sparged, agitated vessels has been 

found to be directly proportional to the gas-phase oxygen partial pres­

sure (e. g., 11, 13). However, in an unsparged, surface-aerated vessel 

with both liquid and gas phase stirring, Phillips and Johnson ( 13) 

reported that the absorption rate was dependent on the square of the 

oxygen partial pressure. 

The rate of sulphite oxidation reaction is also dependent upon 

the solution pH ( 43), and is sensitive to trace contaminants, both organic 

(44) and inorganic (43). 

The behaviour of copper as a reaction catalyst is irregular; 

the reaction rate may be increased (41) or decreased (4i, 43) depending 

upon the oxidation state of the copper ions. Hence, the absorption-with-

reaction may take place in several reaction regimes, ranging from the 

kinetic regime (wherein the effective absorption rate is unaffected by 

the agitation rate and the .degree of bubble dispersion, being rate-limited 

by the kinetics) through the diffusional and fast-reaction regimes dis-

cussed later in Section II. 5(c). Fortuitously, in many investigations 

the rate of absorption-with-reaction has been sufficiently enhanced by 

the reaction kinetic rate to occur in the near-fast reaction regime, such 

r 
that the measured KL4a has been greater than values of KL

4
a for 

physical absorption in non-reacting solutions of similar solute concen-

tration (2, 11, 13, 110). However, Yoshida et al. (14) foun~the oxygen 
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absorption rate to be the same in both sodium sulphite and sulphate 

solutions of the same concentration, a result which is in disagreement 

with the theories of mass tranefer with chemical reaction. In spite 

of the foregoing limita.tions, cupric ion has continued to be the usual 

choice of catalyst. 

Westerterp et al. (12) studied the absorption-with-reaction 

of oxygen from air dispersed in cupric -cata.lysed 0. 793M sodium sulphite 

solution at 30°C in a series of geometrically-similar tanks using turbine 

impellers of varying impeller to tank diameter ratios. Air was admitted 

through a ring-type sparger, and the gas superficial velocities were 

about double the maximum used in this work. They reported their 

results in the form of K~4a , which was found to vary linearly with 

impeller rotational speed above a minimum rpm (N
0

). Their results 

for K~4a were independent of superficial gas velocity whenever N > N0 · 

The use of cobaltous ion catalyst in place of cupric ion can 

increase the value of the first-order reaction velocity constant by three 

or four orders of magnitude ( 12, 43), placing the absorption-with reaction 

process squarely in the fast-reaction regime. In this particular regime, 

the overall rate of absorption is independent of the liquid phase coefficient, 

kL4 , but remains dependent upon the specific interfacial area a . 

Cobaltous-catalysed oxygen absorption-with-reaction has been used 

by several investigators to measure values of a in stirred tanks ( 43, 45). 

Although the sulphite oxidation absorption-with-reaction has 

been, and apparently continues to be, a popular n1ethod for characterizing 

the oxygen transfer capabilities of fermentation vessels, its direct appli-

cability remains in doubt. First, the overall absorption. rate in the 
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presence of the homogeneous liquid-phase reaction (which can affect the 

value of KL4a at the interface) is generally greater than the physical 

absorption rate of oxygen into a medium containing growing microbial 

. cells. In the latter case~ the oxygen is not reacted until it has diffused 

to an enzymatic reaction site within the cell (heterogeneous case), the-

. ' 
rate of oxygen reaction thereby not affecting the value of KL4a at the 

gas -liquid interface which limitS the cell population density.- Second, 

sulphite oxidations are generally conducted at solution ionic strengths 

which can be much greater than the ionic strengths of some fermentation 

media. Ionic strength can greatly influence the values of KL4 a in 

stirred tanks, as the results of this investigation will show. 

4. Measurement of KL
4

a Using Dissolved Oxygen Probes 

a) Advantages of Use 

As discussed in the preceding sections, the measurement of 

the oxygen supply rate capability of a given system by utilizing such 

methods as (i) absorption accompanied by chemical reaction, (ii) 

polarographic measurements using bare electrodes exposed directly to 

the aqueous solution and its solute components, or (iii) liquid-phase 

sample withdrawal for external analysis is subject to inherent diffi-

culties. In chemically- reactive systems, the interpretation of the 

results with respect to physical absorption is open to question, for 

example, unless caution is exercised to ensure that the kinetic rate 

constant(s) is not affected by such usually unmeasurable influences as 

trace contamination of the aqueous solution. In the polarographic 

-methods which employ bare metal surfaces, difficulties in measurement 

,._ 
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may arise from instability of the electrochemical cell current-dis solved 

oxygen concentration calibration curve caused by poisoning or polari­

zation of the metal surface. 

One way of retaining the use of electrode systems with their 

relative convenience (e. g., in situ measurement, fast response) for 

the measurement of dissolved oxygen concentration without encountering 

fouling of the electrode surface or interference with the electrochemical 

reaction at the electrode surface by other soluble species is to encase 

the electrode system in a protective coating. Such a coating should, of 

course, be semi-permeable, allowing the transport of oxygen from the 

aqueous solution to the electrode surface, but being impermeable to 

water and its contained non-gaseous solutes such as inorganic ions, 

charged macromolecules {e.g. , proteins, amino acids) or neutral 

species {e. g., glucose). Clark et al. (46) in 1953 were the first to 

successfully apply this technique; they used a micro-platinum electrode 

covered with a polyethylene membrane to tneasure dissolved oxygen 

in blood. 

b) Types of Dissolved Oxygen Probes 

Since Clark et al. 's development, many different types of 

membrane-covered probes have been described in the literature. At 

present both the anode and the cathode are usually placed, together with 

the supporting electrolyte, inside an impermeable protective housing -

for example, a hollow glass tube - one end of which is covered by the 

semi-permeable membrane. When the assembly is placed in a turbulent 

fluid containing dissolved oxygen, molecular oxygen is carried from 

the bulk of the fluid to the fluid-membrane interface by forced convection; 
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passes through the membrane by the process of molecular diffusion 

rate-governed by a gradient in oxygen fugacity across the membrane, 

and is, finally, reduced electrochemically at the membrane - internal 

electrolyte - cathode interface. A probe electric current is thereby 

generated; at a rate which is proportional to the rate of oxygen 

-diffusion. 

The ~ypes of probes fall into two general categories, polaro­

graphic or amperometric (46, 47, 48) in which an external potential of 

0.6 - 0.8 volt is applied to the electrodes, both of which are generally 

noble metals (e. g.' platinum-silver), and galvanic (49, 50) in which 

the cell potential is self-generated, one electrode being sufficiently 

electronegative t.o cause spontaneous reduction of molecular oxygen 

(e. g., lead in a silver/lead cell). In an acetate electrolyte, at the 

silver cathode 

while at th~ lead anode 

4Pb + 4Ac 

the overall reaction being 

4 oa- --_;;;-4H
2
o , 

/ 
I 

1 4H+ 

---. 4PbAc + 4e 

0
2 

+ ZH
2 

0 + 4Ac- + 4Pb ---40H + 4PbAc . 

(2 .38) 

(2.39) 

(2 .40) 

Polymeric materials, both naturally-occurring and synthetic, have 

been used as membrane materials, among which have been Teflon, 

polyethylene, polypropylene, polystyrene, silicone rubber and gum 
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rubber. Such materials are non-porous, but instead behave as solid 

solvents in which dissolved gas molecules migrate by diffusion. 

c) General Principles of Probe Operation 

The operating principles of membrane-covered probes have 

. been well discussed by Maney, Okun, and Reilly (49) and further com­

mented on by Johnson et al. (47, 50) and Ricica (51), and will be only 

summarized here. The mechanism of the transport of gases through 

polymeric films and the effect thereon of the structural properties of 

the polymer have been reviewed and studied by Paul and Di Benedetto 

(52). 

The general overall mechanism of oxygen transport across 

a polymeric membrane has been described consisting of three steps (52). 

First, "dissolution" of the gas from the bulk fluid in contact with the 

polymer surface, followed by molecular diffusion through the polymeric 

matrix; and then finally, the transfer of the gas to another fluid at the 

second polymer-fluid interface. The ease of "dissolution" of oxygen 

dissolved in a fluid (vapor or liquid) is a measure of the oxygen's 

fugacity; therefore, it follows that membrane-covered oxygen probes 

measure the fugacity ("escaping" tendency) of the oxygen in the fluid. 

In general, for a component k distributed throughout three phases 

(gas, liquid, and solid membrane), the component's fugacity is identical 

in each phase, so that we may write 

(2.41) 

Gas Phase Liquid Phase Me.mbrane 
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where <j>k and yk are the.gas-phase fugacity coefficient and the liquid­

phase activity coefficient, respectively. 

·Equation (2.41) follows from the classical description of static 

equilibrium between phases, i.e. , the component's fugacity is uniform 

throughout all phase spatial volume elements. With respect to the probe's 

operation, the fugacity of oxygen is not uniform across the membrane 
I 

thickness as there is a fugacity gradient causing a flux of oxygen through 

the membrane from the external fluid side to the inter·nal electrolyte 

side (see Fig. 2.2, reading fugacity for pressure). However, as is 

commonly done in cases of mass transfer across interfaces, we postu-

late that a state of dynamic equilibrium exists at each of the membrane-

liquid interfaces. Considering the external membrane interface, the 

fugacity of oxygen in the membrane material at the interface is main-

tained at all times equal to the fugacity of oxygen in the external fluid 

phase material iriun.ediately adjacent to the interface. For a probe 

immersed in an aerated liquid under the conditions ofbulk gas-bulk 

liquid equilibrium, and assuming that the liquid phase is well mixed 

(negligible oxygen fugacity gradient in the liquid film at the membrane 

interfacial region), since 

and 

then Eq. (2.41) cari be written as 

\ 
I 
\ 

., 
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(2 .42) 

Liquid Gas Membrane 

where ak is the liquid-phase activity of the component, and (fkM)i 

is the oxygen fugacity in the membrane at the external surface . 

When the probe is operative, at the cathode, which is separated 

from the internal membrane sui-face by only a thin film of electrolyte, 

the oxygen is instantaneously reacted; therefore, the oxygen fugacity 

at the inner membrane surface is negligible, and the fugacity difference 

across the membrane is numerically the same as (fkM)i = <j>kpk . The 

probe; then, responds to changes in pk as this establishes the driving 

force for diffusion across the membrane; that is, the amount of gaseous 

component transported across the membrane is directly proportional to · 

the "corrected" partial pressure <JlkPk of component k. However, for. 

air as the gas phase at moderately low pressures (e. g., less than 10 

atm), <f>k = 1.0 for oxygen, and the probe measures the partial pressure 

pk of oxygen. 

For a probe immersed in a liquid phase containing dissolved 

oxygen, the fugacity relationship at interfacial equilibrium are 

(2 .44) 

):< 
where ~ denotes the partial paressure of component k in the (hypo-

thetical) gas phase which would exist in equilibrium with the liquid phase 

were there a gas phase present. The probe responds to changes in the 

applicable fugacity, fkL , which is rigorously identical to <l>k:P~ or for 

oxygen at near-atmosphe:dc pressure, pk since, as before, cpk = 1.0. 
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p~ , fo.r the case of oxygen, is synonymous with the so- called "oxygen 

tension, " a term frequently used in the fermentation literature. 

Therefore, in a liquid phase containing dissolved oxygen, the probe, 

in effect, measures an oxygen partial pressure even though no gaseous 

pha.seis physically present and does not directly measure the concen­

tration. of oxygen dissolved in the liquid phase. 

For a gaseous component, such as oxygen, which follows 

Henry's law, 

(2.45) 

where cf>k. is taken as ~. 1.0. 

Comparing Eqs. (2.44) and (2 .45), it is seen that in liquid 

solution the dissolved oxygen probe measures the value of HCk ( a 

quantity independent of the nature of the liquid when the liquid is or has 

been exposed to a gas phase of fixed oxygen partial pressure) a property 

which is quite different from Ck (which depends strongly on the nature 

of the liquid at any fixed oxygen partial pressure in the gas phase). In r 

the literature' statements such as "oxygen concentration was measured 

by a membrane-covered probe" are still encountered; such statements, 

therefore, can be misleading. -

The vast majority of workers have recognized the foregoing 

but have generally discussed the operation of dissolved oxygen probes 

in terms of the "activity" of the oxygen in aqueous solution. Although 

activity is related to fugacity, it is a less fundamental concept, its 

numerical value depends upon the arbitrary definition of the standard 
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state, and its use is generally restricted to describing the behaviour 

in liquid phases. Since the oxygen probe measures oxygen fugacity, 

in either the gas or the. liquid phase, and at liquid-gas equilibrium will 

give the same reading regardless of the turbulent phase in which it is 

placed, we prefer to describe the response of the probe in terms of 

solution fugacity. 

As will be shown later in this section, the current gene rated 

by the probe as a result of the electrochemical reduction of molecular 

oxygen is directly proportional to the flux of oxygen through the membrane, 

which in turn is related to the partial pressure of oxygen in the bulk 

solution. Therefore, any circumstance which will alter the flux through 

the membrane while leaving the solution partial pressure unchanged will 

change the numerical value of the proportionality constant between the 

probe current and the bulk solution partial pressure. Such effects 

occur if the aqueous solution temperature is changed while holding the 

oxygen partial pressure in the gas phase constant. For example water 

in equilibrium with air at 1 atm pressure has the same oxygen fugacity 

at 20°C and 40°C; however, the current from the same probe placed 

alternately in the two solutions and allowed to come to thermal 

equilibrium will be greatly different, l)eing higher at the higher tem­

peratur~. This results from the direct proportionality betwee·n the 

flux of oxygen through the membrane and the molecular diffusivity of 

oxygen in the polymeric material, i.e. , N = -DM (dCM/dx). The 

diffusivity, DM , has been found to have an Arrhenius type dependency 

(49, 52): 
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(2 .46) 

where E is the activation energy for diffusion. The diffusivity increases 
··. D 

·exponentially with temperature and consequently so does the flux although 

the partial-pressure-difference driving force remains constant. There-

fore, a probe calibrated at one temperature does not give meaningful 

readings at a significantly different temperature; for example, Teflon 

membrane probes have a temperature coefficient of about 2o/o per degree 

Centigrade (50). Close temperature control of the solutions being 

analy~ed is essential, or alternately, the probe circuitry should include 

a temperature compensation element ( 48). 

d) Steady-State Characteristics of Dissolved Oxygen Probe 

A schematic representation of the oxygen partial pressure 
. . 

' .. : . 

profiles and the concentration profiles derived thereform for an oxygen 

hi liquid solution is given in Fig. (2 .2) for the steady- state condition, 

i. e. ; the partial pres sure of dissolved oxygen (or its concentration, in 

a particular bulk liquid phase) is time invariant. The oxygen diffuses 

from the bulk liquid phase to the cathode through three distinct mass 

transfer zones in series, namely the external hydrodynamic boundary 

layer at the external liquid phase - membrane interface, the membrane 

itself, and the internal liquid film of probe electrolyte between the inner 

surface of the membrane· and the cathode. The pres sure profile (strictly 

speaking this should be the fugacity profile) is continuous, whereas the 

concentration profile has; of course, discontinuities at phase interfaces; 

the magnitude of each discontinuity is a measure of the partition or 
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Fig. 2. 2. Steady-State Oxygen Pressure and Concentration 
Profiles for a Membrane-Covered Oxygen Probe. 
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distribution coefficient of the oxygen concentration between different 

phases. 

In any such series process, the totai resistance to oxygen 

transport is the sum of the individual resistances of each of the 

transport zones. The individual resistances can be expressed as the 

ratio of the thickness of the region and the oxygen diffusion coefficient 

therein if the process is described in terms of the Whitman film theory 

of mass transfer (53}. 

R ::: (6/D } + (L/D ) . + (6/D } (2 .4 7) 
overall L hydro. M membrane L internal . 

bound. film 
layer 

Where one resistance in the series is of much greater magni-

tude than the sum of the others, it may be considered as the controlling 

resistance and for all practical purposes the rate of mass transfer can 

be expressed solely in terms of this resistance and the overall driving 

force. The representation of Fig. (2.2) is based on the following 

relatic>nship: 

(L/DM)membrane >> ( 6 /DL)hydro. > ( 6/DL\nternal, ( 2 .48} 

bound. fihn 
layer 

which expresses the assumption that diffusion in the membrane lS the 

rate-determining step. Equation (2 .48) follows from 

i) the thickness of the hydrodynamic boundary layer decreases 

with increasing agitation rate in the bulk solution. As the diffusivity in 

the aqueous is some two orders of magnitude greater than that in the 
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polymeric membrane, when the agitation rate exceeds some minimum or 

threshold value then 

(o/DL)hydro. « (L/DM)membrane · 
bound. 
layer 

The consequence of this assumption is that the surface of the membrane 

exposed to the external fluid is in dynamic equilibrium with the bulk 

of that fluid: 

Unlike the case of a bare electrode exposed directly to the liquid solution, 

the probe current - oxygen pressure relationship becomes independent 

of the solution agitation rate, and does so at a relatively low level of 

agitation. 

ii) the thickness of the internal stagnant liquid film of probe 

electrolyte between the membrane and the cathode is considered to be 

negligibly small with respect to the membrane thickness, that is we 

assume a "tight 11 fit between the membrane and the cathode such that 

6.x-+ 0. Since it is also assumed that the oxygen reacts instantaneously 

at the cathode, that is, its concentration at the cathode surface is 

negligibly small, a second consequence is 

Other assumptions which are implicit in the mathematical 

derivations which follow are 
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iii) .the oxygen diffusion coefficient in the membrane, DM' is a 

constant independent of concentration and position, the latter implying 

that the polymeric material is isotropic. Polymer films, in which the 

molecules have a preferential direction of orientation in fact are 

anisotropic media in which the flux of oxygen in the x-direction depends 

not only on the driving force gradient in the x-direction (isotropic 

condition) but also on the gradients in the y- and z-directions. For 

certain geometric conditions, Crank (54) discusses a rigorous treatment 

of diffusion coefficients in anisotropic materials; in this work, no cor­

rection for anisotropy is made, and the diffusion coefficient DM is 

therefore an "effective•• diffusivity for an overall unidirectional flux. 

iv) the membrane edges are sealed and are, therefore, imperme­

able to oxygen diffusion. All oxygen reacted at the cathode entered the 

probe through the external membrane face which is paraUel to the cathode 

surface, and the transport of oxygen is solely in the direction normal to 

the cathode surface. 

The electric current (in amperes) produced by the probe as a 

consequence of the electrochemical cell reactions is directly proportional 

to the amount of oxygen reduced at the cathode, which in turn is directly 

related to the molar flux of oxygen through the membrane surface at the 

cathode by means of Fick 1s First La,w of Diffusion, The relationships 

are 

I = n1 FA(N)x=L = - n1 FADM(dCM/dx)x=L 

- E/R, (2.49) 

.. 
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where F coulomb = Faraday constant, 96, 494 · . 
· equ1v. 

n
1 

= the number of equivalents of electricity (electrons) flowing 

per mole of reaction as written, 

A - area of membrane normal to the direction of oxygen 

diffusion, em 
2 

The reaction stoichiometry at the anode depends upon the 

particular type of probe, i.e., upon the nature of the anode material 

and the supporting electrolyte. For the cathodic reaction of Eq. (2.38). 

If we assume a linear absorption isotherm for the membrane 

polymer, then 

(2.50) 

where S is defined as the solubility of oxygen in the membrane, g-mole 

3 o
2
/(cm )(atm o

2
). 

Substituting Eq. (2.50) in Eq. (2.49), and defining the mem-

brane permeability as 

g-mole 0
2

. 
(2. 51) (cm){sec\(atm 0

2
} 

the current-flux relationship can be written as 

(2.52) 
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The numerical value of the membrane permeability, KM, 

is ascertained by means of a steady-state current measurement. To 

determine the value of the effective diffusivity, DM, the transient 

behavior of the current in response to a step change in solution oxygen 

partial pres sure is studied. 

i) Determination of KM 

The time invariance of oxygen pressure gives rise to a con-

stant gradient through the membrane, and hence a constant flux of 

oxygen and constant resultant current. At steady state 

PM = p oo ( 1 - x/L) , 

= (dpM/dx)x=O = - p /L / oo = - HC L . 
00 

Combining Eqs. (2.52) and (2.54), 

(2.53) 

(2.54) 

(2 .55) 

Rather than measuring the current flow in the external wire 

connecting the cathode to the anode, a precision resistor can be placed 

in the external circuit and the potential drop across this resistor 

Utilizing Ohm's law, E = I R, Eq. (2.55) becomes 
. 00 00 

(2 .56) 

The value of KM for. a particular probe is obtained by apply­

ing Eq. (2.56) to measured E - known C data taken in a solution of 
00 00 

known H. 
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ii) Measurement of KL4a in CFST Steady-State Oxygen 
Absorption . 

Equation (2.56) shows that whenever the oxygen tension in 

the external solution is time invariant such that a steady-state profile 

is obtained in 'the oxygen probe membrane, then at any value of the 

oxygen tension the corresponding probe external voltage, E, is directly 

proportional to the oxygen concentration, C. Hence, for measurement 

of KL4a under steady-state condtions, voltage values E ' 00 
EB, and 

ELi can be substituted directly for their corresponding concentrations 

C
00

, CB, and CLi in Eq. (2.35) or Eq. (2.36), from which KL4a 

may be computed directly for known values of the system parameters 

Q 1 , H , V L , P T , and D . 

e) Unsteady-State Characteristics of Oxygen Probes 

i) Oxygen Absorption 

As previously shown by Eq. (2. 30), KL4a may be obtained 

from a transient "gassing-in" experiment if a means of determining 

the time-dependent bulk solution oxygen concentration is known. Under 

steady-state or pseudo-steady-state conditions in the membrane, i.e., 

whenever there exists a linear or near-linear oxygen concentration 

· profile across the membrane, the external probe voltage is linearly 

related to bulk solution oxygen concentration. A linear profile will be 

approximated in the membrane whenever conditions are such that the 

time interval over which the bulk solution oxygen concentration signifi-

cantly changes value is relatively much greater than the transient 

response time lag in the membrane. The rate of change of the bulk 

solution oxygen concentration is proportional to the volumetric mass 
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transfer coefficient KL4a ; the time period over which the membrane 

transient concentration profile adjusts to an instantaneous, pseudo­

steady-state value is directly related to the ratio L 
2 

/DM. 

·During a "gassing-in" experiment, the bulk solution oxygen 

concentration changes continuously with time from,an initial value 

CBO = 0 to a final v~lue CB = C
00 

= p
00

/H. Using these conditions to 

solve Eq. · (2.28) for CB(t) it fo~lows that 

CB · = .coO [1 - exp(-j3t)] (2.57) 

where 13 is a function of KL a given by Eq. (2.25). 

Using the Henry's law relationship, Eq. (2.45), and the 

membrane solubility relationship, Eq. (2.50), in conjunction with 

Eq. (2.57), the time variation of the oxygen concentration in the mem-

brane material at the external solution interface is 

(2.58) 

At any given time t , the concentration in the membrane at 

x = 0 takes ori an instantaneous value given by Eq. (2.58) .. Assuming 

that the probe transient concentration adjusts rapidly enough an 

instantaneous or pseudo steady-state membrane concentration profile 

is achieved, and is given by 

( CM) inst". = SHC 
00 

(1 - exp(.:. j3t)] ( 1 - x/L) (2.59) 

The pseudo-steady-state condi~iori described by Eq. (2.59) 

will be approached whenever 
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(2.60) 

The right-hand term in Eq. (2.60) is the diffusional time 

lag in the membrane as defined by Daynes (55) and Barrer (56). 

Whenever the criterion of Eq. (2.60) is satisfied, the 

instantaneous probe voltage, Et , by analogy with Eq. (2.56), can be 

written 

= (n1F AHRKM/L) (CBt). · 
lUSt. 

(2. 70) 

Therefore, at sufficiently low values of KL
4

a , we anticipate 

that the substitution of the probe external volt.age values for the cor-

responding concentrations in Eq. (2 .30) would lead to calculation of 

KL4a with reasonable accuracy. 

However, at high values of KL
4

a such that the condition of 

Eq. (2.60) does not hold, the rate of approach of the transient concen-

tration profile in the membrane to its instantaneous steady-state form 

lags well behind the rate of change of the solution oxygen concentration 

(membrane interface concentration at x = 0). Under these conditions, 

the instantaneous concentration profile in the membrane never becomes' 

linear, or everi approximately linear, and therefore the probe voltage, 

Et, is no longer proportional to the bulk solution concentration~ CB(t), 

by a simple, linear relationship such as Eq. (2. 70). As shown in 

Fig. (2.3), ET is directly related only to an apparent bulk solution 

oxygen concentration, defined as that concentration which would give 

the same value of Et determined under steady state conditions, i.e., 
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c 

(C,)+---~~~~~----~x 
Apparent 0 L 

XBL714-3210 

Fig. 2. 3. Generalized Transient Oxygen Concentration Profiles 
in Probe Membrane for Continuous Change in Oxygen 
Centration in External Liquid; Boundary Conditions 
Eq. (2.72), (2.73), and (2.74). 

.• 
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if the gradient throughout the membrane were constant and were equal 

to its instantaneous value at x = L. The apparent concentration given 

by the probe lags behind the true bulk solution concentration; the 

magnitude of the lag is a variable, depending not only upon the value 

of KL4a, but also upon the elapsed time from the start of the ••gassing­

in" experiment. 

The need to correct for the membrane diffusional Jag is 

illustrated quantitatively on Fig. (2.4) for the case of transient desorp­

tion. The hypothetical no-lag probe response (instantaneous establish­

ment of the steady-state gradient in the membrane with the correspond­

ing CB(t) in the aqueous] is compared to the theoretical real response 

with diffusional lag in the membrane calculated from Eq. (2.83). It is 

clear that the evaluation of ~ from the slope of the real response 

curve•s near-linear section would result in an appreciable error, 

particularly at high values of~· 

In an unsteady-state absorption of oxygen utilizing an oxygen. 

probe to follow the transient composition change, in order to relate 

Et to the actual CB(t) and to relate their rates of change to KL 4a 

it is necessary to characterize the transient behavior of the concen­

tration of oxygen in the membrane under the condition that the con­

centration in the membrane at x = 0 is continuously changing accord-

ingtoEq. (2.57). 

We wish to solve the diffusion relationship commonly 

known as Fick 1 s Second Law for unsteady-state diffusion in the 

probe membrane, namely 



> 
E -

Q) 

.t:l 
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10 
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No lag --- [ E =Eo exp (-J3t >J 
Slope ratio= actual/no lag 

'-"--? fJ = 0.015. sec-• 
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Fig. 2. 4. Comparison of Actual and Theoretical No-Lag 
Responses of Oxygen Probe for Desorption in 

. Unsteady-State. 
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(2.71) 

subject to the following conditions: 

I. c. t ::;: 0, eM = 0, all x, (2.72) 

B.C. X = 0, eM = SHC [ 1 - exp( ~j3t)] 
00 

(2.73) 

B.C. X = L, eM = 0, all t . ( 2. 7 4) 

The solution may be found by the ~Uethod of Laplace transformation 

(108), inverting the transform by contour integration (58, 108). The 

solution is 

[ 

~ (-1)n 

= E~ i+Z~ 1-n:•z 

0.5 
7" 

. 0.5 
s1n -r. 

( 

2 2 ) n Tr DMt 
exp - . 2 

L 

2 
where -r = j3L /DM, dimensionless 

(2. 75) 

(2. 76) 

-r may be considered as the ratio of the rate at which the bulk solution 

(membrane interface at x = 0), concentration is changing, i.e. , the 

rate of propagation of the instantaneous steady--states (j3::::: KL a) to 
. . 

the rate at which the transient concentration profile in the membrane 

can adjust itself from one instantaneous steady state condition to the 

next (DM/L 
2

). 

The derivation of Eq .. (2. 75) is outlined in Appendix II.1. 

The final form of the solution has been derived independently by 

Heineken (39). 
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To use Eq. (2. 75) to compute KL 4a from transient response 

data, it is necessary to calcuiate the best value of j3 which fits several 

pairs of data points (Et' t) to the experimentally-obtained E vs. t 
. t 

curve. KL4a is obtained from the best-fit value of j3 by means of 

Eq: (2.25) which can be rearranged to give 

(2. 77) 

Gal-Or, Hauck, and Hoelscher (28) made an experimental test 

of the mass transfer .m~del of Gal-Or and Resnick (25) discussed in 

Section Ii. 1(b). They transiently absorbed oxygen by using an oxygen 

probe of the polarographic type ( 46) to follow the rate of change of 

oxygen concentration {sic). Although their probe had a faster response 

time (90 per~ent response to step ch~nge in about 10 to 20 seconds) 

than the galvanic-type ones used in this study (90 percent response in 

about 40 seconds), its rate of response was not independent of the 

external solution agitation rate, suggesting that oxygen diffusion through 

the membrane was not the sole rate-controlling resistance. They did 

not correct for any diffusional response lag in the ·membrane. Also, 

their model for the transient concentration behaviour of the liquid phase 

incorporated only the liquid-phase material balance, E-i· (2 .16), · neglect-

ing the gas-phase material balance, Eq. (2.22). In effect they assumed 

that the interfacial concentration over the entire transient absorption 

time span· is the same as the fl.nal saturation concentration after 

infinite ·time . 
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Values of KL 4a determined experimentally wer~ compared 

to the predictions of the theoretical model. The experimental KL
4

a 1 s 

were found to be three to four times greater than the predicted values. 

ii) Oxygen Desorption 

During a desorption or 11gassing-out 11 experiment, the oxygen 

concentration in the aqueous phase varies continuously with time at a 

rate proportional to KL
4

a from an initial value of CB = c 0 

= (PT/H)(y
1

)t<O to a final value of CB = (PT/H)(y 1)t>O = 0 for the case 

of a step change in inlet gas composition from oxygen-containing gas · 

(e.g., air) to de-oxygenated gas (e.g., nitrogen). Previously, it was 

shown. that the liquid phase behaviour in this case could be approximated 

by Eq. (2.33). 

As in the case of oxygen absorption, the transient behaviour 

of the oxygen tension in the aqueous phase may be detected by the use 

of an oxygen probe, but when the oxygen tension is changing rapidly 

with time, the diffusional lag in the probe membrane results in appre-

ciable deviation from the steady-state linear relationship between 

oxygen tension and oxygen probe reading. Direct determination of the 

true bulk aqueous solution oxygen tension and its rate of variation with 

time is not then possible, and recourse must be made to indirect 

evaluation of KL
4

a through a model of the transient behaviour of 

the probe. 

The general membrane diffusional relationships Eq. (2. 71) 

is to be solved subject .to the following boundary conditions: 
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I. c. t = 0, eM= SHC
0 

(1 - x/L), all x, (2. 78) 

B.C. X = 0, eM = SHC exp ( -i3t) ( 2. 79) 
. 0 

B.C. X = L, c = 0, all t . (2.74) 
M 

Following the same mathematical procedures used to solve 

the case of oxygen absorption, that is, solving· Eq. (2.71) with its 

associated initial and boundary conditions by Laplace transformation, 

and inverting the transform by contour integration, the transient 

concentration in the probe membrane is described by 

2 2 2 2 2 
X exp( -n TT DMt/L ) /( 1-n 'IT /T) 

+ sin[ (~/DM)f(L-x)] exp( -~t)/ain Til, 
. 2; where, as before, T = i3L DM. 

(2 .80) 

Using the probe external voltage - membrane oxygen flux 

relationships 

(2 .81) 

and 

E = n FARHSD C /L 
0 I M 0 

(2 .82) 

in conjunction with Eq. (2.80), the probe voltage transient response is 

given by.· 
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00 
(2 .83) 

} n 22 2 22J 
-2 ~ (- i) exp( -n rr DMt/L ) /(i-n rr /7)J 

The theoretical transient response of a probe having a mem-

brane thickness of 0.00509 em arid an effective diffusivity for oxygen of 

1.68(10- 7) cm
2
/sec is shown for various values of ~ on Fig. (2.5). 

In application of the theory to experimental data, a nonlinear 

least-squares fitting computer programme was used to determine the 

best value of ~ for each run from the experimental (Et' t) data. KL 4a 

was then computed from the best-fit value of ~ by using Eq. (2.77). 

iii) Computer Evaluation of ~ 

~ was evaluated for each experimental run by the nonlinear 

least-squares procedure of Beals (59) designated LSQVMT. The chi-

squared function 

CHISQ(X) = ! [YDATA(i)- F(~, DM/L2 , t)l [WEIGHT(i)]. 
i=1 

is minimized with respect to one or both of the parameters ~ and 

2 DM/L by programme VARMIT ( 60). VARMIT is an iterative gradient 

method which uses a variable metric and is a modified version of the 

method of Davidson (6i); VARMIT computes local minima of differen-

tiable functions containing up to 40 variable parameters. In this work 

all data were given equal weight; WEIGHT(i) = 1 throughout. 

Although we had originally assumed DM to be a constant, 

in polymeric materials its value in fact depends upon the concentration 
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Fig. 2. 5. Oxygen Probe Theoretical Transient Response to Step 
Change in Inlet Gas Composition: Desorption in Stirred 
Tank. · 
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gradients in all three coordinate directions; in transient response runs, 

the instantaneous values of the concentration gradients depend upon the 

value of f3 . Therefore, one expects the effective value of DM to vary 

somewhat from run to run, and as the Et versus t response is some­

what sensitive to the value of DM/L 
2 

chosen, a better value of f3 .. 

[smaller CHISQ(X) value] was obtained by allowing the fitting programme 

to vary both parameters .. The data of a given run were discarded if 

the computed DM differed from the experimentally-determined DM 

by more than 20 percent. The experimentally-determined value of DM 

was 1.68(10-
7

) cm
2
/sec as obtained fromthe step change in oxygen 

tension procedure discussed in Section III. 4(a)(ii). 

LSQVMT is a library programme at the Lawrence Radiation 

Laboratory computer centre. The programme user is, in addition to 

the data being fitted and initial-guess values for the fitted parameters, 

merely required to supply a subroutine denoted TABLE, TABLE defines 

the number of independent variables (t); the number of parameters to 

be fitted ([3, DM/L2); the form of the fitting function, e.g., Eq. (2.75) 

or Eq. (2.83); and the gradient of the fitting function with respect to 

each of the parameters being fitted. The subroutines for transient 

oxygen absorption and desorption are given in Appendices II. 2 and II. 3, 

respectively. 

As discussed in Section III, the probe transient voltage was 

recorded .on a high-speed chart. As the recorder was located some 

distance from the gas -inlet manifold at which the step change in gas 

composition was made manually, it was not possible to mark accurately 



.,. 72-

the time axis of the moving chart at the exact instant that the step 

change was made. From the calculated probe response as shown on 

Fig. (2.5), there was a theoretical response lag in the membrane of 

from 5 to 6 seconds from the time the liquid-phase oxygen tension first 

began to change. There was a further lag of about 5 seconds before the 

new inlet gas would first come in contact with the stirred liquid phase· 

due to the residence time in the inlet gas piping manifold. Therefore, 

for computer computation purposes, the time data input was measured 

relative to zero time being taken as the point of the first deflection of 

the recorder pen from its pre-step change position; hence, the time 

parameter t in Eqs. (2. 75) and (2.83) was changed to theta, such that in 

the subroutines TABLE 

THETA(1) = T(1) + 10. , 

the overall time lag of 10 seconds being the value applicable at an 

inlet gas flow ra,te corresponding to a superficial gas velocity of 0.01125 

ft/sec, the third highest of the four gas sparging rates used in this 

study. Although the overall time lag depends upon the gas flow rate, 

this single value was used in the computations of all the fOur sparging 

rates; the results from using this one representative value of the time 

lag did not vary appreciably from those obtained by using the actual 

time lags which differed by one to three seconds at the other three 

aeration rates. 
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5. Measurement of Specific Interfacial Area (a) and Liquid-Phase 
Mass Transfer Coefficient (kL) 

\ 

a) Models of Interphase Mass Transfer 

The value of the liquid-phase transfer coefficient, kL, in 

a given system is dependent upon the hydrodynamic conditions at the 

gas - liquid interface. Several different models of interfacial mass 

transfer are to be found in the literature. We shall consider only two 

such models, namely the penetration and the random surface renewal 

theories, both of which are in agreement with the experimentally-

obs.erved dependency of the mass transfer rate upon the component's 

liquid-phase molecular· diffusivity over a wide range of dispersed bubble 

size. 

For a component k undergoing simultaneous molecular 

diffusion and homogeneous reaction in a liquid phase interfacial surface 

element, a material balance for an incompressible fluid and constant 

diffusivity leads to ( 1 09) 

(2.84) 

In both aforementioned models, it is assumed that the velocity 

gradient in the liquid adjacent to the interface is zero (1!._ = or. This is 

a satisfactory assumption for dilute concentrations of the diffusing 

species. During its lifetime, the surface element behaves as a rigid 

body even though its spatial position changes. When there is no chemical 

reaction, RVK = 0 in both models. Therefore, for both the penetration 

and the random surface renewal models, Eq. (2.84) simplifies to 
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(2.85) 

for the case of unidirectional mass transfer. 

b) Mass Transfer Without Chemical Reaction 

We shall first consider the case of purely physical absorption, 

RVk = 0, and the physical significance given to kL in each of the 

models. 

i) Penetration Theory 

In 1935, Higbie (17) proposed an interfacial hydrodynamic 

model in which the gas - liquid interface is postulated to consist of 

numerous small liquid elements which are continuously brought to the . 

interfacial surface from the bulk of the liquid, remain at the interface 

for a finite average time, and then are subsequently returned to the 

bulk liquid region by the motion of the liquid phase. During the time 

each element is at the surface, it absorbs the gaseous component at 

a transient rate by the process of unsteady-state molecular diffusion 

into a layer of infinite depth (physically interpreted to mean that the 

depth of penetration of the gaseous solute is very much less than the 

depth of the absorbing surface element itself). 

Equation (2.85) was solved using appropriate boundary con-

ditions (17), the result being 

(2.86) 

where 0>'.< is the average lifetime of the surface elements, that is, the 

average length of time spent at the interface. For cylindrical gas 
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bubbles rising through a stagnant liquid, Higbie characterizied 8* 

as the bubble length divided by its constant velocity of rise. 

Comparing Eqs. (2.4) and (2.86), it is seen that 

( 2. 8 7) 

Equation (2.87) is in agreement with much experimental single­

bubble or bubble-swar~ evidence that kL is proportional to (DLk) 
1

/
2 

for relatively large, deformable bubbles (9, 62). On the other hand, 

small bubbles (less than 0.1 em diameter) behave as rigid spheres and 

thus appear to follow Frossling's equation for mass transfer from solid 

2/3 spheres (19) in that small-bubble kL is proportional to (DLk) (9, 62). 

ii) Random Surface Renewal Model 

In 1951, Danckwerts (18) extended the conceptual usefulness 

of the penetration theory by removing the restriction of equal lifetime 

for all liquid surface elements. He showed that the average absorption 

rate per unit surface area could be described by 
00 

- 1/2 f 1/2 RVk/a - DLk (Cki - CkB) ( 1/1T6) ~j;(9)d8 , 

0 

where ljl( 9) is defined as the age distribution function. 

(2 .88) 

Danckwerts postulated that the mean rate of production of 

fresh interfacial surface was a constant, which he denoted as s , and, 

further, that the chance of a surface element being replaced within a 

given time is independent of the age of the element (e. g. , random 

surface renewal by turbulent eddies). Consequently, he showed 

that ( 18) 
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~( 0) = s exp(-s 0) , (2.89) 

where . s is the fractional· rate of renewal of surface liquid elements. 

Substituting Eq. (2.89) in Eq. (2.88) and performing the 

integration, the mean rate of absorption-without-reaction per unit 

area of turbulent surface is given by (18) 

(2.90) 

Comparing Eq. (2.90) with Eq. (2.4), we see that 

- - 1/2 
kL - (DLk s) ' (2.91) 

in agreement with experimental results for large bubbles (greater than 

0.25 em diameter). 

Equations (2.87) and (2.91) cannot be used directly to evaluate 

kL from experimentally-determined absorption rates as the parameters 

0* and 8 are usually not independently known. 

The basic relationship of the penetration or random surface 

renewal theories, namely that 

will be used later in the development of a new technique for separately 

evaluating kL and a under consistent hydrodynamic conditions 

. [Section II. 5(e) ]. 

c) Reaction Regimes for Mass Transfer with Chemical Reaction 

Whenever the absorbing gaseous component k undergoes a 

homogeneous reaction with a non-volatile component of concentration 
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B in the Equid phase, the solution of the absorption models requires 

the inclusion of a separate material balance differential equation for 

the non-volatile compbnent of the same form as Eq. (2 .85). Further 

boundary conditions are then necessary (18) and the reaction rate 

relationship RVk = RYk(Ck, B) must also be known. Here, we shall 

specifically consider only those reactions which exhibit pseudo-first 

order characteristics. 

Depending upon the relative magnitudes of the reaction rate 

capability and the physical mass transfer rate capability of a given 

system wherein the absorption is accompanied by chemical reaction, 

the presence of the chemical reaction may affect the overall absorption 

rate capability of the system in several ways. Such systems may be 

classified according to a scheme of more-or-less distinct reaction 

regimes, as has been done, for example, by Astarita (63) and Danckwerts 

and Sharma ( 64). Astarita describes four such regimes which, in order · 

of increasing liquid-phase reaction rate, are the knetic, diffusional, 

fast-reaction, and instantaneous -reaction regimes. Absorptions with 

reaction in the diffusional and fast-reaction regimes have particular 

utility for the experimental evaluation of KL a and a . 

i) Diffusional Regime 

In this case, the reaction rate is relatively slow but is still 

sufficiently fast to keep the dissolved gas concentration in the bulk 

liquid at or near its chemical equilibrium value, ekE . Reaction 

occurs only in the bulk of the liquid, and does not directly affect the 

concentration gradients in the interfacial surface elements. The 

criterion to be met is ( 63 ,· 64) 
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(2.92) 

which implies that the rate -controlling step is the diffusion of the 

absorbing species into the liquid surface elements, and is written for 

the case of a sparingly- soluble gas. 

The volumetric absorption rate can then be described by 

(2. 93) 

In the diffusional regime, the absorption rate is directly 

affected by the hydrodynamics as characterized by kL a· (or KL a). 

The reaction does not influence the value of kL (or KL), but merely 

serves to increase the overall rate of mass transfer by increasing the 

liquid~phase concentration-difference driving force since 

* ck -ekE > 

Slow 
Reaction 

* ck - ckB ' 

Physical 
Absorption 

The true overall volumetric mass transfer coefficient for 

physical absorption without reaction can be obtained directly from 

* Eq. (2.93), given experimental RVk data and having knowledge of Ck 

and ekE . However, the separate behaviour of KL and a cannot be 

determined in this regime. 

ii) Fast-Reaction Regime with Pseudo-first Order Reaction 

In the fast-reaction regime, the reaction rate is sufficiently 

fast such that an appreciable amount of the absorbing gas component 

is reacted during the lifetime of the liquid surface elements. The 
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reaction, therefore, has a considerable, direct effect on the absorbing 

component's concentration profile within the surface elements, thereby 

altering the apparent mass transfer coefficient which is related to the 

concentration gradient according to 

'(2. 94) 

The criterion to be met for the absorption-reaction process 

to occur in the fast-reaction regime is ( 64) 

For the case of a sparingly-soluble gas, k, reacting in the 

liquid phase with a large excess of non-volatile reactant, B, the con-

centration of B at the interfacial surface is nearly identical to its 

concentration in the bulk liquid, which, in turn, can be nearly constant 

over the gas-liquid contact time period. In these circumstances, the 

generalized bimolecular reaction 

k + ZB product( a) (2.96) 

becomes, in effect, a pseudo-first order reaction. The criterion for 

such pseudo-first order behaviour is ( 64) 

where k
2 

is the second-order reaction velocity constant for the 

reaction of Eq. (2 .96). 

(2. 9 7) 

Danckwerts solved the transient diffusion equation with boundary 

conditions applicable to the random surface renewal model, and for the 
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case of a first-order, irreversible reaction in the liquid phase ob-

tained ( 18) 

(2.98) 

where k
1 

is the first-order reaction velocity constant. For the case 

of the pseudo-first order. reaction between the absorbing gas and the 

excess liquid-phase reactant 

(2.99) 

Combining Eqs. (2.91), (2.98), and (2.99), the absorption 

rate in the presence of a pseudo-first order reaction becomes ( 64) 

(2.100) 

Eq. (2.100) forms the basis for the new technique for the 

simultaneous evaluation of kL 4 and a , which is discussed in Sec­

tion II. S(e). 

If the pseudo-first order reaction velocity constant k 2 BB 

in Eq. (2.100) is large enough such that the fast-reaction criterion of 

Eq. (2.95) is concurrently met, then the absorption proceeds in the 

fast-reaction regime according to 

(2.t01) 

The important consequence of Eq. (2.101) is that, by selecting 

the appropriate experimental conditions (e. g., fast, pseudo-first 

order reaction) the volumetric absorption rate is independent of the 
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liquid-phase coefficient, kL, and hydrodynamically depends solely 

upon the specific interfacial area. This provides a useful tool for 

separately evaluating the interfacial area for mass. transfer, but gives 

no information about kL under the same hydrodynmaic condition and 

absorbing solution physicochemical properties. 

Comparing Eqs. (2.6) and (2.101), we can define an effective 

overall coefficient of mass transfer in the presence of a homogeneous, 

liquid-phase reaction, 
r 

KL' when CkB is zero as 

K r a: k r = ( D k B ) 1 / 2 
L L Lk 2 B 

(2.102) 

Combining Eqs. (2.101) and (2.102), 

(2.103) 

An absorption-with-reaction coefficient, <j>, can be defined 

as the ratio of the absorption rate in the presence of chemical reaction 

to that which would occur by physical absorption only under the same 

driving force. That is, 

for the case of pseudo-first order reaction in the fast-reaction regime. 

d) Previous Methods of Measuring the Specific Interfacial Area· (a) 

i) Optical Light Scattering 

When gas bubbles are dispersed in a transparent liquid, and 

a parallel beam of light is shone through the dispersion, the light is 

scattered by the bubbles. The amount of light scattering, as charac-
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terized by the ratio of the incident light intensity to the time-averaged 

transmitted light intensity, varies exponentially with the specific 

interfacial area, a (10, 65). 

However, when a beam of light is passed through a portion 

of the gas - liquid. dispersion onto a receiving photocell, the specific 

area so determined is a "point" area, that is, it represents the value 

of a in only that one relatively small section ?f the total dispersion 

volume. Since, in general, the value of a varies spatially througho~t 

the agitated tank owing to the variation 'of turbulent shear forces (being 

greatest at the impeller zone and least at the baffled walls), the overall 

average area must be obtained by traversing the tank axially and radially 

with the light beam-detector apparatus. Space l~mitations in small 

tanks generally preclude conducting such a traverse. 

ii) Absorption with Chemical Reaction: General Considerations 

When the process of gas absorption is accompanied by a fast, 

pseudo-first order homogeneous reaCtion with a non-volatile component 

of the liquid phase, a may be determined directly from Eq. (2.101) in 

its rearranged form. Further, if the dispersed gas phase is well mixed, 

and if the absorbing component follows Henry's law, then Eq. (2.101) 

can be written in the form 

(2.105) 

Equation (2 .105) is rigorously valid only for those systems 

in which reaction occurs in the fast regime, as.defined by the criterion 

of Eq. (2.95), and also in which the pseudo-first order kinetics criterion 
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of Eq. (2.97) is met. Since both DLk and BB usually have limited 

ranges of values, the major parameter affecting both the foregoing 

criteria is the second-order reaction veloCity constant, k
2 

, which at 

the temperature of interest must be of sufficient magnitude to satisfy 

the fast-reaction criterion without at the same time being too large and 

thereby invalidating the pseudo-first order reaction criterion. 

Two absorption-with-reaction systems which have suitable 

values of· k
2 

in the temperature range of 15 to 40°C encountered in 

most microbiological processes are: for oxygen transfer. studies, the 

cobalt-catalysed oxidation of sodium sulphite under slightly alkaline pH 

conditions, and for carbon dioxide absorption, the reaction between 

dis solved carbon dioxide and hydroxyl ion in solutions of strong alkalies. 

It is possible for both of these reaction systems to proceed in the tran-

sitional region between the fast and the instantaneous reaction regimes; 

experimental conditions must be carefully selected in order to avoid 

this occurrence. 

iii) Carbon Dioxide Absorption with Reaction in Hydroxide 
Solutions · 

The kinetics of the reaction of carbon dioxide in aqueous 

alkaline solutions has been studied by a number of workers ( 66, 67, 

68, 69, 70, 71, 111). The temperature dependency (activation energy) 

of the reaction velocity constant for the :reaction between dissolved 

carbon dioxide and hyClroxyl ion has been well established (111), but 

its dependency upon the total ionic strength of the aqueous phase and 

upon the nature of any non-reacting ionic species present has been 

studied in only a limited number of systems (69, 70, 111). 
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In carbonate-bicarbonate buffer, the reaction occurs in a step-

wise manner, and may be considered to consist of four individual 

reactions ( 63, 64) 

k1 
+ H+' co +'H

2
0= Hco; (2.106) 

2 
k2 

C0
2 

+ OH Hco; , (2.107) 

= + 
HCOj (2. i08) co

3 
+ H . , 

K4 

co;+ H
2

o HCO~ + OH (2.109) 

Reactions (2 .108) and (2. 109) may be considered to occur 

instantaneously as they involve only proton exchange .. In weakly-

alkaline solutions, carbon dioxide enters into two reactions directly, 

namely reactions (2.106) and (2.107). 

The overall reaction is gi~en by the summation of the indivi-

dual steps 

(2.110) 

and the overall volumetric reaction rate can then be expressed as 

(2.111) 

At 20°C and infinite dilution, for sodium alkalies k
1 

= 0.016 sec- 1 

(111), k
2 

= 5.9(10
6

) cm
3 
/gmol-sec (111), and K

4
, which is also affected 

by ionic strength and the type of other species present, has a value of 

about 1.7(10- 7) gmol/cm3 . In carbonate-bicarbonate buffer systems, 
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the free hydroxyl ion concentration is governed by the equilibrium 

of reaction (2.109), such that 

(2.112) 

Therefore, whenever [co;]/[HcO;J > 1, then k
2

[0H-] > k
1

, and 

Eq. (2. 11 1) can be simplified to 

(2.113) 

In aqueous solutions of sodium or potassium hydroxide, when­

ever [ OH-] > 0 .01M the equilibrium of reaction (Z .109) may be con­

sidered to be completely displaced to the left. Under this condition, 

the overall reaction may then be considered as being 

C0
2 

+ 20H (2 .114) 

Reaction (2.114) is essentially irreversible, and has a rate 

of reaction in accordance with Eq. (2.113). 

In carbonate-bicarbonate buffer solutions, BB = [ OH-] 

is relatively low as a result of the small value of the equilibrium constant 

K
4 

of the hydroxyl-ion producing reaction (2.109). Therefore, the 

fast-reaction criterion, Eq. (2.95), cannot be met in practice, and in 

this system direct evaluation of the specific interfacial area is not 

possible in the absence of catalysis. On the other hand, both the fast­

and pseudo-first order reaction criteria can be concurrently satisfied 

in aqueous solutions of strong electrolyte alkalies, permitting direct 

experimental measurement of a . 
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Westerterp et al. (1.2) studied the absorption-with-reaction of 

pure carbon dioxide in sodium hydroxide solution of unspecified con­

centration in a stirred tank. At equi-impeller rotational speeds they 

obtained the same value of the specific area a in both the carbon dioxide­

hydroxide and the oxygen-sodium sulphite (catalysed by cupric ion) sys·· 

terns. This equivalence of area appears to be fortuitous since, in general, 

different absorption rates would be expectec:l due to the different gas 

solubilities and reaction velocity constants, and since the cupric-catalysed 

sulphite oxidation does not generally occur in the fast-reaction regime 

wherein a ca,r;_ be evaluated directly ( 43, 63). Differences in absorption 

rate would, in turn, be expected to lead to different degrees of bubble 

shrinkage during their residence time in the dispersion, Bubble shrink­

age in the case of pure gases can be appreciable, thereby greatly reducing 

the specific interfacial area; as has been demonstrated by Linek and 

Mayrhoferova (45). Westerterp et al. (12) developed an empirical 

correlation, based largely on their sulphite oxidation work, in which 

the specific area, a , was directly prportional to the impeller rotational 

speed, impeller diameter, and to the square-root of the tank diameter. 

Yoshida and Miura (72) studied the stirred-tank absorption­

with-reaction of dilute c;:arbon dioxide - air mixtures (0 .OOi to 0.014 

tnole fraction carbon dioxide in the inlet gas) in aqueous sodium hydroxide 

solutions (0 .005 to 1.0M) at 20°C. They investigated the performance 

of both 16-vaned disc and 1.2-blade turbine impellers, each of 0.40 D/D1 

ratio. Compared to oU:r work, their maximum agitation rate was much 

lower ( 400 rpm). They considered that the absorption was proceeding 
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in the fast-reaction regime in order to calculate the specific area from 

an equation analogous to Eq. (2.f05). However, at the lower half of their 
. . 

rpm range, the specific area was found to be independent of alkali con-

centration varying from 0.1 to 0 .8M; this is precisely the range of solute 

ionic strength over which the interfacial area exhibited by dispersed gas 

bubbles in this study was found to be strongly dependent on ionic strength. 

iv) Cobalt-Catalysed Sulphite Oxidation 

The first-order kinetic constant for this system can attain 

. 4 -f . 
values on the order of 10 sec (12, 43). Hence, this system operates 

in the fast-reaction regime and can be_ used to directly evaluate a . 

Linek and Mayrhoferova (45) investigated the cobalt-catalysed 

absorption-with-reaction by using pure oxyg-en. The use of pure oxygen 

resulted in a greater mass transfer rate than that achieved with air, 

and hence appreciable bubble shrinkage and concomitant reduction in 

specific interfacial area was observ~d. The rate of absorption was 

varied by varying the concentration of the cobalt catalyst. At their 

maximum absorption rate, the specific interfacial area was only 38 

percent of that found in u,ncatalysed solution. 

e) Determination of the Liqt~id-Phase Coefficient (kL) by 
Classical Methods 

To study the behaviour of the liquid-phase mass transfer 

coefficient, kL , the traditional experimental approach has been to 

separately evaluate· KL a and a by conducting two separate absorptions­

with reaction: one in the diffusional regime to measure KL a (alter­

natively, a purely physical absorption without reactioncan be used); 
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. the other, in the fast-reaction regime to measure a . The results have 

then been combined to evaluate kL . 

For a sparingly-soluble gas, one can write, using Eq. (2.9), 

(2.115) 

but the numerical val~e of KL obtained therefrom is only meaningful 

if KL a and a wer~ both measured under ideO:tical conditions of aeration, 

agitation,. and fluid phase physicochemical properties. 

Classical absorption-with-reaction experimental techniques 

for the separate measurement of KL a and a do not invariably lead to 

meaningful results from the application of Eq .. (2 .i i 5). As previously 

discussed, the separate determination of KL a and a by these methods 

requires different liquid-phase conditions, i.e. , different composition 

and/or solute concentrations (ionic strength), which may result in a 

different gas bubble size distribution even at equivalent agitation and . 

aeration rates. For example, one could measure KL a for carbon 

dioxide absorption-with-reaction in the diffusional regime using 

hydroxide ion of low concentration, and by significantly increasing the 

hydroxide ion concentration in a separate experiment measure a in 

the fast-reaction regime. However, by so changing the ionic strength 

between "duplicate" experiments it is possible for the average bubble 

size and the fractional gas holdup to change, thereby altering the specific 

interfacial area as shown by Eq. ( 3 .16). Bubble size change with chang-

ing ionic strength is most pronounced at the relatively low total electro-
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lyte concentrations used in these reaction regimes if non..;buffered sys _ 

terns are being used . 

Alternately, one could measure KL a for the physical absorp­

tion of a non-reacting gas, say oxygen, in a hydroxide solution of con-

centration compatible with the carbon dioxide-hydroxide fast-reaction 

regime criterion. Then, holding the impeller rotation speed and the 

gas sparging rate constant, the inlet gas could be switched to one con­

taining carbon dioxide, thereby sequentially measuring a . However, 

in this case there is the possibility of again having a different bubble 

size distribution betweeri the first stage of the sequence and the second 

as during the latter an appreciably greater amount of the gas phase may 

be absorbed due to the rate enhancement caused by the chemical reaction. 

Yoshida and Miura combined their carbon dioxide - hydroxide 

solution results for interfacial area ( 72) with values of KL a .measured 

by Yoshida ..!U al. (14) in an air - water physical absorption system to 

calculate the behaviour of kL without reaction. However, even at 

identical agitation and gas sparging rates, the dispersed bubbles in the 

two distinct. cases may have been subject to significantly different hydro-

dynamic regimes since the average bubble size in pure water is larger 

than in electrolyte solutions. 

· ,Jf an absorption-with-:reilJ.ction i!!l conducted i:Q. a regime inter-

mediate to the diffusion and fast-reaction regimes, a:s shown by Danckwerts, 

Kennedy, and Roberts (73), a plot of Eq. (2.100) in the form of (R~k) 2 

. * 2 
versus k 2 BB yields a straight line of slope (aCk) DLk and intercept 

* 2 2 (aCk) kL , from which the value of kL can be obtained. li k2 BB 
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can be varied independently of the concentration of the liquid-phase 

reactant, BB , for example, by varying the concentration of a catalyst 
. -

pre'sent in trace amount, the determination of kL can be made in a 

consistent physicochemical environment. However, the implementation 

of the method requires several measurements of the overall absorption 

rate at each agitation - gas flow rate combination and is, therefore; 

time consuming. 

De Waal and Okeson (43) applied the preceding graphical 

method to evaluate the rate of surface renewal [related to kL by Eq. 

(2.91)] in a cobalt-catalysed sulphite oxidation reaction with pure 

oxygen. They obtained the anticipated straight-line plot, which implies 

that their bubble size in each separate experiment was in the same size 

range such that the value of kL- was independent of average bubble 

diameter. This is a somewhat fortuitous result using a pure gas, since 

there is no 2: priori reason to believe that the gas bubble diameters would 

remain in the same size range since the degree of bubble shrinkage 

during the gas residence time would be expected to change with increas-

ing reaction rate ( 45). 

Calderbank (9, iO) and Calderbank and Moo-Young (i6) mea-

sured the specific interfacial area of gases dispersed in liquids by 

optical means, and combined the results with KL a values determined 

in the same systems by unsteady-state or steady-state physical absorp­

tion without reaction (9, 16). Calderbank's smaller tank (5 litre working 

volume) corresponded in geometric ratios to the one used in this study. 

Interfacial areas measured in the 5-litre tank were "point 11 values, 
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whereas the KL a's were integral volume averages, possibly 'leading 

to some inconsistency in the calculated kL for this size tank. 

6. Concurrent Measurement of KL 4a and a and Evaluation of kL4 

a) Method and Advantages · 

The previously-discussed inherent or induced differences 

between the different systems required to separately evaluate KL a 

and a can be eliminated by determining these parameters concurrently 
. . 

such that they are both measured under identical conditions of bubble 

size, ionic strength, phases densities, viscosities, and interfacial 

tension. One method of accomplishing this is to desorb transiently 

a non-reactjve gas, e.g., oxygen, from a batch aqueous hydroxide 

solution into an oxygen-free, carbon-dioxide-bearing dispersed gas. 

The oxygen desorption is essentially complete within a relatively short 

period of from one to two minutes, and KL4a for the physical mass 

transfer of oxygen can be computed from the transient response of an 

oxygen probe, i.e;, through the computer evaluation of~ in Eq. (2~83). 

The specific interfacial area may be computed from the appropriate 

· reaction regime model for the absorption-with-reaction of carbon 

dioxide which occurs over a longer time interval in a pseudo-steady 

state manner. The carbon dioxide absorption process is described by 

eitherEq. (2.100) or Eq. (2.101). 

At high agitation rates in a stirred-tank absorber-reactor, 

the specific interfacial area may be one order of magnitude greater than 

that obtained in a stirred tank at low agitation rates or in a packed-

tower absorber. Therefore, the absorption-with-reaction rate can be 
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increased by an order of magnitude, and the initial hydroxide ion 

concentration in a semi-batch system can be complet~ly depleted in such 

a short time that accurate absorption rate data cannot be obtained. In 

order to eliminate this difficulty, a small feed stream of concentrated 

hydroxide is continuously added under pH control, and effluent withdrawn 

at the same rate such that the liquid-phase is at steady-state with 

respect to the hydroxide ion concentration. The small dilution rate 

is, in general, not sufficient to keep the concentration of the carbonate 

ion reaction product at a steady-state value; therefore, the reaction 

velocity constant, k
2 

, and the Henry's law coefficient for carbon dioxide, 

H
3 

, which are dependent upon the total ionic strength of the absorbing 

solution, change slowly with time and corrected values must be used in 

each point calculation of the rate. 

The use of the oxygen probe transient desorption response 

model, Eq. (2.83), is predicated on the assumption that the amount of 

gas absorbed is small compared to the total gas input rate. This assump .. 

tion would be invalidated if pure carbon dioxide were. to be used in the 

* near-fast reaction regime since both c 3 and a (at high agitation rate) 

would be relatively large in Eq. (2.101). The degree of bubble shrinkage 

can be minimized by using a dilute carbon dioxide sparge gas, but the 

degree of carbon dioxide absorption must still be restricted in order 

that the exit gas contain an experimentally-measurable concentration 

of carbon dioxide. Therefore, the use of this concurrent method requires 

that the absorption-with-reaction proceed at a rate somewhat less than 

that which would occur in the fast-reaction regime with a sparge gas of 
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appreciable carbon dioxide concentration. Experimentally, the sparge 

gas used was 0.10 mole fraction carbon dioxide in nitrogen, and the bulk 

solution hydroxide ion concentration was less than 0.1M. 

b) Absorption-with-Reaction Model 

The applicable absorption model is that for pseudo-first order 

reaction--criterion of Eq. (2.97)--in an absorption-with-reaction regime 

intermediate between the diffusional and fast-reaction regimes, namely 

Eq. (2 .100), which for carbon dioxide can be written as 

(2.116) 

where a
3 

is the specific interfacial area effective for the transfer of 

carbon dioxide which is denoted by subscript 3. 

The use of Eq. (2.116) to determine a 3 requires separate 

knowledge of the value of kL
3 

. From the concurrent desorption of 

oxygen, denoted by subscript 4, a value of KL4a 4 ·is obtained. Assum­

ing that the penetration or the random surface renewal models describe. 

the process of desorption or absorption over the entire range of bubble 

sizes, for identical interfacial hydrodynamic conditions, i.e., identical 

rates of surface renewal for both the desoprtion and the absorption-with­

reaction processes, it follows from Eq. (2.91) that 

(2 .117) 

If we further assume that the effective interfacial area for 

physical mass transfer of oxygen is the same as that for. the absorption-

with- reaction of carbon dioxide' then 
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a
3 

= a
4 

= a . (2.118) 

In the case of mass transfer with chemical reaction, the 

effective specific interfacial area, a
3 

, depends not only upon the average 

bubble size and the liquid-phase hydrodynamics, but also upon the reaction 

time, that is the time required for the reaction to proceed to a consider­

able extent ( 74). In the fast-reaction regime, the volumetric absorption 

rate per unit surface area can be independent of the rate of surface 

renewal or the age of the surface element; absorption into the surface 

element will continue until all the liquid-phase reactive component has 

been completely consumed and the liquid surface element reaches a state 

of physical equilibrium (saturation) with the. gaseous component. There­

fore, an as-yet-unrenewed surface element can be effective for mass 

transfer for a considerably longer period than it would be if there were 

no reaction within it. 

In the case of physical absorption without reaction, unrenewed 

surface elementS of large age contribute little to the overall mass transfer 

rate, and the effective interfacial area may be much less than the total 

area existent. Such indeed can be the case in packed-tower absorbers 

where stagnant liquid zones can exist at the ends of packing elements, 

Q~t P1 th~ ca.~~ of highly-agjtated stirreci ta~s, wh~re the average bubble 

diameter is much greater than the scale of the small turbulent-liquid 

eddies, stagnant liquid surface elements are very much less likely, and 

the assumption of Eq. (2.118) appears to be reasonable. 
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Substituting Eqs. (2 ,if 7) and (2. if 8) into Eo. (2 .116), rear rang-

ing, and solving for the specific interfacial area, and using the sparingly-

soluble gas approximatit>n that kL 4 :::: KL 4 ' we obtain 

1/2 
a = (2.119) 

The liquid volumetric rate of carbon dioxide absorption-with-

reaction, 
r 

RV
3 

, is obtained from gas-phase analyses. The exit gas 

rate, a
2 

, can be related to the inlet rate, 0 1 , by a nitrbgen material 

balance, which leads to 

(2.120) 

where· y 
1 

and y
2 

are the mole fracUons of carbon dioxide in the inlet 

and outlet gas streams, respectively. 

Writing a molar material balance for steady-state carbon 

dioxide absorption-with-reaction, and substituting Eq. (2 .120) therein, 

the result is 

(2.121) 

where the numerical constant 1 .69(1 0 - 8) incorporates the conversion 

factor 23.7 (10
3

) cm3 of gas at 60°F, 1 atm/gmole gas, and the liquid 

3 volume of 2500 em . In Eq. (2.121), the y's denote mole fractions of 

carbon dioxide. 

Equation (2.119) is applicable to the case of a well-mixed 

dispersed gas phase; that is; we have assumed that the interfacial 

concentration of dissolved carbon dioxide is in physical equilibrium 
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with the outlet gas stream carbon dioxide partial pressure, the equilibrium 

following Henry's law, Eq. (2.45). 

From the concurrent but separate evaluation of KL 4a and a , 

the liquid-phase mass transfer coefficient for oxygen is calculated follow­

ing Eq. (2.115), namely 

(2.122) 
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III. EXPERIMENTAL 

1. Apparatus 

A schematic flow diagram of the entire system is given on Fig. 

( 3 .1). 

a) Stirred-Tank Absorber-Reactor 

The stirred-tank absorber-reactor used in this study consisted 

of a 1-ft length of 6-in. i. d. "Pyrex" pipe, to which were attached by 

flanges top and bottom stainless steel cover plates, as shown on Fig. 

(3 .2). · Feed and effluent gas and liquid streams were admitted to or with­

drawn from the tank through fittings in the head plates, which also held 

the impeller shaft bearing housing and the ancillary measuring devices 

such as the oxygen probe, pH electrodes, and thermowells. The internals 

of the tank were constructed to correspond to the recommended "standard" 

dimension ratios ( 75). Four equally-spaced vertical baffles one-tenth of 

the tank i. d. in width constructed from 11-gauge 316-stainless plate were 

joined at their tops (above the liquid level) by means of a rigid supporting 

ring; the bottoms, which were not interconnected, rested on the bottom 

head plate. Rotation of the baffle assembly wa~ prevented by small retain­

ing pins attached to the bottom head plate on botn sides of two of the 

baffle strips. The single impeller was a stainless steel, 6-blade, turbine 

type 2 I.nches in diameter, thereby having an impeller-to-tank diameter 

ratio of one-third. The impeller was mounted on a t/2-in. diameter 

stainless steel shaft such that the impeller radial centre line was one 

impeller diamete1 above the tank bottom. 
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flow through an electric heating tape wound around the outside of the 

lower half of the vessel. The entire exterior of the tank, excepting a 

1-in. wide observation strip at the midsection, was insulated. The 

tank contained a cooling coil constructed of 1/4-in. o. d. stainless tubing 

would in a spiral coil and mounted flat on the bottom head plate. Water 

entered and left the coil through fittings in the bottom plate; flow 

regulation was done manually. 

b) Ancillary Equipment 

The gas supply to the tank was metered through a rotameter, 

which was calibrated against a wet-test meter. Gas was heated to 30°C 

and at the same time humidified by passing it through a 2-in. i. d. X 2-ft 

long "Pyrex" pipe column packed with stainless steel wool and half filled 

with water. Temperature control of the heat-humidifier was only manual, 

being effected by regulating the electric current through a heating tape, 

but was quite invariant even when the system was disturbed by changes 

in the ambient temperature or gas flow rate due to the fact that the stain­

less wool packing, in addition to its gas-dispersion function, acted as 

a heat sink. The gas was then passed through a glass wool.filter, flowed 

to the inlet gas piping manifold, and was admitted to the tank through a 

1/8-in. diameter bevelled orifice fitting located in the bottom head plate 

direCtly under the impeller axial centre line. The efflue11t gas left the 

tank through an open port in the top head; therefore, reactor head space 

pressure was local atmospheric in,all :tuns. 

In the CFST absorption experiments, the liquid feed stream 

was supplied from a 35-litre, stainless steel tank which was pressurized 
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to a constant pressure. The tank was equipped with an impeller agitator,. 

internal perforated pipe gas sparger, and heating coil. The contents of 

the tank were held at 30°C by a second proportional temperature controller 

acting on an immersion heater. Liquid flow rate was regulated manually 

by means of a needle valve. The liquid feed flowed through a chamber 

containing an oxygen probe before entering the stirred tank from the top 

through a 1/2-in. diameter downpipe which terminated 2 in. below the 

liquid level near the wall adjacent to one of the baffles. The liquid 

effluent left the tank from the bottom by gravity flow through a non­

syphoning loop (thereby holding the liquid volume in the tank constant) 

and was directed to a collection vessel. 

In the carbon dioxide absorption-with-reaction experiments, 

the hydroxide ion concentration of the liquid phase was kept at the initial 

concentration± 0.02 pH Wlits by the addition of small amounts of con­

centrated potassium hydroxide solution supplied from a pressurized 

tank (same tank as described previously). The addition of hydroxide 

was regulated by a pH controller. Steam-sterilizable pH glass and 

reference electrodes in stainless steel immersion holders were mounted 

in the tank through the top head plate. The electrodes were connected 

to a pH indicator-controller meter with an expanded recorder output 

scale. The pH was recorded on a 0 to 10 mV recorder with ze:ro point· 

set at pH 12.0, and full-scale corresponding to pH 14.0. Control mode 

was on-off, acting on a solenoid valve.mounted in the concentrated 

potassium hydroxide solution feed line. The liquid effluent was handled 

in the same manner as in the aforementioned CFST experiments. 
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2. Absorber-Reactor Operating Characteristics 

a) Power Number (Np) 

Rushton, Costich, and Everett (76) described the unaerated 

mixing power characteristics of various types of impellers in baffled 

tanks according to the variation of a dimensionless group denoted the 

Power number. The Power number is the ratio of the external to the 

internal forces acting upon the liquid: 

(3.1) 

The Power number is usually correlated with the modified 

Reynolds number for the particular impeller, defined as 

(3.2) 

As shown in Fig. (3.3), the apparatus behaved in accordance 

with Eq. (3 .1) in that the impeller rotational speed was found to be 

proportional to the cube root of the mixing power. 

Over the range of agitation rates in the turbulent region 

(NRe > 10
4

) where gas bubbl~ inclusion due to backmixing from the 

vapour space did not occur, the experimentally-determined Power 

number was nearlyconstant, as shown in Table (3.1). The average 

value of Np was 3.2, which is on the lower side of the range of values 

previously reported for turbine-type impellers. Rushton et al. ( 76) 

found Np = 6 .0, while Bates, Fondy, .and Corpstein ( 77) reported values 

of Np ranging from 3 to 5. 
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100.0 

I 0.0 

1.0~--------~--------~----------~~ 
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P0 1 V l. ( tt -I b, /min- ft 3 ) 

XBL714-3227 

Fig .. 3. 3. Effect of Impeller Rotational Spped on Unaerated 
Mixing Power per Unit Volume in Water~ 



Table 3.1. Mixing' power characteristics of fermentation apparatus measured in water. 

Nf:te Power number Impeller 2 No-load (a) Unaerated (b) NDI PL Unaerated · Pg rotational torque torque power/unit voL c 
speed(N) 1.1 r.r 5 

rpm X 10-4 oz. -in. _9z. -in. ft-lb£/min-£t
3 PL DI 

--
200 ·1.07 0.4 0.9 37 ·t 16 

300 1.60 0.5 1.4 100 5.53 

400 2.14 0.65 2.2 230 ·3.22 

500 2.67 0.75 3.2 454 3.26 

600 3.21 0.80 4.3 778 3~23 

700 3. 74 0.9 5.5 1190 3.11 I 
~ 

0 
800 4.28 1.0 7.0 1780 3.12 ~ 

I 

900 (c) 4.81 1.0 8.7 2570 3.16 

1000 5.35 1.1 10.7 3540 3.17 

1100 5.88 1.2 12.7 4680 3.15 

1200(d) 6.41 1.2 14.7 6010 3.12 

1300 6.95 1.3 16.6 7370 3.01 

1400 7.48 1.35 18.6 8950 2.93 

:1500 8.02 1.4 20.9 10830 2.88 

1600(e) 8.55. 1.45 22.5 12490 ·2.73 

·-·------·-
(a) Measured in air. 
(b) Liquid volume 2.51itres. 
(c) Incipient bubble inclusion (drawn in from vapor space). 
(d) Start of uniform bubble holdup in liquid. 
(e) Limit of torque meter range . 

.. ------- ;-~-~-------- -- ---- ---~--------- ----- ------------- -~-------------------- ----·---.--- ------------.. _ 
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b) Aeration Number (NA) 

When an agitated liquid is subjected to aeration from sparged 

gas bubbles, the power drawn by the motor at constant rpm decreases. 

The decrease in power is not due merely to the resultant decrease in 

the overall fluid density caused by bubble dispersion in the liquid, being 

greater than the decrease predicted from density considerations only 

from Eq. (3.1) substituting Pn for pL. In practice, the ratio of aerated 

to unaerated power, PG/P
0

, ranges from 0.3 to 1.0, depending upon 

the relative agitation and aeration rates.· 

Empirically, Ohyama and Endoh (15) found that the power ratio 

could be correlated with a dimensionless group denoted the Aeratieln 

number, NA , which is propbrtional to the ratio of the superficial gas 

velocity with respect to the impeller cross-sectional area to the tip 

velocity of the impeller, 

(3.3) 

The functional dependency of P G/P 0 on NA depends upon 

the type of impeller. The specific dependency for the impeller used in 

this work is shown on Fig. (3.4) for water, the experimental data being 

given in Appendix III. i. 

c) Backmixing from the Vapour Space 

Backmixing is defined here as the phenomenon of bubble in-

elusion into the agitated liquid from the absorber vapour space, resulting 

from the wave~like motion and localized small-scale vortexing of the 

free liquid surface~ Such backmixing can conceivably increase the gas 
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fractional hold-up (especially at low spa:rging rates where the maximum 

possible rpm-dep'endent distribution of dispersed bubbles has not been 

reached) and/or reduce the mass transfer rate by the recirculation of 

gas which may already be in physical equilibrium with the liquid. 

One should, however, distinguish between two limiting cases 

of backmixing, namely: 

i) backmixing in the absence of concurrent gas sparging into the 

liquid (which has been the type most commonly investigated) 

ii) backmixing with concurrent gas sparging. 

Whenever the distribution of dispersed, sparged gas is uniform 

over the entire absorber cross section, the effective degree of backmix~ 

ing should be reduced over that experienced in the non-sparged case. 

As far as the mass transfer capability is concerned, sparged bubbles 

arriving at the free liquid surface prior to break-up serve as a stripping 

ag€mt for material returned to the liquid phase by the process of 

backmixing. 

Backmixing characteristics were investigated with concurrent 

gas sparging in this work. Nitrogen was sparged into the tank at a 

volumetric rate QN . A 4-in. diameter turbine-type impeller was 

installed in the gaseous head space about 2 in. above the maximum free 

liquid surface level expected. Air, at a rate QA , was admitted to the 

head space just below the additional impeller. Assuming perfect mixing 

in the head space between the dispersed gas leaving the free liquid 

surface and the added air stream, when the liquid and the dispersed 

nitrogen are in equilibrium, and when Q A = QN , then the mole fraction 
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of oxygen in the head space gas is one-half its value in air, i.e., 0.105 

mole fraction. This mole fraction will produce an oxygen probe external 

voltage E , which can be measured by sparging both the nitrogen 
max 

and the air streams together. 

The volumetric rate of backmixing is denoted Oy . When 

· only nitrogen is sparged with air admitted only to the head space, any 

reading on the oxygen probe voltage rec~rder must then be due solely 

, to the oxygen content of Oy being transferred into the liquid by 

backmixing. 

Assuming that the total dispersed gas hold-up consists of 

sparged gas and backmixed gas in direct proportion to their volumetric 

rates QN and Oy , the fractional hold-up due to backmixing, fBM , 
\ . 

can be defined a·s 

(3 .4) 

The mole fraction of oxygen in the dispersed gas of assumed 

composition distribution then simply becomes 

(3.5) 

An oxygen probe external voltage, EL , is produced in direct 

proportion to y 4D when steady-state is attained. The oxygen partial 

pressure corresponding to EL for a probe with a linear partial pressure -

voltage characteristiC is then 

(3 .6) 
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Combining Eqs. (3.5) and (3.6) at one atmosphere total pressure, 

fBM hl!given by 

(3. 7) 

Experimental results for the backmixing effect on mass transfer 

of oxygen in water and 0.125M sodium sulphate solution are shown on 

Figs. (3 .5) and (3 .6), respectively. In both cases, fBM is relatively 

high at low rpm, decreases to a minimum, and then increases again at 

agitation rates greater than about 1600 rpm. Fractional backmixing with 

gas sparging decreases as the sparging rate increases at constant rpm. 

At low rpm (less than 400 to 500 rpm). the sparged gas is 

not uniformly distributed, rising in large bubbles in a small zone imme­

diately adjacent to the impeller shaft. A large area of the relatively­

quiescent free surface is not contacted by this stripping gas, permitting 

a relatively high mass transfer rate of oxygen from the head space gas 

mixture into the liquid. At high rpm (greater than 1500 to 1 700 rpm), 

the free liquid surface is very turbulent with lcicalize.d surface vortexing 

readily visible, affording a mechanism for increased backmixing. 

Over the range of agitation rates used in this work ( 700 to 

2200 rpm), backmixing into the sparged liquid appears to be negligibly 

small at the three higher sparging rates, i.e., fBM is less than. 

2 percent . 

Using air to strip sulphur dioxide from aqueous solutions, 

CaJderbank (9), over a range of tank sizes, found that backmixing under 

some conditions retarded the desorption process. He gives an empirical 
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criterion involving impeller rotational speed,· impeller diameter, and 

gas superficial velocity by which the onset of significant backmixing can 

be predicted. For the stirred tank used in this work, the criterion 

predicts negligible backm.ixing below 1800 rpm, with which the experi­

mental results are in general agreement. 

3. Operating Methods 

a) Steady-State or Pseudo-Steady State Absorption 

i) CFST Absorption Without Reaction 

The stirred-tank absorber was filled with 2.5 litres of the 

test solution, the desired impeller rpm established, and sparging with 

nitrogen begun at a rate equal to that .of the air rate to be eventually 

used. Air was metered, heated and humidified, and filtered in the 

manner previously described and then initially vented to the atmosphere 

at the gas inlet manifold through a three-way valve. 

The pressurized liquid feed tank contained deoxygenated test 

solution (achieved by stripping with sparged nitrogen). Liquid feed to 

the absorber was begun at a constant flow rate; the feed was passed 

through an oxygen probe chamber located upstream of the absorber 

in which the oxygen tension of the feed was measured by oxygen probe 

calib;rated against the probe mounted in the absorber. The oxygen 

tension in the liquid feed was usually zero, or an extremely low value, 

depending upon the time period of nitrogen stripping in the feed tank. 

The effluent liquid from the absorber was collected and, at the con­

clusion of the run, the total weight collected was determined. Knowing 

the density of the test solution, the volume of feed· supplied over the 
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known time interval, and hence the dilution rate was calculated. The 

effluent from each run was returned to the. feed tank, where it was 

reheated and deoxygenated for reuse. 

Immediately after the start of the liquid feed, air was switched 

into and nitrogen switched out of the inlet gas manifold. After a short 

transient period, the oxygen tension in the absorber liquid, and hence 

the absorber probe reading reached their steady-state values, which, 

of course, were less than the saturation value possible with respect to 

air, the magnitude of the difference being a function of both KL
4

a and 

the dilution rate, :5, as shown by Eq. (2.35) or Eq. (2.36)- Several 

runs were made holding the impeller rotational speed and the gas sparging 

rate constant, but varying the dilution rate; the results showed that the 

dilution rate E se had no effect upon the experimentally-determined 

value of KL 4a . 

The steady- state bulk solution oxygen tension was recorded 

continuously on a 15 in. /hr chart speed recorder. After at least a 5-

minute steady-state period, the liquid feed was stopped while agitation 

and aeration of the then batch liquid volume was continued in order to de~ 

termine the probe reading at the final equilibrium dissolved oxygen ten-

sion with respect to the inlet air. 

ii) Absorption of Oxygen with Chemical Reaction: Sulphite 
Oxidation in SBST 

In all runs, reagent grade sodium sulphite was used at an initial 

concentration of 0 .5M ( 1.0N with respect to the reaction stoichiometry). 

The reaction was catalysed with cupric ion, 4(10-
3

)M, oqtained from 
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reagent grade cupric sulphate. This is the same system as used by 

Cooper, Fernstrom, and Miller (11). 

The experiments were terminated before the concentration of 

sulphite ion reached 0 .iN; at sulphite concentration above about 0 .02N, · 

the reaction rate is independent of sulphite ion concentration ( 78). 

At suitable time interval's, liquid samples were taken for 

sulphite ion concentration analysis, and vapour space samples taken 

for oxygen content determination. 
r 

KL 4a was determined by the pro-

cedure discussed in Section III. 4(b). 

b) Unsteady-State Oxygen Transfer Without Chemical Reaction 

The test solution of 2.5 litres volume was stirred at the 

desired rpm; nitrogen (oxygen absorption) or air (oxygen desorption) 

was initially sparged at the desired gas volumetric flow rate. Air 

(absorption) or nitrogen (desorption) was directed through the metering-

heating-humidifying-filtering circuit, and was then vented to atmosphere 

at the inlet gas manifold. 

When the oxygen probe readings indicated that the solution had 

reached its equilibrium deoxygenated state for the case of absorption, 

or oxygen saturated with respect to air for the case of desorption, the 

probe output was switched to the high ... speed chart recorder (30 in. /min 

chart speed, 0.25 sec full-scale response time). Then, the step change 

in sparge gas type was made at the inlet manifold. The transient increase 

or decrease in the probe external millivoltage was recorded continuously 

until about 90 percent of the total change had occurred. The chart drive 

was then stopped to conserve paper, but the measuring function of the 
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instrument was kept operative in order to note the final probe reading 

when the solution reached its oxygen saturated state for the case of 

absorption or the fully-deoxygenated state for the case of desorption. 

The three-way valves at the inlet gas manifold were then 

switched to their original positions, the rpm changed to another value, 

and the procedure repeated. 

c) Concurrent Oxygen Desorption and Carbon Dioxide Absorption­
with-Reaction 

Initially, the test solution containing 0.01 to 0.10M potassium 

hydroxide was at a fully-oxygenated state, achieved by sparging caustic-

scrubbed air (to remove atmospheric carbon dioxide). The dilute 

carbon dioxide -nitrogen mixture (0.10 mole fraction C0
2

) was metered, 

heated, humidified, filtered, and then vented to atmosphere at the inlet 

gas manifold. 

In the runs made by using 0.11M Na
2
so4 + KOH- K

2
co3 or 

0.135M KCl + KOH - K
2
co

3
, it was essential that the initial total ionic 

rT , be as uniform as possible. Since the reaction product, K
2
co

3
, 

contributes appreciably to r T , and since it is produced at an unpre­

dictable rate (a priori), it was necessary to adjust its initial concen-

tration before beginning the run. This was done by intermittently 

switching the co
2

-bearing gas into the absorber-reactor for brief 

periods until liquid-phase analysis for hydroxyl and carbonate ion con-

centrations gave the desired rT to within 10 percent .. 

To start the run, the gas streams were switched at the ·inlet 

manifold; the transient response of the oxygen probe was recorded as 

I 
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previously described. Samples of the reactor liquid and vapour-space 

gas (the latter from 1 in. above the surface of the dispersion) were 

taken a suitable intervals for analysis; at least three sets of such samples 

were taken per run. 

The pH controller admitted deoxygenated concentrated KOH 

(about 1M)at a rate of about 15 to 20 nil/min. The resulting small 

flow of liquid effluent was withdrawn through the non~syphoning loop, 

maintaining a constant volume within the tank. 

Although the recorded pH was constant to within± 0.02 pH units, 

liquid analysis showed that in all runs the .concentration of hydroxide ion 

decreased slowly with time. The insensitivity of the pH electrodes was 

presumably due to the inherent difficulty in accurately measuring pH's 

greater than 11 with general-purpose glass electrodes, and to the fact 

that the response of the glass electrode is influenced by large concen­

trations of other ions in solutions of high alkalinity ( 79). 

In the experimental system used here, the concentration of 

carbonate ion produced by the reaction increased with time as the dilu­

tion rate was too small to achieve carbonate ion steady-state. The 

increase in ·carbonate ion conc~ntration, however,· did not significantly 

affect rT during the transient oxygen desorption period, as this com­

prised only the first :10 to 20 percent of the total run time. The con­

tinuous decrease in hydroxide ion concentration, however, did result 

·in a slight increase in the sampled gas carbon dioxide content; amounting 

to about a 10 percent increase. As neither the gaseous. or the liquid 

phase concentration were truely invariant, the mode of operation is de­

noted as pseudo- steady state. 
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d) Measurement of .Qispersed Gas Fractional Holdup 

The volume fraction of gas in the dispersion, HG , was 

determined manometrically from the decrease in differential hydro-

static pressure between two pressure tap points resulting from the 

gassing of the clear liquid. The pressure differential was measured 

by a manometer inclined i5" from the horizontal, using hexadecane 

(S. G. =0. 775) as the manometer fluid. 

The two pressure taps were part of a probe which was mounted 

vertical.ly in the vessel through the top head. The two taps were con-

structed from sections of i/4-in. o. d. stainless tubing mounted imme-

diately adjacent to one another. The .open ends of the taps were 4-5/8 in. 

apart, the lower tap end being positioned i in. above tank bottom. The 

vertical axis of the probe was located 4-1/2 in. from the tank centre 

line. A small bleed stream of nitrogen was passed through each manom-

eter leg (about 10 bubbles/min discharge). 

The hydrostatic pressure difference in lbf/ft
2 

between two 

taps L' feet apart in the gas -free liquid is 

and in the gas - liquid dispersion is given by 

·.results in 

D.PD = L 'p g/g D c 

Writing a .mass balance over the dispersion volume V D 

(3.8) 

(3.9) 
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(3.10) 

But, since pL >> pG , Eq. (3.10) can be simplified to 

(3.11) 

The difference in manometer. reading between the gas -free 

liquid case and the gas - liquid dispersion, .6PF , is given by 

.6P 
F .6PL,- .6PD (3.12) 

The linear differential displacement in inches of the manometer 

fluid for a manometer inclined Tl degrees to the horizontal is 

(3.13) 

Combining Eqs. (3.8), (3.9), (3.11), (3.12), and (3.13) and 

solving for the dispersed gas volume fraction, we obtain 

( 3 .14) 

Although Eq. (3.14) is written to incorporate only the hydro-

static pressure effect, in practice the manometer also detects a time­

averaged dynamiC pressure difference proportional to .6(uL2 /g ) . c 

resulting from differences in the fluctuating .turbulent fluid velocities 

at the manometer probe openings, one of which is closer to the impeller 
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than the other. Tests on the apparatus showed that in a non-gassed 

liquid, the manometer 6.JC F increased with increasing rpm just as it 

would with increasing rpm in a gas-liquid dispersion wherein the gas 

holdup increases. Therefore, the .6JCF data must be adjusted for the 

effect of dynamic pressure differences before HG can be determined 

from Eq. (3.14). For a turbulent fluid in a stirred-tank absorber, no 

theoretical means of determining this correction factor is, as yet, 

known. Empirically, the dynamic ~ in gas-free liquid was measured 

and correlated with the square of the impeller rotational speed. Aiba (80) 

has shown that the fluid tangential velocity at any point in a stirred tank 

is proportional to the impeller tip speed,· ND
1 

. The correction was 

found to be linear in N2 from 500 to 1600 rpm; values of the dynamic 

AJ<T are given in Appendix III. 2. 

All fraction gas holdup values reported were calculated according 

to 

( 3.15) 

where (AJCF)total is the linear displacement of the manometer fluid in 

the agitated gas -liquid dispersion (includes the effects of both gas holdup 

and fluid dynami<;: pressure). and (AJ<F) dyn. is the linear displacement 

of. the manometer fluid due to only the dynamic pressure effect in the 

unsparged liquid at the same rpm . 

. Equation (3.15) assumes that the dynamic pressure difference 

at any rpm between the manometer taps is the same in the gas - liquid 
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dispersion as in the gas-free liquid. This assumption introduces an 

element of uncertainty into the results of the measurements. 

Some previous investigators also measured gas holdup by 

manometric techniques, for example Calderbank (10) and Yoshida and 

Miura (72). No mention of the dynarriic pressure contribution to AJeF 

was made in these works, but it is difficult to see how their manometers 

were free from this source of interference.· 

e) Gas Bubble Average Diameter ( ~-) 

For the relatively small bubbles produced by the fluid shearing 

forces in the agitated electrolyte solutions, the bubble shape was assumed 

to be spherical. For such bubbles it can be shown that (10) 

(3.16) 

Since the average diameter of the bubbles is calculated from 

measured values of the fractional gasholdup, HG , it is subject to the 

same degre_e of uncertainty discussed in the preceding section. 

4. Analytical Measurements 

a) Oxygen Tension 

The oxygen tension of the liquid solutions was measured by 

steam-sterilizable dissolved oxygen probes of the galvanometric type 

discussed by Johnson, Borkowski, and Engblom (50)~ which were ob-

tained from J. Borkowski. These probes use a lead anode, a silver 

cathode, and have an acetate buffer electrolyte; the membrane material 

is Teflon, 0.002 in. thick (before attaching to the probe). As described 

by Johnson ~tal. (50), the probes were found to have a very low residual 
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current (the current which flows in the absence of oxygen) of about 0.1 

percent of the current generated in atmospheric air. 

During operation, the electrodes were interconnected externally 

through a known resistance; resistance values of 500, 1000, 1100, and 

1500 ohms could be selected by a rotary switch. .The probe current 

through the resistor gave rise to a potential drop in the external circuit 

which was measured on either one of two 0 to 10 mV recorders. 

The probe tip was located in the sti:rred tank 2 in. above the 

impeller radial centre line and 4-1/2 in. from the tank centre line. 

As recommended by the supplier, the probes were autoclaved 

( 121 oc, · 1 hr) while short-circuited as a conditioning step before use. 

They were calibrated in pure water saturated at 30°C and 1.0 atmosphere 

total pressure with various oxygen-nitrogen mixtures of known composi-

tion. The external potential drop across the resistor(s) was found to be 

linearly proportional to the solution oxygen tension over the range zero 

to 0.21 atm. 

i) Membrane Oxygen Permeability ( KM ) 

The membrane's permeability to oxygen, defined by Eq. (2.51), 

was measured in steady-state by the application of Eq. (2.52), using air-

saturated distilled water at 30°C. 

2 
For a measured membrane area of 0.203 em normal to the 

direction of oxygen flux, and using the nominal thickness of 0.00508 em, 

the permeability was found to be 2.17(10-12) gmole o
2
/cm-sec-atm. 

For similar material at the same temperature, Aiba et al. (57) obtained 

-12 I a KM of 1.80(10 ) gmole 0
2 

em-sec-atm. 
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The permeability of the membrane decreases as the probe 

ages. A decline of about 5 percent was observed over one 6-month 

period. 

ii) Membrane Effective Diffusivity ( DM) 

The effective oxygen diffusivity was measured shortly after 

first commissioning the probe by using the step change in oxygen tension 

procedure given by Aiba et al. (57). In this procedure, an arithmetic 

plot of Et versus t is made. For the case of a step change from a 

deoxygenated to a completely oxygenated (with respect to air) aqueous 

phase, the area under the curve is defined as 

where t
00 

is the time following the step change at which Et reaches its 

final value of E 
00 

• qt is obtained by graphical integration, and the 

effective diffusivity can then be calculated from 

Step changes in both directions were made in duplicate, the 

change in probe external m.illivoltage being measured on the high""speed 

chart recorder. An example of one set of data is given ih Appendix III. 4. 

The results of all four determinations agreed to within 10 percent, 

giving an average value of the effective diffusivity of 1.68(10-
7

) cm
2
/sec, 

in general agreement with previously reported values (57). 
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The particular probe tested had a first time constant (1/e) of 

9. 70 sec, with a 90 percent response time of 48 sec. 

b) Sulphite Oxidation 

i) Exit Gas Concentration 

As the reactor was vented to the atmosphere through open 

ports in the top head plate, a flow of exit gas confined in a pipe and having 

sufficient linear velocity to ensure that transport through an oxygen 

probe membrane was the controlling resistance was not available. A 

velocity criterion has been given by Aiba and Huang (81). Therefore, 

the oxygen partial pressure of the gas leaving the dispersion, p 4 , 2 • 

was determined by Or sat analysis. The partial pressure so determined 

was in excellent agreement with the value calculated from a gas phase 

material balance, using the experimentally-determined absorption rate 

(see Appendix IV. 12). 

ii) Sulphite Ion Concentration 

The sulphite ion concentration was determined by standard 

iodometric techniques (82). 2-ml samples of the aqueous phase were 

taken from the dispersion with a hypodermic syringe and transferred to 

a sealed serum bottle containing an excess (40 ml) of 0.100N iodine 

reagent under a nitrogen atmosphere wherein part of the iodine was 

reduced according to the reaction 

= + -so4 + 2H + 2I . = 

The unreacted iodine was back-titrated with 0.1 OON sodium 

thiosulphate, using a starch indicator: 
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Finally, the sulphite ion concentration was calculated as 

gmoleso
3
=/litre = 1.0- 0.025(ml 0.100N Thio. added). 

Sulphite concentrations were plotted versus time, giving a 

straight line as long as the concentration of sulphite was greater than 

O.OSM. ·The value of ~[so3 -]/~twas determined fiom the slope. 

The stoichiometry of the reaction of sulphite with oxygen, 

Eq. (2.37), leads to 

(3 .1 7) 

We assume that the unmeasurable Henry's law coefficient for 

oxygen in the. reactive sodium sulphite solution is the same as in non-

reactive sodium sulphate of identical concentration. It is commonly 

assumed that the reaction proceeds with sufficient velocity such that 

c 4B = 0. Using the well.,-mixed dispersed-gas assumption in addition 

to the foregoing, Eq. (3 .17) may be solved for K~4a 
the numeriCal value of H

50 
= , the result is 

4 

I 

. r 
KL4a (0.184/p4 • 2H~[ so3 = ]/6t. 

Incorporating 

(3.18) 

wherein [so
3
-] is expressed as molarity, the other symbols having 

the normal units used throughout this work. 
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c) Carbon Dioxide Absorption-with-Reaction 

i) Gas Phase Analysis 

The carbon dioxide content of the gaseous streams was 

determined chromatographically, using thermal conductivity detection. 

The column used was 80/~00 mesh Poropak Q in a 1/8-in. 

o. d. X 6-ft long stainless steel tube. The carrier gas was helium 

(Grade A). 

The chromatograph operating conditions were: column 

temperature, 35°C; detector temperature, 42°C; carrier gas flow rate, 

30 ml/min .. Component elution order was air /nitrogen, carbon dioxide, 

and, finally' water vapour. 

The chromatograph was equipped with a disc integrator. 

Carbon dioxide - nitrogen mixtures of known composition were used 

as calibration standards. The peak area - concentration relationship 

was linear over the range of interest (0.0001 to 0.10 mole fraction car­

bon dioxide) 

ii) Liquid Phase Analaysis 

Approximately 12 ml of sample was taken with a hypodermic 

syringe and transferred to a sealed serum bottle. 5 ml were later 

pipetted from the bottle into a beaker containing carbon-dioxide -free 

distilled water. The resulting solution was then titrated with standard 

HCl using a pH meter to endpoints of 8.30 and 3. 70 pH, the former 

corresponding to neutralization of all the hydroxide plus one -half the 

carbonate, and the latter corresponding to complete neutralization of 

both species. The titrations were done in duplicate,· the average result 

being used in the subsequent calculations. 
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The sodium sulphate and potassium chloride contents of the 

0.11M Na
2
so4 +KOH-K

2
co

3 
and the 0.135M KCl + KOH-K

2
co3 solutions 

studied consumed 0.18 and 0.10 m1 of 0.1183N HCl, respectively, in the 

pH range 3.7 to 8.3 ; These blanks were subtracted from the gross 

volume of acid titre in this range. The gross volume varied from about 

3 m1 to 7 ml over the runs. 

Denoting T 1 as the volume of 0.1183N HCl titrated to pH 

8.3, and T
2 

as the n~t total volume of acid titrated to pH 3. 7, the 

species molarities are calculated according to 

Molarity KOH =. 0.02366(2T i - T 
2

), 

Molarity K
2
co

3 
= 0.02366(Tz- T 1). 

·Equations (3.19) and (3.20) are simply derived from the 

stoichiometry of the two;.'step neutralization. 

5. Evaluation of Physical and Chemical Constants 

a) Henry's Law 'Coefficient (H) 

(3.19) 

(3 .20) 

Oxygen and carbon dioxide solubilities at the gas -liquid inter­

face for the electrolyte solutions were calculated from their solubilities 

in pure water at 30°C (83), using the method of van Krevelen and 

Hoftijzer (84), by which the solubility of gases in a solution of a single 

electrolyte can be predicted to within 10 percent. For the mixed elec­

trolyt~ solutions, the method was modified incorporating the mixing rule 

suggested by Danckwerts and Sharma ( 64), the accuracy of which has not 

been experimentally evaluated. For absorption withreaction in the 
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fast or near-fast reaction regime, Eq. (2.101) shows that a 10 percent 

error on Hkj results in the same error in the calculated value of a . 

b) Molecular Diffusivities ( DLk ) 

The aqueous phase dissolved gas diffusivities were estimated 

from the data of Ratcliff and Holdcroft for carbon dioxide (85), and the 

Wilke-Chang correlation (86). For oxygen, the reference diffusivity 

-5 2 . 
was taken as 2.41(10 ) em /sec at zsoc (87). 

c) C0
2 

- OH- Reaction Velocity Constant ( k
2 

The second-order reaction velocity constant for the reaction 

described by Eq. (2.107) is dependent upon the species of hydroxyl base, 

the species of non-reactive electrolyte( s) present, and upon the solution 

ionic strength, r T . The interaction of these parameters .and its effect 

upon the magnitude of k 2 has not been fully evaluated to date, but a 

reasonable estimate of the value of k
2 

can be obtained by interpolation 

of the data of Pinsent£ al. (111) and Nijsing.£1 al. (70). 

For the reaction of co
2 

with potassium hydroxide in the 

test solutions, the value of k 2 was calculated from 

6 
k

2 
= 12.4(10 ) exp (0.392 r T) , 

where r T is the total ionic strength defined as 

rT. = 1/2 2 z.
2c. , 

. J J 
J 

(3.21) 

(3.22) 

where z. is the charge on the ionic species, and C. is the concentra-
J J 

tion expressed as g-ion/litre. 
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For the highest ionic strength solution examined, namely 

0 .11M Na
2
so 

4 
+ KOH - K

2
co

3 
having an average r T of 0.418 g-ion/ 

litre, Eq. (3 .21) shows that k
2 

has a value 17.8 percent greater than 

at infinite dilution. For the calculation of a from Eq. (2.119), a 20 · 

percent error in the estimated value of k
2 

would result in a 10 percent 

error in a . 

6. Range of Parameters Investigated 

a) Solution Types and Ionic Strengths 

For oxygen transfer from air, the physical absorption charac-

teristics of the following aqueous solutions were studied: (1) 0.125, 

0.250, 0.375, and 0.500M sodium sulphate with 4(10-
3

)M cupric sulphate; 

(ii) an electrolyte solution used by Champagant (3) as a sourc-e of basal 

mineral salts in the production of biomass from hydrocarbon substrate, 

designated here as Medium A-1 and consisting of 1.6 g K
2
HP0

4
, 0.48 

g MgS0
4 

· 7H
2
0, 4.6 g NH4Cl, 0.02 g NaCl (and 0.03 g Hgi

2 
-- a biocide 

to prevent microbial growth in the solution) per litre of distilled water; 

(iii) 0.11 and 0.2 2M KCl, and (iv) distilled water. Pertinent physico-

chemical properties of these solutions are given in Appendix III. 3. Ionic 

strengths ranged from zero to 1. 516 g-ion/litre. 

The mass transfer of oxygen from air with che~ical reaction 

was studied with the sulphite oxidation system used by Cooper, 

Fernstrom, and Miller (H). Initial sulphite ion concentration was 

0.50M, and the reaction was catalysed by cupric ion, 4(10-
3

)M. 



-129-

The behaviour ()f KL4a , kL4 , and a evaluated by the 

concurrent oxygen desorption, carbon dioxide absorption-with-reaction 

technique were studied in (i) KOH + K
2
co

3 
, average rT = 0.0965; 

(ii) 0.135M KCl + KOH-K
2
C03' average rT = 0.221. and (iii) 0.11M 

Na2so4 + KOH-K2co
3

• average rT = 0.418. The latter two solutions 

have approximately the same ioniC strengths as their counterparts studied 

solely for oxygen transfer from air, namely 0.22M KCl and 0.125M 
·. -3 

Na
2
so4 + 4(10 )M CuS0

4 

b) Agitation - Aeration Parameters 

The operating parameters were varied over the following 

ranges: impeller rotational speed, 400 to 2200 rpm; power input to 

the dispersion per unit volume of clear liquid, 40 to 22,400 ft-lbf/min-ft
3

, 
3 . 

0.0012 to 0.68 hp/ft or 0.16 to 90.8 hp/1000gal.; inlet gas rate 0,5 to 

2.0 VVM or superficial gas velocity 0.00375 to 0.0150 ft/sec. 
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IV. RESULTS OF EXPERIMENTS 

1. Overall Volumetric Mass Transfer Coefficient for Oxygen Without 
Chemical Reaction (KL4a) 

a) Distilled Water (rT = 0;00 g-ion/litre) 

Once -distilled water was obtained from the in-house distri-

bution system. The interfacial tension with respect to air was measured 

by the DuNouy ring tensiometer method and was found to have a value 

of 71.9 dynes/em at 25°C, in close agreement with the reported value 

of Vi. 97 dynes/ em (83). 

The value of KL
4

a at a given agitation - aeration rate was 

determined solely by the SBST, unsteady-state procedure. For the most 

part, oxygen from air was transiently absorbed; some desorption runs 

were made and the results of these agreed well with absorption mea-

surerrients at the same agitation-aeration condition. It was not possible 

to use the CFST, steady-state method of evaluating KL4a in distilled 

water Since the aqueous feed stream picked up sufficient surface -active 

trace contaminants from the feed tank and/or tubing such that repro-

ducible results could not be obtained. 

KL4a results for distilled water are correlated with agitation 

power input per unit liquid volume of the dispersion (PG/V L) on Fig. 

(4.1), the value of KL4a being computed from the LSQVMT computer 

fitting programme. The data are tabulated in Appendix IV. 1. P G/V L 

has been expressed in units of ft-lbf/min-ft
3 

on all graphical correlations 

to facilitate comparison with previous work, e. g. (11). 

.. 
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Fig. 4. 1. Overall Volumetric Mass Transfer Coefficient for 
Oxygen in Water. 
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Figure (4. f) shows that the KL4 a - (P G/V L)n relationship is 

linear over the power input range studied. From cross plots of the data 

obtained at different aeration rates, KL4 a was found to correlate linearly 

with superficial gas velocity expressed as (v s>m. Further, there appears 

to be no effect of v S on the value of n. 

KL
4

a is plotted against the impeller rotational speed, N , 

on Fig (4.2). Unlike the correlation with PG/V L , the KL 4a versus N 

behaviour is not constant over the entire range of agitation rate, and, 

when correlated in this manner, v
5 

has a pronounced effect on the slope 

of the lines at values of N greater than 1200, 

By linear least-squares fitting of the data, for distilled water 

KL 4a varies according to 

( 4.1) 

The fractional gas holdup at a superficial gas velocity of 

0.0150 ft/sec was measured manometrically and calculated from Eq. 

(3 .1 5). As a check on the manometriC method (which incorporates a 

correction factor for dynamic pressure effects), the initially ungassed 

tank was completely filled with water (initial volume 5180 cm
3

); upon 

sparging the tank, the gas holdup displaced an equivalent amount of 

water through an opening in the top head plate, the displaced water being 

collected in a graduated cylinder. The results of the manometric and 

displacement measurements are compared in Appendix IV.2. The holdup 

values computed from the liquid displacements are generally less than 

the values calculated from the manometric measurements. Visually, it 

was noted that the holdup was not uniformly distributed over the height 
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Fig. 4. 2. Overall Volumetric Mass Transfer Coefficient for 
Oxygen in Water. 
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of the tank, being greater in the bottom half (impeller region) where the 

manometer probe was located than in the top half; thus, it is reasonable 

to expect that' the displacement method which measures an average holdup 

in the total tank contents will result in lower holdup values than the 

manometer method which, in this case, reflected the greater holdup in 

the bottom region of the tank. 

The values of H0 determined from the manometer readings 

correlate well with (PG/V L)G.4, in agreement with the results of Calderbank 

( 1 0) in tanks of identical geometric ratios. 

b) 0.10M KCl (r T = 0 .. 10 g-ion/litre) 

KL
4

a behaviour in 0.10M reagent-grade KCl in distilled water 

was determined at two aeration rates by using the CFST, steady-state 

method whereby KL4a is cal~uh.ted from Eq.· (2.35) in conjunction with 

Eq. (2.56). The experimental parameters are tabulated in Appendix IV .3; 

KL4a correlated well with P G/V L , as shown on Fig. ( 4. 3). 

. . n 
In this solution, the KL4a - (P G/V L) dependency is also 

linear over the range of power input investigated, n in this case having 

a value of 0.63. Having investigated the effect of aeration rate at only· 

two different rates, it is tentatively concluded that m is 0.62 in this 

system, such that overal the. KL
4

a behaviour may be described by 

(K ) o:: (PG/VL)O. 6'3(vS)O. 62. 
L4a O.~KCl (4.2) 

· Plots of KL
4

a versus N for this system are non-linear. 

The value of KL4a when correlated with N depends upon v 
5 

, but, 'in 
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addition, the value of vS affects the shape of the KL 4a - N relationship 
,. 

at values of N greater than 1200 rpm. 

The aeration rate has a greater effect upon KL 4a in this 

solution than in any of the others which were tested in this study; the 

value of the vS exponent m being 0.62 in some 50 percent greater 

than its value in other solutions or in water. The reason for this 

anomaly is not known. 

c) Medium A-1 (P T = O.f36 g-ion/litre) 

i) CFST, Steady-State Measurement 

The KL4a a behaviour of this basal mineral salt medium was 

determined over the entire range of aeration rates used in this study. 

The experimental data are t~bulated in Appendix IV. 4, while 

the correlation with PG/V L is shown on Fig. (4.4). Except at the 

extreme upper end of the power input range, the correlation is linear in 

n . . m· 
(P G/VL) ; KL4a 1s dependent upon (v S) throughout, such that 

for values of (PG/VL)
0

·
71

(vs>
0

·
43 

less than 60.3. 

KL 4a for this mixed electrolyte solution did not correlate 

well with impeller rotational speed, as shown on Fig. (4.5). The behav-

iour ·at each aeration rate exhibits a greater degree of non-linearity as 

compared to the P G/V L correlation. Again, the exact nature of the 

dependency of KL4a upon N is, in turn, dependent upon the particular 

value of vS , whereas when co~related with PG/VL , the value of the 

agitation exponent n is independent of the value of v S . 
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Fig. 4. 5. Overall Volumetric Mass Transfer Coefficient for 
Oxygen in Medium A-1: Steady-State Measurements. 
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ii) SBST, Unsteady-State Measurement 

The validity of the transient absorption model, Eq. (2. 75), 

was tested at each of the four aeration rates over the entire agitation 

power range. KL4a values computed from the LSQVMT computer 

programme best-fit value of !3 are tabulated in Appendix IV. 5. The 

transiently-determined KL 4a's are compared to the st~ady-state 

results on Fig. ( 4.6). 

On Fig. (4.6), the lines represent the KL4a dependencies 

upon PG/V L as determined by the CFST, steady-state method (Fig. 

4.4), while the points are the KL
4

a values determined from the unsteady­

state procedure. The agreement is quite good, regardless of the sim-

plifying assumptions applied in the development of the transient model, 

except at the lower end of the power range where the impeller rotational 

speed is less than 1000 rpm. At these low rpm's, it is likely that the 

dispersed gas phase is not well-mixed, particularly in eleCtrolyte solu-

tiona where the bubble coalescence required for gas mixing is hindered 

(see further discussion in Section V.). As expected, the deviation between 

the steady-state and the unsteady-state results is greater the smaller the 

aeration rate where the transient model assumptions r-.ar~ the gas-

phase behaviour are less valid. 

d) 0.22M KCl (r T = 0.22 g-ion/litre) 

In this system, KL4a was determined by the CFST, steady­

state method at two values of the aeration rate. The data are tabulated 

in Appendix IV. 6, and the KL 4a correlation with P G/V L is shown on 

Fig. ( 4. 7). Here again the general linearity of KL4a with (P G/V L)n 
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is clearly evident, as is the dependency of KL4a upon vS . The value 

of the aeration exponent · m is not precisely defined since only two 

aeration rates were investigated. However, for the range of parameters 

investigated with this solution, 

(4.4) 

As in the previous systems, the KL4 a correlation with N 

is non-linear over the entire range of impeller rotational speed. In 

the region 600 ~ N ~ 1400, KL4a is directly proportional to N 

However, at higher agitation rates, KL4a increases non-linearly with 

increasing N , the slope of the curve becoming increasingly positive. 

e) Sodium Sulphate - 0.004M Cupric Sulphate Solutions 

The KL
4

a behaviour of sodium sulphate solutions was in­

vestigated since they are a physical absorption without chemical reaction 

analog of the sulphite oxidation system. A range of sulphate concentra­

tions was tested, namely: 0.125, 0.250, 0.375, and 0.500M sodium 

sulphate, each of which contained 0.004M cupric sulphate (the sulphite 

oxidation catalyst). The total ionic strength of the solutions ranged 

from 0.391 to 1.516 g-ion/litre. 

In a separate series of screening experiments, it was deter­

mined that the value of KL4a at a fixed agitation-aeration rate condition 

was dependent upon the concentration of electrolyte in the solution when 

t!le sodium sulphate concentration was less than about O.iM. The results 

of one such investigation are shown on Fig. ( 4.8); It was concluded that 

the value of KL
4

a reached an upper limit which was independent of the 



-143-

-c: 
Q) ·-() .... .... 
Q) Agitation 800 RPM 0 
() 

Aeration 2.5 litre/min .... 1.8 Q) .... 
en 
c: 
0 .... - .... 

1.6 ' en ' en \ 
0 • E 
u 
.... 1.4 -Q) 

E 
::J 
0 

1.2 > 

0 .... 
Q) 

4 ( 10-3 ) M Cupric sulphate 
> 
0 

1.0 Q) 
> -c 0 Q) 0.50 1.0 0.05 0.10 

0:: 0.25 0.75 
Sodium sulphate ( gmol/litre) 

XBL6912-6370 

Fig. 4. 8. Effect.of Sodium Sulphate Concentration on KL
4

a. 



-144-

electrolyte concentration when the latter exceeded 0.1M. Therefore, 

the majority of the experimental determination of KL4a were made in 

0.125M Na
2
so4 - 0.004M CuS0

4 
solution, with the behaviour of the 

three other sulphate concentrationsolutions being studied less intensively. 

i) CFST, Steady-State Measurements with 0.125M Na2so 4 - 0.004M CuS0
4 

· 

Experimental results for this system are tabulated in 

Appendix IV. 7. 

The correlation of KL 4a with PG/VL is given on Fig. (4.9). 

The correlation is linear with respect to (PG/V L)n in the mid-po~er 

range, and exhibits non-linearities at both the low and high ends of the 

power range. 

At agitation power inputs greater than 7000 ft~lbf/min-ft 3 , 

the behaviour exhibited on Fig. (4.9) indicates that there is little or 

no effect of vS upon KL4a . if vS is greater than or equal to 

0.0075 ft/sec. 

For power inputs in the range of linear KL4a versus (PG/V L)n 

behaviour 

(KL4a)0.125M S04= - 0. 725(10-3)(PG/V L)0.90(vS)0.39 (4.5) 

I )0.90 )0.39 
for values of (PG V L (vs less than 238. 

Unlike the other solutions tested (excepting 0.22M KCl), 

when KL
4

a for 0.125M sulphate is correlated with impeller rotational 

speed, the correlation does not appear to be affected by the aeration 

rate, as shown on Fig. ( 4. 10). The correlation of Fig. (4.10) is linear 

over a large part of the agitation rate range (a larger part of the range 

.. 
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than in the case of 0.22 M KCl). 

ii) SBST, Unsteady-State Measurement 

All four concentrations of sulphate solution--0.125M, 0.250M, 

0.375M, 0.500M, each with 0.004M cupric sulphate--were studied by 

using the transient absorption technique. The computer-calculated re-

sults for the four solutions are tabulated in Appendices IV. 8, IV. 9, 

IV.10, and IV. H. 

The transiently-determined values of KL
4

a are compared 

to the steady-state correlations on Figs. (4.11), (4.12), (4.13), and 

(4.14). As found for Medium A-1 (Fig. 4.6), the agreement at each 

value of the aeration rate appears to be reasonably good, except at the 

low end of the power input range where perfect gas mixing in the dis-

persian is riot assured. From Figs. (4.11) to (4.14), inclusively, it is 

evident that the value of KL4a at a given agitation - aeration rate is 

independent of the sulphate concentration over the range 0.125 to 0.500M, 

in agreement with the results of the preliminary screening tests 

(Fig~ 4.8). 

2. Overall Volumetric Mass Transfer Coefficient for Oxygen with 
Chemical Reaction (K[

4
a) 

K~4a results for the absorption with chemical reaction of oxygen 

from air in the 0.50M sulphite oxidation system are tabuiated in Appendix 

IV. 12. 

The correlation of K~4a with PG/VL is shown on Fig. (4.15). 

The behaviour of K~4a is analogous to that of KL 4a in sodium sulphate 

(Fig. 4.9) in that the elopes of the lines in the linear regions are identical 

(n = 0.90 in both cases), the aeration rate dependency is almost identical 

(m-= 0.38 for sulphite, 0.39 for sulphate), and there is a similar deviation 
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from linearity at the high end of the agitation power range. However, 

at .the same agitation power and rate of aeration, K{4 a in the sulphite 

solution is greater than KL4a in sulphate solution by a factor of 2. i. 

In the sulphite oxidation system, for the stirred tank used in this 

study, the K~4a dependency upon the agitation and.aeration parameters 

is given by 

( 4.6) 

for values of (PG/VL)
0

·90(v
8

)
0

·
38 

less than 412. 

Correlation of K~4a with impeller rotational speed resulted in 

linear relationships for values of N greater than 1000 rpm, as shown 

on Fig. (4.16). However, the K~4a- N relationship is not independent 

of the aeration rate at low values of v
8

, but appears to become indepen­

dent of v
8 

when the superficial velocity reaches 0.01125 ft/sec or greater. 

3. Comparison of Oxygen Overall Volumetric Mass Transfer Coefficients 

A comparison of the KL 4a and K~4a dependencies upon P G/V L 

for some of the solutions tested at superficial gas velocities of 0.003 75 

and 0.0150 ft/sec is given on Figs. (4.17) and (4.18), respectively. 

At all aeration rates the KL 4a values for purely physical absorp­

tion of oxygen in the non-reactive electrolyte solutions examined are 

appreciably greater than KL 4a values in distilled water and are less 

than K~4a values obtained by the sulphite oxidation method. The 

differences are most pronounced at values of PG/V L greater than 

5000 ft-lbf/min-ft
3

. 
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At low aeration rates, but at relatively high power input, as shown 

on Fig. (4.17), KL
4

a values in electrolyte solutions appear to be some­

what greater, the greater the concentration of the electrolyte. Little, 

or no dependency upon the electrolyte concentration is evident at power 

inputs less than 1000 ft-lbf/min-ft
3

. 

At higher aeration rates, as shown on Fig. (4.18), the difference 

between the KL
4

a 's of the different concentration electrolyte solutions 

is much reduced. KL
4

a values in 0.1M Medium A-1 and 0.129M sodium 

sulphate - cupric sulphate are almost identical to within experimental 

error at a power input greater than 10,000 ft-lbf/min-ft
3

, whereas at 

the lower aeration rate of Fig. (4.17), the difference is about three times 

the maximum estimated experimental error for the CFST, steady-

state. method. 

The effect of solution composition and ionic strength upon the 

agitation exponent n and the aeration exponent m is summarized on 

Table 4.1. The aeration exponent m, in general, varies only slightly 

with solution composition and ionic strength; except for 0.10M KCl, 

0.35 ~ m ~ 0.43. In 0.10M KCl, m was found to have a significantly 

anomalous value of 0.62. However, the data suggest that there is a 

general trend of increasing m with increasing ionic strength in the 

range 0 ~. r T ~ 0.40, as shown on Fig. (4.19). 

On the other hand, Table 4.1 shows that there is a consistent trend 

of increas_ing value of the agitation exponent n with increasing solution 

ionic strength regardless of its chemical composition. As shown on 

Fig. ( 4.19), n correlates with total ionic strength, increasing uniformly 
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Table 4.1. Variation ofAgitation and Aeration Exponents with Solution 
Composition. 

Total 
electrolyte 

rT concentration 
(gmole/ (g-ion/ 

. Solution litre) litre) n m 

Na2so3 .+ CuSO (a) 
4 

0.504 1.516 0.90 0.38 

Na SO + CuSO (a)· 
2 4 4 

0.504 1.516 0.90 0.39 

0.379 1.141 0.90 0.39 

0.254 0. 766 0.90 0.39 

O.HM Na
2
so

4 
+ KOH-K

2
co

3 
0.4f8(b) (d) (c) 

Na2SO 4 + CuSO 4 
(a) 

0.129 0.391 0.90 0.39 

0.135M KCl + KOH-K
2
co3 

0.221(b) 0.70 (c) 

KCl 0.220 0.220 0.71 0.36 

Medium A-1 0.100 0.136 0.71 0.43 

KCl 0.100 0.100 0.63. 0.62 

KOH-K
2
co3 

0.0965(b) 0.55 (c) 

Distilled Water 0.000 0.000 0.40 0.35 

(a)4(10- 3) M CuS0
4

. 

(b)Average of all runs. 

( c)Not determined. 

(d)0.90 at P G/V L < 2000; 0.60 at PG/V L > 3000 . 

. ,,, i 
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Volume and Superficial Gas Velocity Exponents. 
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in the range 0 ~. f'T ~ 0.4, and reaches a limiting value of 0.90 for 

all ·rT > 0.4. 

The relationship between n and r T is analagous to the type of 

surface adsorption behaviour described by a Langmuir adsorption 

isotherm (88). The variation of n with ionic strength, as illustrated 

on Fig. ( 4.1.9), is given by 

( 4. 7) 

4. Concurrent Oxygen Desorption, Carbon Dioxide Absorption-with-Reaction 

Experimental tests of this concurrent absorption - desorption 

technique could only be made at the highest gas sparging rate possible 

to measure on the rotameter, i.e., at a superficial gas velocity of 0.0150 

ft/sec. At the three lower sparging rates used before in the KL4a or 

K~4a , determinations, the degree of carbon dioxide absorption from the 

dilute inlet gas was too great, particularly at high agitation rates, 

resulting in the exit gas carbon dioxide mole fraction becoming too 

small for accurate chromatographic analysis. Therefore, values of the 

"aeration" exponent m were not determined for the solutions investigated. 

a). KOH.- K
2
co

3 
Solution (Average rT = 0.0965 g-ion/litre) 

The method .was first tested experimentally in dilute solutions 

of potassium hydroxide and potassium carbonate, the latter being 

produced by the reaction with carbon dioxide. The transiently-determined 

values of KL
4

a are tabulated in Appendix IV. 13(A), while concurrently­

measures values of a , · HG , and the calculated values of kL4 , and 

db are tabulated in Appendix IV. 1 3(B). 
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Figure ( 4.20), shows data points and correlating lines for 

KL4a , a , and kL4 as functions of P G/V L . Individual kL4 points 

were calculated from the corresponding paired values of KL4a and a , 

by Eq. (2.122). The line representing the overall average behaviour 

of kL4 was computed from the least-squares fitted lines for KL 4a 

and a . The result clearly show that for mass transfer of oxygen with­

out reaction the individual parameters kL
4 

and a have distinctly 

different dependencies upon the agitation power per unit volume. There 

is a definite trend of decreasing kL4 with increasing P G/V L in the 

electrolyte solution, such that over most of the power range 

(4.8) 

The decrease in kL4 with increasing PG/V L accompanies 

a decrease in average bubble diameter from 0.23 to 0.034 em, as shown 

on Fig. (4.21). The correlating line for ~ was calculated from the 

lines for a and HG , while the individual ~ data points are calculated 

from paired values of a and HG , using Eq. (3.16). 

b) 0.135M KCl+ KOH- K
2
co3 (Average r T = 0.221 g-ion/litre) 

In order to determine the kL 4 behaviour in non-reactive 

0.22M KCl solution, a reactive (with respect to carbon dioxide) analog 

solution was prepared by reducing the concentration of KCl to 0.135M 

and adjusting the initial KOH and K
2 
co

3 
concentrations such. that, on the 

average, the initial ionic strength o£ the reactive solution was 0.221 

g-ion/litre as compared to 0.22 g-ion/litre for unreactive 0.22M KCl. 

This consistency of ionic strength ensured that KL4a differences 
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between the non-reactive and the reactive (with carbon dioxide) KCl 

solutions would be slight; significantly different KL4~ dependencies 

upon P G/V L can result from small changes in the ionic strength in 

the vicinity of 0.22 g-ion/litre, as illustrated on Fig. (4.19). 

KL4a values determined from the transient desoprtion model, 

Eq. (2.83), are tabulated in Appendix IV.14(A). Concurrently measured 

values of a and HG and calculated values of kL4 and db are listed 

in Appendix IV .14( B) . 

The KL4a correlation with PG/V L shown on Fig. (4.22) for 

this reactive solution is in close agreement with the KL4a correlation 

for 0.22M KCl determined from steady-state experiments and given 

previously on Fig. (4. 7). The transiently-determined values are some-

what greater at the low end of the power range--the same phenomenon 

as noted before on Fig. (4.6) and Figs. (4.11) to (4.14), inclusive--arid 

slightly lower at the high end. 

The kL
4 

data points and correlating line on Fig. (4.22) were 

determined in the same manner <lS for Fig. (4.20) discussed previously. 

Here, too, it is evident that the liquid phase coefficient for oxygen mass 

transfer without reaction. decreases in value with increasing P G/V L 

The rate of decrease in kL
4 

does not appear to be uniform over the 

entire power range investigated; the · kL
4 

data points on Fig. ( 4.22) 

suggest tha:t there may be a plateau-like region in the range 

2 500 ~ P G/V L ~ 8000 over which kL4 is independent of P G/V L 

The average bubble qiameter decreases concurrently with kL 4 

as shown on Fig. (4.23), going from 0.142 to 0.023 em. Individual data 
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points and the correlating line representing the overall behaviour of 

db were located by the procedure discussed in reference to Fig. (4.21). 

At the minimum bubble diameter of 0.023 em, the correspond­

ing kL4 is 0.0103 em/sec. This value of kL4 is about seven times 

greater than that for a stagnant sphere of the same diameter surrounded 

by an infinite fluid (Sherwood number of 2 .0). 

c) 0.11M Na
2

SO + KOH - K
2
co

3 
(Average r T = 0.418 g-ion/litre) 

This solution is a carbon dioxide reactive analog of 0.125M 

Na2so4 - 0.004M CuS04 (r T = 0.391). The transiently-determined KL4a 

values are listed in Appendix IV. 15(A), with corresponding values of 

kL 4 , a , HG , and db given in Appendix IV. 15(B). 

The KL4a results are shown on Fig. (4.24) and are in general 

agreement with the behaviour of 0.129M Na
2
so4 - CuS04 solution at this 

superficial gas velocity of 0.0150 ft/sec, as shown on Fig. (4.9). Both 

correlations have a straight-line portion of slope 0.90 in the region 

600 ~ P G/VL ~ 2500, with decreasing slope as the agitation power is 

increased above this level; for the reactive (with carbon dioxide) sulphate 
. 3 

solution, n has a value of 0.60 for PG/V L > 3000 ft-lbf/min-ft . 

The individual KL4a data points for the reactive o~HM Na
2
so4 + KOH 

- K 2co3 solution agree well with the KL 4a correlation for the non­

reactive O.f29M Na2so
4

- CuS04 solution; suggesting that the addition 

of a relatively small concentration ofKOH and K
2
co

3 
to achieve carbon 

dioxide reaction in an otherwise non-reactive solution has an insignificant 

effect on the oxygen mass transfer capability, as long as the total ionic 

strength is unchanged. 
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The iPAividu.al kL4 data points and the average behaviour 

correlating line on Fig. ( 4.Z4) were lGcated in the 15ame manner as for 

Fig. (4.20). In this solution, kL
4 

remains nearly constant as PG/V L 

increases f~om 400 to 1000 ft-lbf/min-ft
3

, and then markedly decreases 

with increasing PG/V L in an apparently uniform manner. For 

PG/V L > 1500, kL 4 varies as 

(4.9) 

1The average bubble diameter behaviour parallels that of kL4 ' 

as shown on Fig. (4. 25 ). The specific interfacial area in the 0.11 M 

Na
2
so

4 
+. KOH ... K

2
Co

3 
(average r T = 0.418 ), is only about 10 percent 

greater than that in 0.135 MKCl + KOH - K
2
co3 (average r T = 0.221), re~ 

fleeting ·ltha.· fact that there is little difference in the absolute values of KL4 

at this highest gas sparging rate as shown on Fig. (4.18). 
• c - ' ~ ·~' ,. 

d) Effect of Varying Ionic Strength on Results 

As previously discussed, the concurrent oxygen desorption, 

carbon dioxide chemical absorption technique as applied here results in 

a pseudo- steady state process wherein the carbonate ion concentration 

and, hence, the ionic strength increases with time. The percentage 

increase in r T during a particular run depends upon the rate of carbon 

r dioxide absorption-with-reaction, the rate of addition of concentrated 

KOH for pH control (which depends on the molarity of this feed stream), 

and upon the ionic strength contribution of any non-reactive salts present. 

The increase in r T is greatest in the KOH- K
2
co

3 
solution 

as these two components are the only electrolytes present which contri-

bute ionic strength. Each mole of carbonate produced from the 

"~' .•. 
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stoichiometric amount of hydroxide in.c:reases the ionic strength contri-

bution of that amount of solute by 50 percent, considering Eq. (3.22) in 

conjunction with Eq. (2.114). On the other hand, in O.HM Na
2
so

4 

+ KOH - K 2co3 for example, the greatest .contribution to r T comes 

from the sodium sulphate, and the conversion of hydroxide to carbonate 

has much less effect on the time variance in ionic strength. 

The increase in carbonate ion concentration during a run can 
. . 

be calculated from a material balance differential equation, which upon 

integration results in 

(4.10) 

where D in this case is the dilution rate with respect to the feed of 

concentrated KOH added on pH control, 
r 

Ry
3 

is the volumetric rate of 

chemical absorption of carbon dioxide, and the concentrations are ex-

pressed as gmole/litre . 

. Equation (4.10) shows that· the rate of increase in r T is most 

pronounced in the initial time portion of a run. Decreasing the, concert-

tration of KOH in the pH-control feed stream would result in a decrease 

in D at a given R~3 , thereby reducing the rate of increase in r T . 

However, if D becomes a significant quantity, the oxygen desorption 

process can then no longer be considered to be a semi-batch one, and 

Eq. (2.83) would not be applicable, a more-complicated model being 

required to describe the process. 

In practice, oxygen desorption data for the evaluation of KL 4a 

where taken over a 50 t'o 90 second time period following the step change 
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in inlet gas composition, the actual time interval depending upon the .rate 

of oxyge~ desorption. Carbon dioxide absorption;..with-reaction instan­

taneous point data for the evaluation of a were taken after an elapsed 

run time of 3 to 6 minutes, the actual sampling time interval varying . 

with the r~te of carbon dioxide chemical' absorption, smaller time inter­

vals being used at the higher agitatio·n rates. 

Because of the transient increase in ionic strength, the physi-

cochemical properties of the aqueous phase at the time of KL 4a mea'-

surement and at the time of measuring a .were not strictly identical. 

As a , in general, increases with .increasing ionic strength, the values 

of kL
4 

computed from Eq. (2.122) which assumes constancy of a , 

are, therefore, possibly somewhat low. In the case of the KOH - K 2co
3 

solution, at high agitation· rates (high carbon dioxide· absorption-with­

reaction rates) the ionic strength typically increased about 30 percent 

over a 3 to 4 minute time interval (e. g., increasing from an initial 

value of, say, 0.08 to a final value of 0.105 g-ion/litre); at low agitation 

rates, the increase in r T ·over the same time period amounted to less 

than 10 percent. For the O.HM Na
2
so

4 
+ KOH - K

2
co3 solution, the 

increase in FT at high agitatioh rates was only about 12 to :15 percent 

in 3 to 4 minutes, and at the lower end of the agitation rate range was 

on the order of 3 to 5 percent. A definitive investigation of the effect of 

ionic strength on a ·was not done as part of this investigation. However, 

comparison of the area data on Figs. (4.20), (4.22), and (4.24) indicates 

that ·a increases about 20 to 30 percent with an increase in F T from 

0.09 to 0.40 g-ion/litre. Therefore, it is considered that the difference 
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between the value of a during the initial time period pertinent to oxygen 

desorption and the later-time measured ·a , and hence the error from 

. this source in the calculated value of kL
4 

for 0.135M KCl + KOH - K
2
co3 

and 0.11M Na
2
so

4 
+ KOH- K

2
co

3 
solutions, amounts to less than 5 

percent over the entire agitation range. 

A few CFSTR runs were made with KOH - K 2co3 solutions of 

average r T equal to 0.0886 in order to evaluate KL4a, a , and kL 4 

in steady-state. The results are compared to those obtained from tran­

sient oxygen desorption with pseudo-steady state carbon dioxide 

absorption-with reaction ruris in 0.0965 r T (average) KOH - K
2
co3 

at the same agitation rates in Table 4.2. 

· 5. Generalized Correlation for KL a 

Knowledge of the variation of the agitation power exponent (n) with 

solution ionic strength as given by Eq. ( 4. 7) and illustrated on Fig. (4.19) 

does not, by itself, enable KL4a to be predicted~ priori for a parti­

cular electrolyte solution which is agitated and aerated at prescribed 

rates. To predict the oxygen mass transfer capabilities under these 

circumstances, it is desirable to have a generalized empirical correla­

tion relating KL a to the agitation and sparging rates, as well as to the 

pertinent physicochenrlcal properties of the solution, namely, ionic 

strength, interfacial tension, viscosity, diffusion coefficient, and 

density. 

The aqueous -phase viscosity, density, and diffusivity and the inter­

facial tension of the various solutions investigated in this study for the 

most part did not differ from the corresponding values in water by more 
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Table 4.2. Concurrent Oxygen Desorption, Carbon Dioxide Absorption­
With-'Reaction: Comparison of Steady7State and Unsteady­
State/Pseudo-Steady State Methods 

Agitation rate K~4a (sec-.1) a (crri-1) k~4( em/sec) 
N (a (b) (a) (b) (a (b) 

900 0.0717 0.0820 3.14 3.10 0.0228 0.02 71 

1000 0.0907 0.0944 4. 75 5.23 0.0191 0.0180 

1300 0.167 0.164 11.6 10.5 0.0144 0.0156 

1600 0.248 0.253 18.1 19.0 0.0137 0.0133 

(a) CFST, steady-state method. 

(b) Unsteady-state o2 desorption, pseudo-steady state co
2 

absorption­
with-reaction. 

than 15 percent. Therefore, any effects upon KL4a or K~4a behaviour 

due to these physicochemical parameters cannot be meaningfully deter-

mined from the experimental results. The effect of these particular 

parameters upon KL
4

a must, therefore, be obtained from the results 

of others in systems wherein these properties were varied over a signi-

ficantly wide range of values. 

For non-electrolyte solutions or for pure liquids, combining the 

results ,of Calderbank for a (10) with his results for kL (9) or with 

the kL correlation of Calder bank and Moo- Young ( 16) obtained in stirred 

tanks having geometric ratios identical to those for the tank used in our 

work shows for "small" bubbles (db < 0.2 em) that 

kL a "' (pL)0.2(L>p)1/3(DL)2/<aJ0.60(~L)1/3, (4.11) 
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where .6.p is the density difference between the liquid and dispersed 

gas phases. 

Using the close approximation that .6.p :::; pL , Eq. (4.11) may be 

written as 

( 4.12) 

whereby the physical property factor € is defined. 

Westerterp ~ al. (12) introduced physical property factors into 

their correlation for K~4a in sodium sulphite. Experimentally, for 

pure carbon dioxide absorption-with-reaction in viscous sodium hydroxide 

solutions containing varying amounts of glycerol such that IJ.L was varied 

by one order of magnitude, they found that what they considered to be a 

(see discussion in Section V. 4) varied directly with viscosity. Using, in 

addition, the empirical result of Vermeulen et al. (101) which predicts 

that a varies inversely with a for gas dispersions in non-electrolytic 

liquids, and the theoretical considerations of Hinze ( 112) concerning the 

effects of a and pL upon a , Westerterp et al. correlated sulphite 

oxidation data obtained fu various size tanks on the basis of 

(4.13) 

r 
in which KL

4 
is unaffected by viscosity, density, and interfacial 

tension. However, as their sulphite soluitons were all of one fixed con-

centration, IJ.L , pL , and a were not, in fact, variables, and variation 

in the values of the data points reflected only variations in tank diameter 

(DT), impeller diameter (D
1
), and N . 
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Equation (4.13) is in general agreement with Eq. (4.12) as far as 

the effects of density and interfacial tension are concerned. However, 

the two equations are in disagreement with respect to the effect of vis-

cosity, Eq. (4.12) predicting that KL a decreases with increasing IJ. 

while Eq. (4.13) predicts the opposite behaviour.· 

The dependency of kL a upon IJ. , p , DL , and a determined 

from the works of Calderbarik (10) and Calderbank and Moo-Young (16), 

namely Eq. (4.12), was adopted for use in the development of the gen-

eralized correlation. Equation ( 4.12) has been experimentally tested 

over a wider range of values of these variables than has Eq. (4.13) based 

on the work of Westerterp.!! al. It is thereby assumed that the empirical 

or semi-empirical values of the exponents in Eq. (4.12), which were 

obtained by varying the physical properties of non-electrolyte solutions, 

are directly applicable to solutions of electrolytes. 

To develope a generalized correlation in a form useful for predict-
~· . . 

ing KL a or KL a values for other sparingly-soluble gases in addition . 

to oxygen, it was assumed that, in general, 

( 4.14) 

where € denotes either KL a or K~ a/<f> , and the proportionality 

constant X. is assumed to be a function of ionic strength. 

Ratcliff and Holdcroft (85) studied the effect of viscosityupon 

diffusivity, specifically in electrolyte solutions of the same general 

solute concentration range used here. Using carbon dioxide as the dif-

fusing solute at 25°C, the results of their study showed that 
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(4.15) 

where subscript W denotes the value in water. Diffusivities predicted 

from Eq. (4.15) agreed with their experimental measurements to within 

4 percent. Assuming that Eq. (4.15) also describes the variation of 

oxygen diffusivity with electrolyte solution viscosity, values of DL4 for 

the solutions tested in our work were calculated by using the reference 

Dw4 and experimentally-determined f.lw/1-LL data of Appendix III.3. 

Electrolyte solution viscosities relative to that of water at 30°C were 

measured by using an Ostwald capillary viscometer. 

Values of ~ for the systems which were studied the most 

intensively are shown on Table 4.3. The pertinent physical property 

data for these solutions are given in Appendix III.3. 

The original ~or relating equations for these systems--

Eqs. (4.1), (4.3), (4.4}, (4.5), and (4.6)--did not include the physical 

property factor £ as incorporated in the generalized correlation given 

by Eq. (4.14). The values of A. given in Table 4.3 were therefore 

calculated by dividing the proportionality constants of Eqs. (4. 1) and 

(4.3) to (4.6), inclusive, by the corresponding values of £. 

As shown on Fig. (4.26), }I. decreases uniformly with in-

creasing rT until a lower limiting value of 2.10 is reached at an ionic 

strength of 0.40 g-ion/litre (the same value of rT at whlch n reaches 

an upper limiting value as shown on Fig. 4.1 9). In the region 

0 ~ r T~ 0.40, the correlating line of Fig. (4. 26) follows a Langmuir 

adsorption type of behavior. The overall behavior of }I. with respect 

to rT is well described by 
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Table 4.3. Values of· ~ and X. (Eq. 4.14) for experimental 
Solutions. 

Aqueous phase ~X 10
4 

Water 3.51 

Medium A-1 3.49 

0.22M KCl 3.49 

0.125M Na
2
so 

4 
+ 0.004M CuS0

4 
3.46 

0.250M Na2so
4 

+ 0.004M CuS0
4 

3.45 

0.500M Na2so4 + 0.004M CuS04 I 3.08 

0.500M Na
2
so

3 
+ 0.004M CuS04 2.96 

>.. = 18.9- 28.7 r•j(0.276 + r•), 

o ~ r · ~ oAo , 
T 

r• = o.4o , rT > oAo . 

X. 

18. 9 

9.41 

6.21 

2.09 

2.16 

2.35 

2.45 

( 4.16) 

( 4.17) 

The generalized correlation in the form of Eq. (4~14) is shown 

on Fig. (4.27) for seven of the systems investigated. For sulphite oxi­

dation, the value of ·q, 
4 

defined as the ratio of K~4a in the sulphite 

solution to KL 4a in 0.125 to 0.500M Na
2
so

4 
+ 0.004M CuS04 solutions 

is 2.1, as obtained by dividing Eq. (4.6) by Eq. (4.5), neglecting the 

minor difference between the two aeration exponents. For the solutions 

used in conjunction with the concurrent measurement technique for 

separately evaluating kL
4 

and a , the value of the aeration exponent 

was not determined experimentally. For inclusion in the generalized 

correlation, the carbon-dioxide reactive solutions were assumed to have 

the same value of m as their corresponding non-reactive analogs. 
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Fig. 4.26. Variation of X. with Ionic Strength. 
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o Water 

o Medium A-1 
A O.I25M . Na2 S04 - 0.004 M Cu S04 

v 0.22M KCI 
· • o.50M Na2 S03-

0.004M Cu S~ 
• 0.135M KCI + KOH-K2C03 
• O.IIM No2 S04 + 

KOH-K2C03 · 

102 103 

[PG/VL]"( ft -I bf/min-ft3)" 
XBL714-3207 

Fig. 4.27. Generalized Correlation for Oxygen Mass Transfer 
Overall Volumetric Coefficients in Aerated and Agitated 
Aqueous Phases. 

~. 
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That is, the values of m in 0.135M KCl + KOH - K
2
co

3 
and 0.11M 

Na
2
so4 + KOH - K

2
co

3 
were taken as being 0.36 and 0.39, respectively. 

The linear portion of.the correlating line of Fig. (4.27) has a slope 

of unity in accordance with the prediction of Eq. ( 4.14). For values of 

the two correlating parameters varying by nearly three orders of magni-

tude, the vast majority of the data points agree with the correlating line 

to within 15 percent. The correlating line deviates from linearity at 

abcissa values greater than 2000. This deviation reflects the declining 

rate of increase in KL4a and K~4a with increasing P G/V L which 

was observed with both the 0.125M Na
2
so

4 
+ 0.004M CuS04 and sulphite 

' 3 
oxidation solutions at values of PG/V L greater than 6000 ft-lbf/min-ft , 

as shown on Figs. (4.9) and (4.15). 

Data points for KOH - K
2
co

3 
and O.iOM KCl solutions are not 

shown on Fig. ( 4.2 7) as they do not fit the correlation within 40 percent. 

The difficulty in minimizing the ionic strength increase in the KOH - K
2 
C03 

solution over a run may have resulted in the data points for this system 

not following the generalized correlation. O.iOM KCl solution exhibited 

an anomalous value of m as previously discussed, and in addition the 

values of KL 4a at given values of P G/V L and v
5 

are greater than 

would be anticipated with respect to the other solutions tested, assuming 

KL4a increases uniformly with increasing ionic strength at ionic 

strengths less than 0.40. 
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V. DISCUSSION OF RESULTS 

1. Oxygen Probe Transient Response Models and Computer Evaluation 
KL~ . 

The LSQVMT computer programme for the evaluation of f) which 

best fit the experimental data to the theoretical transient response behav-

iour of the dissolved oxygen probe--Eq. (2. 75) for absorption and Eq. 

(2.83) for desorption--resulted in values of KL4a which agreed well 

with the steady-state experimental values of KL 4a computed from Eq. 

(2.35), at the same agitation and aeration rates. The close agreement, 

except at values of P G/V L less than about 1000 ft-lbf/min-ft
3

, is 

illustrated on Fig. (4.6) and Figs. (4.H) to (4.14), inclusive. 

However, referring to Fig. (4;9) for 0.125M Na
2
so

4
- 0.004M 

CuSO 4 • it may be noted that there is not a great deal of difference between 

the values of KL4a obtained at a given agitation power input but with 

varying aeration rate. Even at power inputs greater than 1000 ft-lbf/ 

min-ft
3

, it is evident from Figs. (4.11) to (4.14), inclusive, that the 

degree of scatter of the transiently-determined KL4a points about the 

steady-state correlation lines is of the same magnitude as the spread in 

KL
4

a values at different aeration rates found on Fig. (4.9). At the 

relatively-high values of KL4a exhibited by the sulphate solutions 

wherein r T ~ 0.40 g-ion/litre, the oxygen probe transient response 

becomes less sensitive to differences in the aeration rate. Therefore, 

in solutions of high KL
4

a potential, it appears that the oxygen probe 

unsteady-state response method is inadequate for the precise determi-

nation of the effect of v
8 

upon KL 4a , i.e., it is not sufficiently sensi­

tive to the effect of v S such that the aeration exponent m may be 
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accurately evaluated. However, as the effect of v
5 

upon KL
4

a , 

although being measurable in steady-state, is small, tlw oxygen probe 

transient response technique of KL 4a measurement results in reason­

ably accurate values. of KL 4a. as long as the well-mixed disperse gas 

assumption is met in practice. The lower limit of applicability of the 

models appears to occur at a value of PG/V L in the vicinity of 1000 

ft-lbf/min-ft
3 

for electrolyte solutions and less than 300 ft-lbf/min-£t
3 

for distilled water. 

2. Overall Volumetric Mass Transfer Coefficient for Oxygen ( KL
4
a) 

a) Water 

Calderbank (9), for air dispersions in pure liquids including 

water, measured KL a at 15° C in stirred tanks having geometric ratios 

identical to the one used here; the power range investigated in his work 

was 330 ~ PG/V L ~ 3300. In a previous work, Calderbank (10) mea­

sured a by optical light scattering and found that a varied as 

(PG/V L)0.4(v
5

)0 ·5; combining the results for KL a and a , kL was 

found to be independent of the agitation power input for both "large 11 

(> 0.25 em. diameter) and 11 small'' (< 0.25 em. diameter) bubble size 

ranges, being dependent only on the component's liquid phase diffusivity. 

Hence, KL a also varied as (PG/V L)0.4(v
5

)
0

·5 . The results of the 

present study at 30°C over a wider range of agitation power are in agree-

ment with Calderbank 's power exponent, but the aeration exponent was 

found to have a smaller value (m = 0.35) as shown by Eq. (4.1). 

Calderbank. and Moo- Young (16) developed generalize<i correla-

tions for the agitation-rate independent behaviour of kL in dispersions, 
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. . 

the "large" and "small" bubble size ranges having different dependencies 

on the 'schmidt and Raleigh numbers. Small bubble kL was found to be 

less. than large bubble kL , as shown by Eqs. (5.5) and (5.6) in Section 

V. 7. Combining "large" bubble kL
4 

results ( 1 6) with the correlation 

for specific interfacial area (10) permits the. numerical evaluation of 

KL
4

a in air-water dispersions at 30°C. Using a diffusivity of 2.74(10- 5) 

cm2/sec for oxygen in water at 30oc, the generalized correlation of 

Ca1derbank and Moo -Young ( 16) predicts the value of kL4 to be 

0~0489 em/sec for "large" bubbles. The specific area correlation of 

. -1 
Calderbank (10) predicti!J values of a ranging from 0.329 to 0.82 em 

over the range 300 ~ PG/V L ~ 3000. The Calderbank:Calderbank­

Moo- Young combination of correlations results in 

(5.0) 

The proportionality constant in Eq. (5.0) is slightly more than double 

that of Eq. ( 4.1) which correlates the water KL 4a results of this 

present study. However, over the range 0.00375 ~ vS ~ 0.0150, 

values of (vs>
0

·
50 

in Eq. (5.0) are about one-half the values of (vS)
0

'
35 

in Eq. (4.1), the net effect being that values of KL4a computed from 

Eqs. (4.1) and (5.0) generally agree to within 10 percent at the same 

agitation and aeration rates. 

Using 12..,blade turbine impellers of n
1
/DT ratio of 0.40 in 

·tanks of various diameters, Yoshida et al. (14) measured KL 4a in. 

water at 20°C by using only the simplified "gassing-in" model of Eq. 

(2.16) to describe the overall transient phase behaviour. They found 
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that KL4a varied as (N
3
DT

2
)
0

'
67

(v
5

)
0

·
67 

for values of N
3
nT 2 greater 

than about 3(10
6

) ft
2 
/min

3
. They further found that the effect of tempera-

ture on KL4a in water to be negligible; values of KL 4a determined at 

20 and 40°C were reported to coincide over the entire range of agitation 

rates. 

b) Electrolyte Solutions 

Values of K a for the various electrolyte solutions were 
L4 

appreciably greater than KL4a values obtained in distilled water, the. 

magnitude of the difference increasing with increasing P G/V L As 

shown by Ffg. (4.17) and Fig. (4.18), at 10,000 ft-lbf/min-ft
3

, KL4a 

in non-reactive electrolyte solutions has a value on the order of 1200 

-1 -1 -1 
hr (0.3 sec ), while in pure water KL 4a is only about 200 hr 

(0.0556 sec-
1

), differing by a factor of about 6. In many cases the 

extent of microbial growth in mineral salts media utilizing dispersed 

n-alkane as the carbon and energy source substrate is limited by the 

oxygen supply capability of the stirred tank. Cell productivity estimates 

based on a KL4a correlation for pure water would, therefore, be 

erroneously low by a wide margin. 

The higher value of KL 4a in electrolyte solutions results in 

large values of the agitation power exponent n as the ionic strength of 

the solution increases to an upper limiting value, as shown on Fig. 

( 4.19). Although the density, viscosity, and interfacial surface tension 

of electrolyte solutions vary with both the nature and concentration of 

the solute, the values of these three physicochemical parameters differ 
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fr~m those of water by less than t 5 percent for the solutions tested 

(Apperidix III.J). 

The separate effects of variations in viscosity, density, and 

interfacial tension obtained from direct experimentation with electrolyte 

solutions have not been well defined in the literature. However, for 

pure liquids or non-electrolyte solutions, the works of Calderbank (9, 10) 

and Calderbank and Moo-Young (16) indicate that KL a for dispersed 

bubbles of average diameter less than O.Z em varies, as (pL)
0

·
533

(DL)Z/
3
/ 

a0 · 6(~L) 1 /3 , as given by Eqs. (5.10) and (5.11). It is not certain that 

the dependency of KL4a upon these parameters is the same in electrolyte 

solutions, b~t as a first approximation it appears that the increase in n 

shown on Fig. (4.19) cannot be attributed to these factors to any signifi-

cant degree. It is known that the addition of small quantities of solutes 

to water may appreciably decrease the bubble size, even though other 

physicochemical properties remain essentially constant (14,89). In the 

case of electrolyte solutions, this phenomenon has been attributed to 

electrical effects at the gas -liquid interface as discussed in Section V. 4; 

repulsive forces generated by the surface potentials hinder bubble 

coalescence, and the average equilibrium bubble size is therefore 

smaller. Visual observation indicated that upon addition of increasing 

amounts of ioniC solute, the average bubble diameter decreased and the 

dispersed gas fractional holdup increased. These observations are in 

qualitative agreament with the work of Calder bank ( 1 0), who measured 

the average bubble diameter of air dispersions in solutions of sodium 

chloride, sodium sulphate, and sodium phosphate. He found that when 
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the ionic strength exceeded 0.5 for sodium chloride, 0. 75 for sodium 

sulphate, and 0.6 g-ion/litre for sodium phosphate, the average bubble 

diameter reached a minimum limiting size which was about one -half the 

bubble diameter in pure water at the same agitation power input. 

Marrucci and Nicodemo (89) studied the effect of electrolyte 

concentration on nitrogen bubble diameters in a bubble column. They 

found that db decreased with increasing electrolyte concentration until 

a minimum value was reached at which point db was unaffected by 

further increases in electrolyte concentration; the minimum bubble 

diameter was 0.041 em, regardless of the nature of the electrolyte. 

The electrolyte concentration at which this lower ·~ limit was reached 

depended upon the chemical nature of the electrolyte used, ranging from 

O.OSM for AlC1
3
(r = 0.3), 0.28M for KCl (r = 0.28), to 0. 71M for KI 

(r = 0.71). 

In this present study, the agitation exponent n reaches an 

upper limiting value of 0.90 at an ionic strength of 0.40 g-ion/litre, 

as shown on Fig. (4.19) or by Eq. (4.7). Hence, the behaviour of n 

with r T for bubble swarms in stirred tanks is in general agreement 

with the values of r T at which the dispersed bubbles of Marrucci and 

Nicodemo reached a lower limiting value of db (corresponding to an 

upper limiting value of a for any HG ) . It appears, therefore, that 

the variation in n with varying ionic strength primarily reflects varia­

tion in a , there perhaps being a secondary effect due to variation in 
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Microbial processes for the production of single-cell protein from 

hydrocarbon substrates are generally conducted in a basal mineral salts 

aqueous solution of ionic strength less than those which are commonly 

used in soluble substrate (e. g., glucose) media. These processes, and 

other fermentations utilizing a medium of initial ionic strength less. 

than 0.4 g-ion/litre, if conducted in a batch manner may experience an 

appreciable depletion of ionic strength due to microbial uptake of 

essential inorganic nutrients (phosphate, sulphate, nitrogen), which, in 

turn, could lead to significantly lower. values of KL4a as the growth 

· proce 8 8 proceeds. 

r 
3. Sulphite Oxidation ( KL4a ) 

In this work, KL4a for oxygen absorption in sodium sulphate and 

K~4a for absorption with reaction in. sodium sulphite solutions of identi­

cal ionic strengths exhibit the same dependency upon power input in the 

range 300 ~ P G/V L ~ 4000, and Table 4.1 shows that the depende.ncy 

upon aeration rate is nearly the same in both cases. K~4a/KL 4a , 

however, is greater than 1.0, as predicted by the theory of mass transfer 

in the diffusional-to-fast intermediate reaction regime, Eq. (2.116), 

assuming that the value of a is the same in both solutions. Comparing 

Figs. (4.9) and (4.15), the decline in KL 4a in sulphate at high power 

levels may be due to a decrease in KL4 as a minimum bubble diameter 

is approached; K~4 , of course, depends as well on the kinetics of the 

reaction and is less dependent on the hydrodynamics. 

Defining an absorption coefficient for oxygen, cj> 
4

, in the diffusional­

to-fast reaction regime as 
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( 5 .1) 

then, for 0.01 ~ kL4 ~ 0.03, comparison of the sulphate and sulphite 

overall volumetric coefficient results, assuming the specific areas are 

identical in both solutions, leads to the conclusion that the first-order 

reaction velocity constant for sulphite oxidation has a possible range of 

values given by 

6 -1 18 ~ k _ ~ 1 0 sec so -
3 

(5.2) 

The values given by Eq. (5.2) satisfy the pseudo-first order 

reaction criterion of Eq. (2.97), but fail to satisfy the fast-reaction 

criterion of Eq. (2.95). Equation (5.2) is in general agreement with the 

-1 
work of de Waal.and Okeson (43), who obtained a value of 56 sec at 

30°C for cupric ion catalysed sulphite oxidation . 

Mass transfer coefficients obtained by the sulphite oxdiation method 

are normally measured at ionic strengths greater than 1.5 g-ion/litre, 

and in addition are greater than KL 4a values for purely physical absorp­

tion under otherwise identical conditions. Therefore, application of 

sulphite oxidation results to microbial processes conducted in media of 

lower ionic strength and in which the absorption is not accompanied by 

a homogeneous reaction in the liquid phase may not be valid. 

In the orily other work in which comparison of sulphate and cupric 

ion catalysed sulphite oxygen mass transfer behaviour was made in the 

r 
same tank, Yoshida et al. (14) found the value of KL

4
a in 0.125M 
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sulphite absorption-with-reaction to be the same as KL4a for absorption 

only in sulphate solution of the same concentration at the same agitation 

rate. They concluded that the sulphite oxidation system is rate controlled 

by the. rate of physical absorption of oxygen. However, these results are 

not in agreement with the theory of mass transfer with chemical reaction, 

suggesting that perhaps their sulphite solution was, in fact, less reactive 

towards oxygen than is normally the case. 

Cooper, Fernstrom, and Miller (f f) measured, in effect, 

at 20°C by means of sulphite oxidation, using vaned disc impellers of 

o1/DT ratio 0.40 to 0.41 to disperse the ga'S at PG/V L < 3600 in a 

series of tanks ranging in capacity from 0.104 ft
3 

to 2.33 ft
3 

r 
For comparison with our results, it is necessary to convert KG4a 

values at 20oc to the corresponding K~4a at 30°C. Sulphite oxidations 

are usually represented by the diffusional-to~fast reactio-n regime model 

of Eq~ (2.100), but the temperature dependency of the absorption rate 

given by this model can only be evaluated if values of both kL and 

k
1 

= k
2

BB . are separately known. Since such is not the case for the work 

of Cooper et al. , a simplifying assumption was introduced, namely that 

the diffusional regime model of Eq. (2.92) could be used to evaluate the 

r 
temperature change effect; thus, w~ considered that KL4 ::::: kL 4 ::::: KL4 · 

The temperature variation of kL
4 

for small, rigid, spherical gas 

bubbles was then obtained by combining the fact that kL4 varies as 

.2/3 . . -0.637 r 
(DL4r ( f 6) and that DL 4 , m turn, vanes as (JJ.L) ( 85). KL 4a 

r 
values at 20oC were obtained from the corresponding KG 4a values 

using the approximate relationship 

.. 
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K r ::::: (Kr )H 
· L4a G4a ' 

where the Henry's law coefficient H . was assumed to have the same value 

as in sodium sulphate solution of the sarrie ionic strength. 

The temperature.;..corrected absorption rate coefficient d,ata of 

Cooper ~t ~- were then further corrected for the effect of oxygen partial 

pres sure driving force. Cooper et .al. based their calculations on the 

logarithmic mean gas mole fraction rather than on the exit gas mole 

fraction of oxygen which subsequently has been shown to be the correct 

driving force when the dispersed gas phase is well mixed ( 29). 

The sulphite oxidation K~4a values of this present study agree 

remarkably well with the corrected results of Cooper et al. up to the 

same power level (regardless of the fact that the impeller types and 

geometric ratios are quite dissimilar). as may be seen by comparing 

K~4a values obtained from Fig. (.1) and Fig. (4.15). However, the 

results of our work do not agree with Cooper et al. 's conclusion that 

K r . (P /V )0.95( )0.67 ff h L 4a var1es as G L v5 , the main di erence being in t e 

aeration exponent. 

Cooper et al. found that K~4a was independent of the tank size 

over the range of tank diameters investigated (6 to 17.3 in.). 

Augenstein and Wang (110) conducted cupric ion catalysed 

sulphite oxidations (0.5M sulphite, 0.001M cupric ion) at 30°C in a 

3-litre tank equipped with a turbine-type impeller of D/DT ratio of 

0.51. The power input was measured by a D. C. wattmeter, and ranged 

from 2 to 150 hp/1000 U.S. gallons (494 to 37,000 ft-lbf/min-ft
3

). The 

r 
aeration rate was varied from 0.33 to 4.0 VVM. KL 4a values ranging 
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. . -1 
from 230 to 6500 hr were obtained; these values agree well with those 

-1 
found in this work, which ranged from 60 to 4900 hr over a smaller 

range of power. At power inputs less than 10,000 ft-lbf/min-ft
3

, 

Augenstein and Wang found that K~4a varied as (PG/YL)
0

·85 ; above 

t 
this level of agitation power, they found that KL

4
a dependency upon 

P IV d d K r . ( P ;v· ) o. 57 A . il G L was re uce , L 4a vary1ng as G L . sltn ar 

decrease in the rate of increase of K~4a with increasing P G/V L was 

noted in our work once P G/V L exceeded about 6000 £t:-lbf/min-ft
3

. 

Augenstein and Wang's results showed that K~4a varied as (v
5

)
0

·2 

at gas flow rates up to 0.011 ft/sec; at higher superficial gas velocities, 

r 
KL4a was independent of v S . 

Westerterp, van Dierendonck, and de Kraa (12) investigated 

the behaviour of copper-cata.lysed sulphite oxidation (0. 79M) at 30°C,. 

using superficial air velocities at least double the maximum used in this 

work. Defining N0 as a critical (minimum) agitation rate, 
r . 

KL 4a m 

their system varied as (N - N0)D
1 

, being completely independent of the 

aeration rate when N>N
0

, an observation unique to their work and that 

r 
.. of Friedman and Lightfoot (90). Westerterp et al. conclude that KL

4
a 

or a ··.·in stirred tanks depends on aeration rate only if the experiments 

ar~· done at very low rpm (N< N0 ) where agitation rate has no effect, or 

if the log mean partial pressure driving force is used instead of the exit 

gas partial pressure. However, Westerterp 's criterion indicates that 

N
0 

= 950 rpin for the stirred tank used in this work, and a measurable 

r 
dependency of KL 4a or KL

4
a upon v

5 
at N>N0 was found for all 

solutions tested, except 0.125M sodium sulphate and 0.22M potassium 

chloride which, coincidentally, were the only ones that had characteristics 
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that could be well correlated with N as well as P
0

/v L . It appears, 

then, that mass transfer rate may be generally independent of gas sparg­

ing rate only at relatively high superficial gas velocities, greater than 

those normally used in submerged fermentation processes, for example. 

Robinson (91) in discussing the implications of the results of 

Weste~terp et al. (12) consideres that at impeller rotational speeds less 

than N
0 

the gas rate affects KL a due to an increase in a and an in­

crease in interphase turbulence with increasing v
5 

. At impeller speeds 

greater than N 0 , ·the specific area is postulated to be independent of the 

gas sparging rate because the dispersed gas circulation rates are much 

greater than the gas supply rate. Therefore, bubbles will remain in 

contact with the liquid for long periods before escaping the circulation 

pattern and rising to the surface. The chance of bubble escape becomes 

independent of its age, and for a significant fraction of the bubbles the 

actual contact time is much greater than the mean residence time com-

puted from the gas holdup and the sparging rate. 

4. Specific Interfacial Area (a) 

Values of a measured in this work by dilute carbon dioxide absorp­

tion with reaction in electrolyte solutions containing hydroxyl ion are 

greater than the values obtained by other workers at lower agitation rates, 

in non-electrolyte solutions, or with pure reactive gases. With pure 

gases, of course, the degree of absorption is much greater, resulting in 

appreciable bubble shrinkage during the gas-liquid contact time and sub­

sequent reduction in a . In non-electrolyte solutions, as will be dis­

cussed in detail later, the rate of gas bubble coalescence is greater, 
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resulting in large values of db • and hence smaller values of a at 

constant HG \ 

In this work, at constant PG/V L , a appears to increase frac­

tionally with increasing ionic strength in the range of 0.09 ~ r T ~ 0.40. 

-1 Generally, a varied from about 1.0 to 45 em over the agitation power 

range investigated. The dependency of a upon PG/V L increased some­

what with increasing ionic strength of the liquid' solution. For KOH - K 2co
3 

solution, a varied as (PG/V L)
0

·89 ; in 0.135M KCl + KOH - K 2co3 , 

a was proportional to (PG/V L)1.
06

, and for O.HM Na
2
so4+ KOH- K

2
co

3
, 

. d d t (PG/VL)f.01 . a was epen en upon 

In contrast to the results of this investigation in electrolytic solutions, 

Calderbank (10) reported an optically-measured maximum integral a of 

about 1.1 cm- 1 for air dispersions in pure-non-electrolytic liquids at 

15°C; in these non-electrolytes, a varied as (PG/V L)0.40 and was 

dependent upon the interfacial tension, varying as (1/cr)
0

·
6

. Yoshida 

and Muir a ( 72) at 60 ~· N ~ 400 measured a by dilute carbon dioxide 

absorption and reaction in sodium hydroxide solutions at 20°C and reported 

. . . f 0 8 - 1 
a max1mum a o , em . In their work, . d N1. 1 

a var1e as , or 

approximately as (PG/V L)
0

·33 for the turbine impeller used. 

Westerterp et al. (12) investigated both the cupric ion and the 

cobaltous ion catalysed sulphite oxidation absorption with reaction, using 

air, in several stirred tanks of different size and with turbine impellers 

of varying D
1
/DT ratios. They compared the absorption rate dependency 

upon N in a cobalt-catalysed sulphite oxidation with the dependency 

exhibited in the cupric -catalysed systems, the latter comprising the bulk 

· .. 
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of their work. They then deduced that the first-order reaction rate 

constant for the cupric-cata.lysed oxidation was 9, 800 sec -
1

, based on 

a rate constant of 3 7, 000 sec-1 for the cobaltous system which was 

measured in a separate laminar liquid jet experiment. H, in fact, the 

cupric-catalysed kinetic constant were 9, 800 sec -i, the absorption with 

reaction would have proceeded in the fast-reaction regime where the 

mass transfer rate is independent of kL
4 

, and Westerterp et al. 's 

conclusion that the absorption rate dependency upon N reflected only 

the variation in a with N would be valid. However, as discussed by 

Linek and Myerhoferova ( 45), in calculating the value of the kinetic 

constant for the cupric-catalysed oxidation reaction, Westerterp et al. 

compared the. cobaltous and cupric-catalysed absorption rate results 

using an expression analogous to Eq. (2.101), that is, they assumed 

~ priori that the cupric-catalysed reaction proceeded in the fast-reaction 

regime. Linek and Myerhoferova (45) also point out that some recent 

studies {92, 93) have found that the cobaltous-catalysed reaction is second 

order in oxygen. Therefore, a comparison of cobalt and copper-catalysed 

absorption rates on the basis of a first-order kinetic model being appli-

cable to both types of solutions could result in an erroneous evaluation 

of the kinetic constant for the cupric-catalysed reaction. Westerterp 

et al. 's value of the first-order kinetic constant for the cupric-catalysed 

reaction is two orders of magnitude greater than the value deduced in 

this work, Eq. (5.2), and the value obtained by deWaal and Okeson (43). 

The latter two values do not meet the fast-reaction regime criterion. 
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Westerterp et al. (12)report specific areas ranging up to Scm-
1 

in 

cupric-catalysed 0. 793M sulphite at an impeller rotational speed of 1300 

rpm; this is about 50 to 60 percent of the values of a determined in 

0.11M Na2so4 + KOH- K
2
co3 (r T = 0.418) at the same N. In addition, 

Westerterp et al. reported that specific interfacial areas in a pure carbon 

dioxide - concentrated sodium hydroxide system were identical to those 

in the cupric ion catalysed sulphite oxidation system using air. As pre-

viously discussed in Section II. 5(d)(ii), such agreement would not gen-

erally be anticipated. In this present study, pure carbon dioxide was 

sparged into 0.5M sodium hydroxide at 1000 rpm; the absorption-with­

rea~tion rate was so great, that few, if any, bubbles were observed to 

leave the dispersion at the free liquid surface. The interfacial area 

under these conditions was only about one -twentieth the value obtained 

with 10 percent carbon dioxide absorption with reaction in 0.06M 

potassium hydroxide at the same agitation rate. 

Using sodium hydroxide solutions with added glycerine having 

viscosities up to ten times that of pure water, Westerterp et al. (12) 

obtained values of a up to 23 cm-
1 

in stirred-tank dispersions. The 

effect of the added glycerine on the kinetics of the carbon dioxide -

hydroxide reaction, if any, was not considered. The increase in a 
/ 

was apparently due solely to the effec~ of viscosity, 

Based on the questionable premise that the cupric ion catalysed 

sulphite oxidation system studied by Westerterp et aL (-12) was operating 

in the fast;..reaction regime, the results of the study were used by 

Westerterp to develope a generalized correlation for predicting a in 



-i 97-

stirred-tank gas absorbers in terms of the liquid volume fraction, liquid 
I 

depth, liquid density, the interfacial tension, the tank diameter, and the 

impeller rotational speed (94). According to Westerterp, a is directly 

proportional to N for N> N
0 

. In constrast to the results of Westerterp, 

for the three solutions studied in this work, the interfacial area deter-

mined from the rate of absorptiOn-'With-reaction of dilute carbon dioxide 

are not found to be directly proportional to N over most of the agitation 

rate range investigated. Only one solution, the KOH - K
2
co

3 
(average 

r T = 0.09 65), exhibited a linear dependency of a upon N , and then 

only over a limited range of N , i.e., 800 ~ N ~ 1300. 

Linek and Myerhoferova (45) studied the absorption with reaction 

of pure oxygen in cobaltous-catalysed sodium sulphite solution using a 

stirred tank with a 6-blade turbine impeller having a n1/DT ratio of 

0.345. Over a range of impeller rotational speeds 250 ~ N ~ 550, they 

-1 obtained values of a ranging from 0.24 to 2.24 em . The interfacial 

areas are less than those that would be obtained using air due to the 

greater degree of bubble shrinkage with pure oxygen. 

In pure liquids having interfacial surface tensions less than that of 

water, or in viscous aqueous solutions (e. g., glycerol-water mixtures) 

' 
values of a are significantly gr'eater than the specific area obtained in 

pure water under otherwise identical conditions. In these cases, the 

increase in a could be correlated directly with the differences in inter-

facial tension and/or density and viscosity (10, 12). In relatively dilute 

aqueous solutions of electrolytes such as those used in this work, the 

interfacial tensions, and solution viscosities and densities do not, in 
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general, vary appreciably from their values in pure water, and the large 

increase in specific interfacial area cannot, therefore, be attributed 

to these factors to. any significant degree. 

As far as the effect of interfacial tension is concerned, theory 

and experimental work indicate that, in general, the addition of an elec­

trolyte to water. at concentrations greater than a certain minimum, 

increases the surface tension of the. solution over that of the pure solvent. 

For example, the work of Jones and Ray (95) shows that at low con­

centrations of inorganic solute surface tension first decreases slightly 

with increasing solute concentration, reaches a minimum at a solute 

concentration of about 0.01M, and then increases with further increases 

in solute concentration. Such ions are, therefore, said to be surface 

inactive. 

Drost-Hansen has recently reviewed the state of knowledge about 

ionic .effects at phase interfaces (96). In most aqueous solutions, an 

electric potential exists at the interface due to either the water dipole 

orientation alone or, in addition, to the preferential adsorption of ions. 

Ion hydration may affect the surface structure of water, some ions are 

structure breakers, while others serve to promote water structure. 

How, and under what conditions these effects are operative is not clearly 

understood at present, and no general theory exists whereby the .effect 

of ionic solutes on interfacial stability in dispersions can be quantitatively. 

predicted. 

As previously mention in Section V. 2(b), Marrucci and Nicodemo 

(89) found that gas bubble diameters decreased with increasing concen­

tration of inorganic electrolyte until a minimum diameter was reached 

... 
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at which point the diameter was unaffected by further increases in solute 

concentration in the bubble column aqueous phase. They attributed the 

decrease in gas bubble diameter to a decrease in the bubble coalescence 

rate which, in turn, was due to an increase in repulsive electrical effects 

at the gas-liquid interface as electrolyte concentration increased. 

Marrucci and Nicodemo postulate that when two or more kinds of ions 

are present in solution, they will have different interface-to-bulk solu­

tion concentration differences, resulting in the generation of a surface 

potential difference. This postulation follows from a thermodynamic 

relationship of Gibbs, namely 

t;. = - (a /R T )( du Ida) , (5.3) 

where ~;,· is the surface excess concentration. 

Equation (5.3) shows that for electrolyte solutions above a minimum 

concentration, the surface excess molar concentration of an ionic species 

is negative, since du /da is positive; that is, ions are generally less 

concentrated at the interface than in the bulk solution. For hi-ionic 

electrolytes wherein the ion species have common valence, Marrucci 

and Nicodemo assumed that a surface potential, A , would be generated 

in proportion to I; such that 

A a:0.5 zC(du/dC)/[ 1/(i+dln-y/dlnC] ( 5 .4) 

Equation ( 5 .4) predicts that polyvalent electrolytes (z> 1) are more 

effective than univalent electrolytes in hindering bubble coalescence. 

The results of Marrucci and Nicodemo (89) for electrolytes having 



-200-

common ion valencies showed that the average bubble diameter decreased 

with increasing A , reaching the asymptotic minimum diameter at values 

ofthe right-hand side of Eq. (5.4) in excess of about 0.3 dynes/em. 

However, Eq. (5.4) alone did not account for the observed behaviour as 

there was a residual dependency upon the nature of the electrolyte, 

resulting in deviations of up to 50 percent from the average-behaviour 

curve. 

Reith and Beek recently compared dispersed gas bubble coalescence 

rates in water and 0.793M sodium sulphite in a stirred-tank gas absorber 

(9 7). The coalescence frequency in the sulphite solution was on the order 

of 10 times smaller that that in water, particularly at impeller speeds 

below 900 rpm. Bubble segregation in the electrolyte solution was 

significant (i.e., less than 10 coalescence a per bubble during its mean 

residence time) until the impeller rotational speed exceeded 1000 rpm. 

-The higher coalescence rates in water lead to the conclusion that the 

gas dispersion was perfectly mixed if N ~ 480 for water, but that perfect 

gas mixing was not obtained in sulphite until N ~ 800 rpm. 

H~warth studied liquid droplet coalescence rates in a stirred tank 

using benzene-carbon tetrachloride dispersed in water or in dilute 

aqueous· electrolyte solutions (98). The coalescence rates were deter-

ming by using a light transmission method to follow the change in mean 

drop diameter when the impeller rotational speed was changed from one 

value to another. In water, for 110 ~ N ~ 360, the coalescence frequency 

at a dispersed phase volume fraction of 0.10 ranged from about 0.0018 

-1 . . 
to 0.0078 sec . Coalescence frequency increased by about a factor of four 

' 
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when the dispersed phase volume fraction was increased to 0.25. The 

addition of a small amount of electrolytic solute, 0.05M sodium chloride, 

was found to reduce the coalescence rates by a factor of about 5; the use 

of sodium sulphate in place of sodium chloride at the same concentration 

further reduced the coalescence frequency some 45 percent. The mech~ 

anism by which the electrolytes hindered drop coalescence was not clear. 

5. Dispersed Gas Fractional Holdup ( HG) 

The dispersed gas holdup was measured in water and in the three 

KOH-containing electrolyte solutions at a gas superficial velocity of 

0.0150 ft/sec. In water, the dispersed gas was air; in the electrolyte 

solutions, the dis per sed gas was 10 percent carbon dioxide in nitrogen. 

For water, HG varied from 0.0160 to 0.0853 over an agitation 

power range of 74 ~ PG/VL ~ 17,700. He was found that HG varied 

as (PG/V L)0.40, in agreement with the results of Calderbank for pure, 

non-electrolytic liquids ( 1 0). Rushton and Bimbinet studied the effect 

of tank diameter, D
1
/DT ratio, superficial gas velocity, and total 

power input (agitation plus aeration) upon air holdup in water (99). The 

r. / ]n 0.60 holdup was found to vary as L(PG)Tot. · V L (v5 ) , where the value 

of n depended upon the tank diameter and the D1/DT ratio. For a 

9-in. diameter tank having a n
1
/DT ratio of 0.335, n was 0.28; in a 

12-in. diameter tank at a superficial gas velocity of 0.020 ft/sec over 

a power range of 1.2 to 1.1 hp/1000 gal, HG for air varied from 0.022 

to 0 .045, with which the results of this present investigation are in 

general agreement. 



-202-

In the KOH - K 2co
3 

solution (average r T = 0.0965), HG varied 

from 0.0453 to 0.181 with PGIV L increasing from 980 to 15,850 ft-lb£/ 

min-ft
3

; HG varied as (PGIVL)
0

·
60 

for 1000,.;:; PGIVL :!S 3000, and 

0 38 .. 
as (PGIV L) · for 3000 ,.;:; PGIV L ,.;:; 16,000. Yoshida and Muira (72), 

who studied the absorption with reaction of dilute carbon dioxide in 

sodium hydroxide solutions, measured HG manometrically and found 

that HG varied as N°· 8 for 60 ,.;:; N :!S 180 at all gas sparging rates; 

at N > 180, the impeller rotational speed exponent became greater than 

1 .0, the value depending upon the gas sparging rate. At 400 rpm in a 

25-cm diameter tank With a DIIDT ratio of 0 .4, HG in their work was 

0.25, a value about double the HG at equivalent power input determined 

in the tank used in this study when the manometer reading is corrected 

for dynamic pressure effects. Assuming the usual proportionality between 

N and the power input as given by the Power number, Np , Yoshida and 

Muira 1 s results suggest that HG is proportlonal to (P 
0
1v L) 

0 
·
26

, the 

value of the exponent being considerably less than the value 0.60 found 

in this present work at the low end of the power range. 

In the 0.135M KCl + KOH - K 2co3 solution (average r T = 0.221), 

HG varied from 0.0267 to 0.1 71. The values of HG were greater than 

those in water, particularly at high levels of power input, but were about 

10 to 15 percent less than those in the KOH - K
2
co

3 
solution of lower 

ionic strength at equal power inputs. For the 0.135M KCl + KOH- K
2
co

3 
. I o 48 I solution, HG was found to vary as (P G V L) · for 1000 ,.;:; P G V L 

,.;:; 18,000. 
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For O.HM Na
2
so4 + KOH- K 2co3 (average r T = 0.418), . HG 

varied as (PG/V L)
0

·
63 

for 400 .:f PG/V L .:f 3000, and as (PG/V L)
0

·
53 

for 3000 .:f PG/V L .:f 14,000. Values of HG ranged from 0.024 to 0.171 

over the range of power input investigated at the superficial gas velocity 

of 0.0150 ft/sec; these values of HG , at PG/V L > 3000, are some 10 

to 15 percent greater than corresponding holdups in 0.135M KCl + KOH 

- K
2
co3 , are about the same as corresponding HG values in the 

KOH - K 2co3 solution. 

Holdup was not measured in the sulphite oxidation experiments. 

However, the KL4a values in the O.UM Na
2
so 

4 
+ KOH - K

2
co3 carbon 

dioxide-reactive analog of the 0.125M Na
2

SO 
4 

+ 0.004M CuSO 
4 

solution 

were in close agreement, and KL 4a values in the latter had the same 

dependency upon P G/V L as did the K~4a values determined from 

sulphite oxidation, differing orily in magnitude due to the effect of the 

chemical reaction. Therefore, as a first approximation, one may con-

sider the O.HM Na
2
so

4 
+ KOH- K

2
Co

3 
results to be indicative of the 

behaviour in sulphite solution. Over an agitation rate range of 

0 ~ N ~ 1800, at a superficial gas velocity of 0.0384 ft/sec, Westerterp 

in 0. 793M sulphite found that HG varied from 0.01 to 0.27(94), being 

proportional to N1.0 for 250 .:f N ~ 1800. Westerterp's valu'es of HG 

in a 19.-cm diameter tank having a D
1
/DT ratio of 0.40 are greater 

than those determined in this work from corrected manometer readings, 

and his dependency upon agitation rate is less than that indicated in 

this investigation. 
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In the sulphite oxidation system studied by Augenstein and Wang 

(110), in a 14.7-cm diameter tank using a turbine impeller with a DI/DT 

ratio of 0.51, gas holdup varied from 0.05 to 0.25 at a superficial gas 

velocity of 0.00834 ft/sec over an agitation power input range of 700 to 

37,000 ft-lbf/min-ft
3

. For PG/V L < 9,800, HG varied as (PG/V L)0.40 

at the highest superficial gas velocity (0.0415 ft/sec) to (PG/V L)
0

· 53 at 

v8 equal to 0.00834 ft/sec. At .PG/VL values greater than 9,800, HG 

asymptotically approached an apparent upper limit of 0.25 at all super­

ficial gas velocities greater than 0.00834 ft/sec. At a power input equal 

to the maximum used with 0.11M Na
2
so

4 
+ KOH - K

2
co

3 
, and at a super­

ficial gas velocity of 0.00834 ft/sec, Augenstein and Wang obtained HG 

equal to 0.19, in close agreement with the value of 0.171 found in this 

investigation. 

6. Average Gas Bubble Diameter ( ~) 

The average gas bubble diameters in the three electrolyte solutions 

studied range from 0.231 to 0.024 em as the power input was increased 

from 900 to 16,000 ft-lbf/min-ft
3

. Bubble diameter appears to decrease 

significantly with increasing ionic strength at constant P G/V L , parti­

cularly at relatively low values of PG/V L . For example, at 980 ft-lbf/ 

min-ft
3

, the average bubble diameters in KOH - K
2
co

3 
(average 

r T = 0.0965), 0.135M KCl + KOH - K 2co3 (average r T = 0.221), and 

0.11M Na2so4 + KOH- K
2
co3 (average r T = 0.418) were 0.231, 0.128, 

and 0.100 em; when the power input has reached 15, 900 ft-lbf/min-ft
3

, 

average_ bubble diameters in the three aforementioned solutions were 

0.034, 0.025, and 0.0245 em, respectively. 

•, 

.. 
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From gas holdup and interfacial area measurements in cupric-

cataiysed 0. 793M sodium sulphite solution (areas being evaluated on the 

questionable conclusion that the absorption with reaction was in the fast-

reaction regime), Westerterp reports much greater values of the average 

bubble diameter, even at appreciably greater agitation rates than the 

maximum used in this study (94). In Westerterp's work; the average 

bubble diameter decreased rapidly from 0.8 em at 900 rpm to an agitation-

rate independent value of 0.47 em over the range 1500 ~ N ~ 2500, then 

decreased slowly to 0.35 em at 3600 rpm; measurements were reported 

for a 19-cm diameter tank with a turbine impeller of D1/DT ratio 0.40. 

Yoshida and Muira (72) for dilute carbon dioxide absorption with· 

reaction in sodium hydroxide solutions found that ~ ranged from 0.45 

to 0.15 cni for 60 .~ N ~ 330 rpm, ~ varying as N-
0

·
3 

For pure, non-electrolytic liquids, Calderbank (10) found that ~ 

varied as (PG/V L)-0.40 (HG)O.SO a0 ·60 . ·The average bubble diameter 

in both 5- and 100-litre tanks ranged from 0.2 to 0.5 em for dispersed 

air in the range 3300 ~ PG/V L · ~ 330 . 

7. Liquid-Phase Mass Transfer Coefficient ( kL 4 ) 

As shown on Figs. (4.20), (4.22), and (4.24), in the aqueous elec-

trolyte solutions of 0.0965 ~ r T ~ 0.418 over the agitation power range 

1000 ;S-· P G/V L ~ 17,200, the 1iqu~-phase mass transfer coefficient for 

oxygen, kL4 ' decreases with increasing P G/V L. Values of kL4 
. . 

ranged from 0.0484 down to 0.0098 em/sec, concomitantly with 

a decrease in average gas bubble diameter from 0.231 to 

0.0231 em. This decrease in kL4 with decreasing db in this bubble 

diameter range hCl.s not previously been reported for bubble dispersions 
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in electrolyte solutions, but is consistent with prior results for bubbles 
. ·. 

of the same general size range for dispersions and for single bubbles in 

viscous, Newtonian, non-electrolytic aqueous solutions. 

Calderbank investigated kL behaviour in pure liquids and in aqueous 

solutions of glycol and glycerol at 20°C for sparingly-soluble gas disper-

sions using both pulsed sieve plates and stirred tanks (9). He investi­

gated two bubble size regimes: "large" bubbles; defined as having an 

average diameter greater than 0.25 em, and "small" bubbles, defined 

. as having an average diameter less than 0.25 em; in practice, the small 

bubbles were apparently generally less than 0.1 em in diameter ( 16). 

For both of these bubble size ranges, he found that the value of kL was 

independent of the bubble size, and hence independent of the agitation 

pciwer on which the bubble size was dependent (9). For ''small" bubbles, 

· : . I 2/3 kL ranged from 0.003 to 0.05 em sec, and was proportional to (DLk) , 

in agreement with the results for mass transfer from solid particles 

dispersed in liquid phases, leading to the conclusion that ••small'' bubbles 

behave as rigid spheres (9). The 11large•• bubbles ... kL values ranged 

from 0.05 to 0.11 em/sec. For the same dispersed gas -liquid phase 

combination, 11large" bubble kL was about an order of magnitude greater 

than the corresponding value for 11 small11 bubbles. "Large" bubble kL 

was also independent of P G/V L , varying only as (DLk)
0

·
86 

Calder bank's work indicated that the value of DLk was the major factor 

affec.ting the value kL for a given size range of bubbles; however, the effect 

of liquid-phase viscosity upon kL was not separable from its effect on DLk" 
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Calderbank and Moo-Young (16) presented generalized correlations 

for the kL behaviour· of bubble swarms in both sieve -plate columns and 

stirred tanks. For both "large" and "small" bubbles, the mass. transfer 

coefficient was independent of the agitation power input in stirred tanks 

or the fluid flow rates in bubble columns, being merely dependent upon 

the physical properties of the phase according to 

"Small 11 bubbles: (5.5) 

''Large" bubbles: N = 0.42(N ) 1 / 2 (N )
1

/ 3 
Sh . Sc Gr · (5.6) 

Equation (5.5) is consistent with Frossling's equation for solid 

spheres ( 19), leading to the conclusion that "small" bubbles behave as 

rigid particles with their motion relative to the liquid phase being retarded 

(16) k . . l (D )2 / 3 . ·h.. E . (56) ; L 1s proportlona to Lk m t 1s case. quatwn . pre-

1/2 d icts that kL for "large" bubbles varies as (DLk) , in agreement 

with Higbie's penetration theory (17), Eq. (2.87), and Danckwert's random 

surface renewal model (18), Eq. (2.91). 

For carbon dioxide absorption in viscous aqueous solutions of 

glycerol, Calder.bank and Moo-Young (16) demonstrated the existence 

of a transitional bubble regime intermediate between those of "small" 

and "large" bubbles. In this transitional regime, characterized by 

0.05 ~ db ~ 0.25 em, kL decreased with decreasing db . Hence, 

in general, as P (;IV L is increased, thereby decreasing db , kL 

remains constant until ~ decreases to a value of about 0.25 em, 

decreases more-or -less in direct proportion to db until ~ reaches 
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about 0.05 em, and then assumes a smaller, constantvalue as db is 

further decreased with increasing PG/V L . The results of the present 

study of kL4 behaviour in non-viscous aqueous solutions of electrolytes 

are in general agreement with the work of Calderbank and Mo9- Young 

in the same average bubble size range characteristic of the transitional 

regime. It appears, then, that the decrease in kL
4 

over the range 

0.25 ~ db ~ 0.02 em is due solely to the change in bubble-liquid inter­

facial motion characteristics; the interfacial relative motion and the 

subsequent mass transfer behaviour is dependent on the bubble size for 

the most part, there being, perhaps, only a r~latively minor effect due 

to the nature of the solution (e. g. , viscosity) in which the bubble is 

produced. 

Kintner has reviewed the hydrodynamic characteristics of dispersed 

liquid droplets (or gas bubbles) (100). Small bubbles have relatively low 

values of bubble Reynolds number; the inertial forces are negligible, 

and the bubbles maintain a rigid, spherical shape, the bubble surface 

area (at low mass transfer rates) and shape thereby being constant during 

the entire lifetime of the bubble (the time interval between successive 

coalescences and break-up). Small bubbles are surrounded by a liquid 

laminar sub-layer and a very thick laminar transition boundary layer, 

resulting in relatively low values of kL . On the other hand, large 

bubbles behave as fluid bodies, having internal circulation and mobile 

interfaces. The large bubbles have higher values of bubble Reynolds 

number; consequently, .inertial forces predominate, and the surface 

shape is continually distorted as the bubble moves relative to the liquid 

·• 
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from near-spherical, to oblate ellipsoid to prolate, with oscillation 

between the two latter shapes occurring in large drops or bubbles. The 

deformation of the large bubble surface enhances the rate of formation 

of fresh mass transfer surface, thereby resulting in large bubbles having 

greater values of kL than smaller bubbles. Intermediate behaviour 

results in the transition regime between small and large bubbles. 

Equivalent behaviour ha·s been found for single bubbles in a bubble 

column. Garner and Hammerton ( 62) studied the mass transfer behaviour 

of single bubbles of oxygen or ethylene in aqueous glycerol solutions at 

1 rc. For db > 0.3 em, they found that kL behaviour followed the 

prediction of the penetration theory ( 1 7), while for db< 0.10 em, kL 

approached smaller values in accordance with Frossling 's equation for 

solid spheres (19). For intermediate size bubbles, 0.15 ~ ~ ~ 0.30, 

kL values were some 20 percent less than those predicted from the 

penetration theory, but were some 300 to 400 percent greater than 

predictions based on the Frossling equation; kL decreased with decreas­

ing bubble diameter in this intermediate size range. Garner and 

Hammerton concluded that the Higbie penetration theory (kL a: DLk .1/2). 

is valid for oscillating and deforming single bubbles of 0.3 ~ db ~ 0 .8, 

while single bubbles of db < 0.1 behave as rigid spheres (kL a: DLk 
2

/
3

). 

2i.eminski and Raymond (102) studied single-bubble behaviour 

using the system carbon dioxide - distilled water at 25°C. Bubble 

size was regulated by the rate of injection of a volume of gas contained 

in a glass capillary inside the bottom of the bubble column. Large 

bubbles of size range 0.30 ~ db ~ 0.38 rose through the liquid with a 

helical motion with consequent surface shape deformation; for these 
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bubbles, · kL increased with decreasing bubble diameter in agreement 

with the Higbie model for circulating bubbles ( i 7), ranging in value 

from 0.04 to 0.06 em/sec .. The value of kL reached a maximum at a 

bubble diameter of about 0.30 em, and then decreased as the bubble 

diameter was further reduced to 0.2? em. For these smaller sized bub-

hles, the helical motion was muchless pronounced, the bubbles tending 

to rise vertically through the aqueous phase. Zieminski and Raymond 

·considered a bubble diameter of 0.30 em to be the point at which the 

transition from circulating bubbles to rigid spheres began. 

Yoshida and Muira combined their carbon dioxide - hydroxide solu-

tioh results for ·the specific interfacial area (:72) with values of KL 4a 

measured in an air-water system by Yoshida !itt al. ( 14) to calculate the 

variation of kL without reaction. For ~. > 0.15 em, they found that 

the Sherwood number could be correlated with the impeller Reynolds 

. number and the Schmidt nuinber such that kL increased with increasing 

agitation rate, varying as (ND
1
)
0

·6 /~ 0.4, in the range 60 ~ N ~ 400. 

However, this method does not ensure (i) that the specific interfacial 

area in the physical absorption runs in water is the same as the a in the 

chemical reaction runs since a varies with ionic strength, and (ii) that 

the average db is the· same in both types of liquids since ~ decreases 

with i:n.creC~-sing electrolyte concentration. Therefore, the dispersed 

bubbles may have been subjected to significantly different hydrodynamic 

regimes. 

In applying our new concurrent oxygen desorption, carbon dioxide 

absorption-with-reaction
1 
technique for the simultaneous evaluation of 

•. 
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kL 4 and a , it is implicitly assumed that the gas-phase mass transfer 

resistance is negligible, and further that the temperature rise at the 

interface (resulting from the heats of absorption and reaction of carbon 

dioxide) is insignificant such that interfacial physical properties may 

be evaluated at the bulk solution temperature. 

The temperature rise at the interface, ~T. , was predicted by 
1 

the method of Danckwerts based on the random surface renewal model 

of interfacial hydrodynamics ( 103). For a carbon dioxide heat of solu-

tion of -4.755 kcal/gmole (83), and heat of reaction of -21.2 kcal/gmole 

( 111), the maximum temperature rise at the interface corresponding 

to a minimum rate of surface renewal (kL = 0.01) is predicted to be 

(5. 7) 

such that at the maximum experimental exit gas mole fraction of carbon 

dioxide of 0.0319, (~T i)MAX was only 0.0385°C. 

Based on the Chilton-Colburn analogy between heat and mass trans-

fer ( 1 04), the actual temperature rise at the interface can be predicted 

from 

. r . 
~T. = RV 3(AH + AH l )/19.5 KL 3 a. 

1 rx son · 
(5.8) 

In the KOH- K
2
co3 solution, ATi's calculated from Eq. (5.8) were 

less than 0.004 oc. 

Gas-phase mass transfer resistance can, of course, be made 

identically zero by using pure carbon dioxide. However, the large degree 
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of bubble shrinkage which would be experienced would result in the bubble 

sizes and interfacial areas being appreciably different with carbon dioxide 

sparge gas than with air, making the results of the study with respect to 

a , ~ and kL , , iWi!..Pfi'ltinabl~to air-sparged fermentation systems. 

For ·this reason, dilute carbon dioxide was used as the sparge gas; with 

0.10 mole fraction carbon dioxide in the inlet gas, the maximum degree 

of absorption is limited to the maximum experienced in the sulphite 

oxidation system using air. 

The gas -phase fractional mass transfer resistance was calculated 

in accordance with the theoretical model of Kronig and Brink for liquid 

droplet internal mass transfer (105). As discussed by Westerterp et al. 

(12), for gas bubbles the internal Sherwood number, kGH db/DGk, 

varies between 10 for small, rigid bubbles and 25 for large bubbles with 

completely developed internal circulation. Defining the fractional gas-

phase mass transfer· resistance; * f 3 , for carbon dioxide in an absorption-

with-reaction system operating in the fast-reaction regime (wherein the 

effect of gas-phase resistance is even more pronounced than in the 

diffusional-to-fast reaction regime used in this work) as 

( 5. 9) 

the maximum value of f; for small, rigid bubbles corresponding to a 

maximum average bubble diameter of 0.23 em is only 0.013, being, 

therefore, negligible as expected for a sparingly-solute gas. 

.• 
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8. Generalized Correlation for KL a or K~ a/<j> 

The generalized correlation of Fig. ( 4.27) appears to represent 

well the majority of the experimental data for o:xygen mass transfer in 

the 2.5 litre working volume tank used in this study. It is not known if 

this same correlation can be applied directly to scale-up, that is, if 

the correlation will remain valid for larger sized tanks having the same 

pertinent geometric ratios. Calder bank's correlation for a ( 1 0) was 

· independent of tank size over a twenty-fold volume variation; Cooper 

~tal. 's sulphite oxidation correlation (11) was valid for varying tank 

liquid volume by a factor of 22. However, Westerterp et al. ( 12), vary-

ing tank liquid volumes by factors ranging from about 1.2 to 40, found. 

r , . 
that KL

4
a was proportional to the square root of the tank diameter. 

The generalized correlation in its _present form likely is restricted 

for use with only those types of solutions or fermentation media which 

exhibit Newtonian viscosity behaviour, and in which the viscosity is of 

the same order of magnitude as that in water. In the microbial process-

ing industries, such solutions are represented by media in which the 

growing microorganisms are unicellular, utilizing either a soluble or 

insoluble carbon source, and into which the microorganisms do not 

excrete significant amounts of polymeric materials. Without further 

experimental verification, the correlation should be used only for sys-

terns operating within the normal biological temperature range of 20 

to 40°C. 

Like all other previous correlations for the prediction of KL a , 

the generalized correlation of Fig. (4.27) does not account for the effects 
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of foaming which~occurs in, or for the effects of anti-foam agents which 

are added to many microbial processing systems. However, the generalized 

correlation of Fig. (4. 27) is considered preferable to correlations based 

solely on pure wate'r (as obtained from the results of 9, tO, 16) because of 

the significant ionic strength effect, and preferable to correlations based 

on sulphite o~idation. (11, 12) because of the chemical kinetics effecLin the 

latter system. 

The generalized correlation was developed specifically for the 

case of mass transfer from "small" bubbles (db< 0.10 em). However, 

by applying an appropriate correction factor, it may be used for esti-

mating the value of KL a for the mass transfer of sparingly-soluble 

gases in aqueous solutions in which the average bubble diameter may be 

classified as "large" (db > 0.20 em). As shown on Figs. (4.23) and 

(4.2 5), the average bubble diameters in highly-agitated. electrolyte 
; 

solutions are intermediate to the 

"small" bubbles, kL varies as 

for "large" bubbles, kL varies 

"small" and ~'large" size limits. For 

(DL) 2 / 3 , as used i~ Eq. (4.12), while 

1/2 as (DL) ( 16). In addition, "large" 

bubble kL is greater in magnitude than "small" bubble kL all other 

physical property factors being constant. 

Combing Eq. (5.5) for "small" bubbles with Eq. (5.6) for "large" 

bubbles, it follows that 

(5.10) 

The work of Calder bank ( 1 0) showed that the interfacial area 

dependency upon physicochemical factors was independent of bubble 

size. Therefore, for evaluating KL a in "large" bubble systems such 

.• 
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as might be produced in near-zero ionic strength solutions at low agitation 

rates, the ordinate value of Fig. ( 4. 2 7) must be multiplied by the factor 

1.36(Nsc>0.167 

As shown in Table 4.1, experimental values of the aeration exponent 

m did not vary in a mathematically-describable manner with ionic 

strength. However, as shown on Fig. (4.19), it appears that there is 

a trend of increasing m with increasing r T In the development of 

the generalized correlation, actual experimental values of m were 

used. For Medium A-1, the experimental value of m was 0.43; the 

trend correlation of Fig. (4.19) would result in a value of 0.36 for m 

in a solution of this ionic strength. If the value 0,36 were to have been 

used in the correlation of Fig. (4.27), the data points for Medium A-1 

would have decreased some 30 to 35 percent in ordinate value. 

To use the generalized correlation for predictive purposes, one 

must first know, or be able to estimate, the physicochemical properties 

r T , a , f.I.L , DL , and pL . The physical property factor ; is then 

calculated from Eq. (4.12). Values of n are obtained from Fig. (4.19) 

or fromEq. (4.7), while~ is obtained from either Fig. (4.26) or 

Eqs. (4.16) and (4.17). The diffusivity of the absorbing gaseous species 

in an electrolyte solution at 20 to 40°C may be estimated from Eq. (4.15). 

The required diffusivity in water, DW , may be estimated from tabula­

tions (33) or correlations (86) in the literature. Alternatively, the dif-

fusivity may be measured eXperimentally, using one of several methods 

that have been applied previously (e. g., 85, 86); diffusivity measurement 

methods are reviewed by Reid and Sherwood (33). 
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For an aqeuous electrolyte solution of (~ priori) unknown value of 

the superficial gas velocity exponent, m , it is suggested that m be 

chosen from the trend correlation given on Fig. ( 4.19) as a first approxi-

rration. However, until such time as the effect of ionic strength upon 

m is better defined, it must be recognized that the resultant value of 
. . 

KL a obtained from Fig. (4.27) may be subject to an error or some 30 

to 40 percent in the range 0.00375 ~ v
5 

~ 0.0150 ft/sec (the computed 

KL a perhaps being low for solutions of ionic strength in the range 

o ~ r T ~ o .20). 
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VI. CONCLUSIONS 

A membrane-covered dissolved oxygen probe is an ideal tool for 

the experimental measurement of the oxygen overall volumetric rnass 

transfer coefficient applicable to any solution of desired composition 

contained in a stirred tank gas absorber of given design. KL
4

a can be 

measured by using either CFST, steady- state or SBST, unsteady- state 

procedures. The latter procedure requires a minimum of experimental 

complexity, but its use is contingent upon having an applicable mathema-

tical model of the time response characteristics of the stir red tank -

oxygen probe system. The probe membrane should be sufficiently rugged 

irr construction to ensure a reasonably long service life, but at the same 

time the membrane thickness must be limited in order to have adequate 

time response characteristics, particularly if K L
4

a is to be measured 

at high agitation rates. 

For unsteady-state work, the diffusional time lag in the probe 

membrane must be taken into account if significant errors in KL 4 a 

measurement are to be avoided. Using the well-stirred dispersed gas 

phase mass transfer model of Hanhart et al. (29), mathematical models 

of the probe transient response were derived for both absorption and 

desorption, Eqs. (2.75) and (2.83), respectively. The results of this 

study showed that at agitation power inputs per unit liquid volume 

(PG/V L) greater than about 1000 ft-lbf/min-£t
3 

(which, apparently, 1s 

the limit below which the well-stirred gas phase assumption is not valid) 

KL 4 a values obtained by the unsteady-state methods are consistent with 

steady-state results; for example, see Fig. (4.6) and Figs. (4.11) to 



-218-

(4.14), inclusive. It is concluded, therefore, that theprobe transient 

response models, Eqs. (Z. 75) and (2.83), adequately characterize the 

overall unsteady-state behaviour of a stirred tank - oxygen probe system 

in which both the gas and liquid phases may be considered to be well 

. -i 
mixed,. and in which KL 4a values up to the order of 2000 hr can be 

produced. However, the sensivity of a particular probe used was not 

sufficiently adequate to detanhine.- ail4tar~tatDly the effect of the superficial 

gas velocity (v~5 > upon KL 4a (which effect is relatively small with 

respect to 'the effect of agitation power), particularly at values of KL 4a 

in excess of 200 to 300 hr -i. To evaluate the effect of v S under these 

circumstances, recourse must be made to the CFST, steady-state model 
. . 

described by Eq. (2.35) or Eq. (2.36) in which probe external voltage 

readings are substituted for the corresponding oxygen concentrations. 

Where computer facilities are available, KL
4

a values obtained by 

either the transient absorption or desorption techniques utilizing a dis­

solved oxygen probe are as readily obtainable as K~4a values from 

cupric ion catalysed sulphite oxidation tests. In addition, the. KL 4a 

results are directly applicable to the aqueous phase in which they were 

obtained. Appropriately correcting the mass transfer models for 

microbial respiration, the aqueous phase may be the actual growth 

medium containing su.spended cells and, possibly, excreted metabolic 

products. On the other hand, K~4a results are subject to a possibly 

uncertain interpretation as far as their direct application to microbial 

growth media or other gas absorption systems is concerned. 

.. 
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For the particular tank of 2.5 litres working liquid volume used in 

this study, K a generally correlated .better with· PG/V than with 
L4 L 

impeller rotational speed ( N); for example, compare Figs. ( 4.4) and (4.5). 

However, the effeCt, if any, of tank size was not investigated, and hence 

the results merely suggest rather than establish the use of P G/V L rather 

than N · in scale -up calculations. / 

The superficial gas velocity range investigated,. 0.0.03'75 ~ v s 
~ 0.0150 ft/sec, correspondedto an air supply rate of 0.5 ~ VVM ~ 2.0, 

a range commonly used in the submerged cultivation of aerobic tnicro-

organisms. In this range, KL
4

a was found to have a relatively small 

but nonetheless experimentally-detectible (in steady-state) dependency ; 

upon v S . Contrary to the work of Westerterp et al. ( 12), it is therefore 

concluded that v
5 

is a design parameter to be included in most micro­

bial cultivation processes. 

The variation in KL
4

a with P G/V L (and to some extent with v 
5

) 

was found to be significantly dependent upon the ionic strength of the 

aqueous phase, a fact not heretofore deduced in other studies. The 

value of the agitation power exponent (n) is particularly sensitive to 

ionic strength in the range 0 ~- rT ~. 0.40, as shown on Fig. ( 4.19). 

For the inost part, n is independent of P G/V L . However, for solutions · 

of low ionic strength (r T < 0. 20), excluding water, n appears to be­

come dependent upon P G/V L for P G/V L > 10
4 

ft-lbf/min-ft
3 

as 

shown, for example, on Fig. (4.4). For solutions of higher ionic strength 

(rT ~ 0.40), the dependency of n upon P G/V L becomes evident at 

about 6000 ft-lbf/min-ft
3

, as shown on Figs. ( 4. 9) and ( 4.15). 
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It appears that the presence of ionic solutes, even in low concen­

tration, greatly reduces the rate of gas bubble coalescence, thereby re­

sulting in a smaller average bubble diameter which, in conjunction with 

an increase in dispersed gas holdup with ionic strength, in turn results 

in a significant increase in the specific interfacial area for mass transfer 

( a). As ionic strength increases, the smaller bubbles have inherently 

lower values of KL4 in accordance with both theory ( 17, 18, 19) and 

experiment (e. g., Figs. 4.24 and 4.25), but this decrease is more than 

compensated for by an increase in a , such that the combined coefficient 

KL4a increases with increasing r T at constant P G/V L and v S in 

the aforementioned range of r T. 

The mechanism by which ionic strength influences the equilibrium 

bubble size is not known, although it has been suggested by a number of 

workers that the effect arises from a differential concentration of ionic 

species between the bulk solution and the gas -liquid interface regions 

and the resultant effect on water dipole orientation (89, 96, 98). Whatever 

the specific mechanism may be at the molecular level, its gross mani­

festation in the overall system appears to be described by the same type 

of model which characterizes mo1e$.la.r adsorption of the Langmuir type. 

As shown by Fig. (4.19), as far as the value of n is concerned the ionic 

strength phenomenon reaches a saturation point such that n becomes 

independent of r T when r T ~ 0.40 g -ion/litre. 

The variation of n with r T undoubtedly accounts for part of the 

differences in KL 4a values predicted from previous correlations, such 

·as shown on Fig. (1.1), particularly when comparing the results in 

.. 
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electrolyte solutions to those in water. However, these previous cor-

relations were obtained, for the most part, in stirred tanks of different 

geometry and the effect of ionic strength differences cannot be separated 

readily from the effects of geometry differences. 

In microbial growth systems using dispersed liquid hydrocarbons 

as the carbon source, the rate of supply of this insoluble substrate is 

generally growth-rate limiting when the aeration rate is adequate, more 

so than in the case of conventional soluble-substrate processes utilizing 

dissolved carbohydrates.. Hence, in hydrocarbon substrate systems, the 

concentrations of essential inorganic nutrients can be lower than in 

soluble- substrate systems without one of the inorganic species itself 

becoming the growth rate limiting factor. Media recipes suggested for 

hydrocarbon systems specify a lower total concentration of inorganic 

salts than is generally the case for carbohydrate substrate systems. 

Consequently, media of initially low ionic strength, for example Medium 

A-1 at an initial value of O.i36 g-ion/litre, couldlose a significant amount 

of oxygen mass transfer capacity in batch growth situations due to the 

decrease in KL 4a with decreasing r T as the inorganic nutrient con­

centration decreases with time. 

A generalized correlation, Fig. (4.27), has been developed for 

predicting KL a for the mass transfer of sparingly-soluble gases in 

stirred tanks or for predicting K~ a/<j> in stirred tank absorber-reactors 

having the same impeller type and geometric ratios as the tank used in 

this study. The correlation incorporates the significant effect of ionic 

strength found iri this present work, and the effects of the other pertinent 
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physicochemical parameters previously determined by Calderbank (9) 

and Calder bank and Moo- Young ( 16). The generalized correlation was 

developed specifically for use with bubble dispersions having the average 

bubble diameters typically found in agitated electrolyte solutions and 

described as being ''small" bubbles, that is, having bubble diameters 

less than 0.10 to 0.15 em. A means of adjusting the correlation so that 

it may be used for predicting the mass transfer behaviour- of '"large" 

bubble systems (db > 0.20 em) is suggested. 

A new experimental technique utilizing concurrent oxygen desorption 

and carbon dioxide absorption-with-reaction was developed to separately 

evaluate a and the liquid-phase oxygen mas.s transfer coefficient (kL4) 

under reasonably consistent hydrodynamic conditions. The technique 

was tested experimentally in three different systems, two of which were 

carbon dioxide-reactive analogs of solutions previously studied with 

respect to KL4a behaviour only. The experimental results, Figs. (4.20) 

to ( 4.25), inclusive, lead to the conclusion that kL and a have diametri­

cally opposite dependencies upon P G/V L ; kL decreases with increasing 

P G/V L (concomitantly with decreasing average bubble diameter), while 

a increases with increasing PG/V L . The decrease in kL with de-

c reasing db may be attributed to change in bubble hydrodynamic regimes 

from the deformable, circulating bubbles of large diameter to the rigid, 

spherical bubbles of small diameter. 

Sideman, Hortacsu, and Fulton (113), based on works such as those 
~~ . . ' 

of Calderbank (9), Calderbank and Moo-Young (16), and Hyman (114) which 

indicate that kL is independent of PG/V L or nearly so, suggested that 

····.\ 
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for all practical purposes KL a depends only on the variation of a with 

agitation rate and superficial gas velocity. It is concluded from the 

results of this present study that such is not the case of electrolyte 

solutions of 0.10 ~ r ~ 0.40 agitated over the power range 
T 

10
3 ~ pG/V L ~ 2(10)

4 
. 

A definitive study of the effect of ionic strength upon HG , ~ , 

and kL was not part of this present work. However, the results of the 

three systems examined suggest that it would be profitable to fully define 

the ionic strength effect on these three parameters (and upon a ) ; apply-

ing the concurrent measurement technique to solutions of ionic strength 

range 0.05 ·~ r T ~ 1.0. The results of such a separate study could 

lead to even better predictions for KL a in electrolyte solutions based 

on the separate behaviour of kL and a than that presently available 

from Fig. (4.27). 
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NOMENCLATURE 

gas -liquid interfaCial area per unit liquid volume, 

activity of component in the liquid phase 

2 
surface area of oxygen probe membrane, em 

-1 em 

3 
concentration of non-volatile liquid-pha~e reactant, gmole/cm 

concentration, gmole/cm
3 

LaPlace -transformed concentration of oxygen in probe 

3 
membrane, gmole/cm 

gas bubble average diameter ( L n.d. 
3

/ L 
. 1 1 . 

.· 2 
n.d. ), em 

1 1 
1 1 

. . -1 
dilution rate in CFST, defined by Eq. (2 .35), sec 

impeller diameter, em 

diffusivity of species k in liquid phase, cm
2 
/sec 

2 
effective diffusivity of oxygen in probe membrane, em /sec 

tank internal diameter, em 

potential difference across external resistor in oxygen probe 

circuit, volt 

fugacity, atm 

standard state fugacity, atm 
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g 

gc 
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H 
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backmixing fraction, defined by Eq. (3.4), dimensionless 

fractional gas-pha.Ee mass transfer resistance defined by 

Eq. (5.9), dimensionless 

liquid flow rate, cm
3 
/sec 

Fa.raday constant, amp-sec/equiv 

gas flow rate, gmole/sec 

2 gravitational acceleration, ft/$eC 

conversion factor, 32.2 ft-lb /lbf-sec
2 

· . m 

3 
molar gas holdup in the liqu1d phase, gmole gas/em gas-free 

liquid 

. 3 
Henry's law coefficient, atm-cm /gmole 

fractional liquid holdup, volume of gas-free liquid per volume 

of gas-liquid dispersion, dimensionless 

HG fractional gas holdup, volume of dispersed gas per volume 

of gas -liquid dispersion, dimensionless 

3CF 

i 

I 

linear displacement of manometer fluid, inches 

the fundamental imaginary number, ( -1) i/2 

current generated by oxygen probe, ampere 

-1 
first-order reaction velocity constant, sec 

second-order reaction velocity constant, cm
3 
/gmole-sec 
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liquid-phase mass transfer coefficient in non-reactive system, 

em/sec 

effective liquid-phase mass transfer coefficient for absorption 

with chemical reaction. em/ sec 

KL. overall mass transfer coefficient based on liquid-phase con­

centration difference driving force for absorption without 

reaction, em/ sec 

effective overall mass transfer coefficient based on liquid-

phase concentration difference. driving force for absorption 

with chemical reaction, em/sec 

KM permeability of probe membrance to oxygen defined by Eq. 

(2.51), gmole/cm-sec-atm 

overall volumetric mass transfer coefficient based on partial 

pressure difference driving force for absorption without 

reaction, gmole/cm
3

-sec-atm 

overall volumetric mass transfer coefficient based on liquid-

phase concentration difference driving force for absorption 

.. -1 
without reaction, sec 

effective overall volumetric mass transfer coefficient based 

on liquid-phase concentration difference driving force for 

absorption with chemical reaction, sec -
1 

equilibrium constant for hydrolysis of carbonate ion defined 

. I 3 by Eq. (2.109), gmole em 



L 

L' 

m 

n 

N 

p 

p 
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thickness of oxygen probe membrane, em , 

distance between manometer taps, ft 

exponent of v
5 

, dimensionless 

exponent of P G/V L , or an integer in a mathematical series, 

dimensionless 

number of electrons transferred in the oxygen probe electro-

chemical reaction 

impeller rotational speed, rev /min 

diffusive molar flux relative to fixed coordinates, gmole/cm2 -

sec 

Aeration number, defined by Eq. (3.3), dimensionless 

. . ·3 2 
Grashof number d pL .6.p g/~L 

Power number, defined by Eq. (3 .1), dimensionless 

impeller Reynolds number defined by Eq. (3.2), dimensionless 

Schmidt number ~L/pL DLk , dimensionless 

Sherwood number kL db/DLk , dimensionless 

partial pres sure, atm 

hydrostatic pres sure, lbf/ft
2 

agitation power input to gassed liquid, ft-lbf/min 

agitation power input to ungassed)iquid, ft-lbf/min 
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PT total pressure in absorber-reactor vapour space, atm 

q L~Place transformation parameter, defined by Eq. (2), 

Q 

R 

R 

s 

s 

s 

t 

T 

Appendix II. 1 

3 
volumetric gas flow rate at 60°F, 1 atm, em /sec 

resistance of resistor in oxygen probe external circuit, Ohm 

universal gas constant, cal/gmole-°K 

liquid-phase absorption rate of gaseous component, 

3 
gmole/cm -sec 

liquid-phase reaction rate of dissolved gaseous component, 

3 
gmole/cm ·-sec· 

LaPlace transform parameter 

-1 
. fractional rate of renewal of surface liquid elements, sec 

solubility of oxygen in oxygen probe me~brane, defined by 

3 
Eq. (2.50), gmole/cm -atm 

time, sec 

absolute temperature, ~ 

local mass average fluid velocity (vector), em/sec 

superficial gas velocity based on empty tank eros s -sectional 

area, ft/sec 

V L volume of gas-free liquid, cm
3 

(ft
3 

with PG/V L) 
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X distance measured in x-coordinate direction, em 

x' liquid-phase mole fraction, dimensionless 

y mole fraction of component in gas phase, dimensionless 

z electric charge carried by ionic species 

z reaction stoichiometric coefficient defined by Eq. (2. 9 6). 

dimensionless 

GREEK LETTERS 

a aeration-agitation parameter defined by Eq. (2.26), 

3 
gmole/cm -sec 

13 aeration-agitation parameter defined by Eq. (2 .25), 

r 

-1 sec 

liquid-phase activity coefficient, dimensionless 

ionic strength, defined by Eq. (3 .22), g-ion/litre 

thickness of stagnant liquid film, em 

-1 
Nabla operator, em 

-2 LaPlacian operator. em 

denotes KL a or K~ a/<j> 

t; surface excess concentration defined by Eq. (5.3), 

gmole/cm 
2 
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~ proportionality constant defined by Eq. {4.14), 

0.40 0.067 0.534(ft lb I . ft3)-n(ftl )-m gm em sec - f mm- sec 

A interfacial surface potential defined by Eq. (5.4), volt 

jJ. \\iscosity, gmlcm-sec (poise) 

s physical property factor defined by Eq. (4.12), 

-0.40 -0.~7 -1.534 gm sec sec · 

<I>' gas-phase fugacity coefficient, dimensionless 

<I> absorption factor for mass transfer with chemical 

reaction defined by Eq. (2.104}, dimensionless 

p density, glcm
3 

angle of inclination of rnanomete r to the horizontal, 

degree 

rl average lifetime of surface liquid elements, sec 

(J time for which liquid surface element has been exposed; 

"age" of surface, sec 

a interfacial surface tension, dyne I em 

T rate ratio parameter defined by Eq. (2. 76), dimensionless 

ljJ age distribution function defined by Eq. (2.89) 

··.:. 

SUBSCRIPTS 

0 . initial condition 

1 inlet stream 



• 

2 

3 

4 

5 

6 

00 

B 

D 

E 

F 

G 

i 

J 

k 

L 

M 

n 

t 

T 

v 

-231-

exit stream 

carbon dioxide species 

oxygen species 

hydroxyl ion 

carbonate ion 

final equilibrium condition (after infinite time) 

bulk phase; cup-mixed property 

dispersed phase 

value at chemical equilibrium 

manometer fluid property 

gas phase 

value at gas -liquid interface; ionic species 

solvent (pure or multicomponent fluid) for solute k 

absorbing solute in a liquid phase 

property of gas -free liquid 

value in oxygen probe polymeric membrane 

ionic species 

unsteady- state condition 

property of total phase or system 

per unit volume of gas ~free liquid 
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SUPERSCRIPTS 

r 

* 

property determined in and affected by a chemically­

reacting system 

hypothetical gas -phase property in physical equlibrium with 

bulk liquid-phase property, or vice-versa 

ABBREVIATIONS 

CFST 

CFSTR 

SBST 

SBSTR 

VVM 

continuous flow stirred-tank absorber 

continuous flow stirred-tank absorber- reactor 

semi- batch stirred-tank absorber (batch liquid) 

semi-batch stirred-tank absorber-reactor (batch liquid) 

volume of inlet gas per unit volume of liquid per minute 

•. 

.... 
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APPENDIX II.f 

Derivation of Oxygen Probe Transient Response to Continuous 
Concentration Change in Bulk Solution (Absorption) 

Applying the initial condition, Eq. (2. 72) to the partial differential 

Eq. (2.71), the Laplace transforrneddiffusion equation becomes 

(f) 

where 

2 . 
q = s/DM (2) 

Using the shifting theorem, boundary condition Eq. (2. 73) 

becomes 

x = 0, C = SHC 00 fs(2+f3~ (3) 

while the second boundary condition, Eq. (2.74), transform to 

·x = L, C = 0 ( 4) 

Substituting the assumed solution, C = A exp ( nx) , in E q . ( 1 ) 
n 

we find that n = ± q, and it therefore follows that 

C = A 1 exp(qx) + A 2exp( -qx). ( 5) 

Applying the boundary conditions Eq. (3) and Eq. (4) sequentially 

to Eq. (5), collecting exponential terms and re-arranging, the trans-

formed solution is found to be 
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C = SHCoo l exp [q(L-x)] - exp(;ji(L-x)] J--~~ 
s I exp[ qLJ - exp[-qL] 

.L 

SHC oo lr exp[ q(L-x}]- exp[ -q(L-x)] 
+ ~ ' 

s '"' exp[ qL] - exp[ -qL] 
. . 

( 6) 

. j 

Inversion will be done by contour integration (method of residues). 

Inversion of the first term of Eq. (6) 

. The first term contains a singularity (the denominat~ becomes 

zero) when either s = 0, or q L = inrr, i.e. 
n 

( 7) 

The residue of the function at the pole s = 0 is given by ( 108) 

r 
SHC 

= (s-0) 
00 

' s L . 
exp[g(L-x)]- exp( -q(L-x)] (8} 

- - - -- -- - exp(st)!, s=q=O 
exp[ qL] - exp[ -qL] 

: Since Eq. (8) is indeterminant, it is evaluated by means of 

L 'Hepital 's rule, and the residue is thereby found to be 

(9) 

which is, of course, the final steady-state concentration profile in the 

membrane. 

Writing the first term of Eq. (6) in the equivalent hyperbolic form, 

functions f(s) and g(s) are defined according to 
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-1 [ · I 112 SHC. (s )sinh (s DM) (L-x)] 
oo n n 

The residue of the function at the pole s is given by 
n 

= 
f( s )exp( s t) 

n n 

s=s 
n 

( 1 0) 

( 11.) 

Applying Eq. (11) to Eq. (10), and substltuting in the result Eq. 

( 7) and the following identity, 

we obtain 

(r) s=s 
n 

= 
2SHC 

inn 
00 

, . . I . 2 2 \ 
sinh[ in1r( 1 - x/L)] I n lT DMt 

. exp 1- 1 cosh[ inn] \ L 2 1 
\ ' 

Eq. (12) may be further simplified by using the identities 

sinh[ inn( 1 - x/L)] = i sin[ nn( 1 - x/L)] 

n . n 
cosh[inlT] = cos[nn] = (-1) = 1/(-1) 

from which it follows that 

(r)s=s 
n 

= SHC 
00 

·oo 

' 
2 

sin[ n1r( 1 L nlT 
n=O 

( 12) 

( 13) 
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. Inversion of the second term of Eq. (6) 

The second ter·m has singularities at either s = - j3, or 

sn = -n21T2DM/L2 . 

The residue at the pole s = "" j3 ·is found by the same procedure 

used to evaluate the residue at s = 0 for the first term of Eq. ( 6). 

The result is 

wher.ein we have applied the identity 

exp(iy) "" exp( ...;iy) = Zi sin(y) 

where y represents either (j3/DM) 
1

/
2 L or (j3/DM) 

1
/

2 
(L-x). 

Th~ residue at sn is found by writing the second term of Eq. (6) 

in the equivalent hyperbolic form and proceeding analogously to the 

evaluation of this residue in the first term of Eq. ( 6). · The result is 

(r) s=s = 
n 

(15) 

CM is found by summing all the residues, Eqs. (9), (13), (14), 

and ( 1 5). Applying the identity 

sin(a - b) = (sina)(cosb) - (cosa)(sinb) 

... 
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Therefore, 

sin[n,.(1 - x/L)] = - cos(n'TJ')sin(n1Tx/L) = - (-1)n sin(n'TI'x/L) 

the sum of.the residues is 

. . ' 2 2 

= SHC 
00 

00 

\'"' 

(1 - x/L) - 2/'TI' L 1 sin(n'TJ'X. /L) ( n 'TI' DMt 
h Z '2 exp - 2 

1 
_ n 'TI' L 

2 
where T = f3L /DM 

n=O 
T 

1/2 1 
sin[.{~ 71-x/L)] exp ( -f3t) \ 

sin('lj 
1 2 J 

( 16) 

The concentration gradient (8 CM/ax)x=L is found from Eq. (16) 

and substituted into Eq. (2.52), along with Eqs. (2.50) and (2.51) to give 

the final result' 

00 
\-

E = E 1+2 i t 00 L_ 
n=O 1 

( -1)n 
2 2 n ,. --T 

(2.75) 
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NOMENCLATURE FOR APPENDICES 1!.2 AND II. 2 

F denotes the fitting function 

X(1) denotes j3 

X(2) denotes DM/L 
2 

G(1) denotes the partial derivative of F with respect to X(1) 

G(2) denotes the partial derivative of F with respect to X(2) 

M1 a programme -incorporated control parameter which permits 

additional calculations on the first and/or last eritry into TABLE, 

e. g., calculation of KL
4

a from the best.-fit value of j3 . 

.. .. 
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APPENDIX 11.2 

Subroutine Table: Two-Parameter Fitting - Absorption 

<;Lf'.RCLI"I'~( TI\I'.Lt !f,G,x,T,~IJ 

C VCL I' ASS I !I. A~) CCt'FF KLII I~ ~ATF,lo\ 
C f\<0 PAKA~LfER tiJfi~G- X(ll=f'fTAti/St'C ~~~~[.; Xlll=O*L**2 ,1/SIJ. 
C Ut:TEI-t~ INEI: RY TRA>JSIE'H R~~SPO';Sf: CF OJ<Y(;EN PRCI'( OURII\C CASSII~C I"J 
C UJ<YGH Ae~.CI~PTICN SH:P CH!I'IIGE fROfl' 1\(fRCGfl\ TO AIR 
C ACRA.TIUN l<f.IE I)=Lil,{l/t"IN, ~f\!RY CCE-F~ ~=Airv•CCIGI'-I"CLE 
C PRUeE VCLI~GES f(TR~N~IE~TI, CST~~T(f~ITIAL), ~1\JO EINFI~ IN fi'ILLIVOLTS 
C TIME IN S•.Cr'JilS, I.=C,., \I:Cll.CI'., P=ATI', X( ll=fltTA/bC., !/SEC 
C MLI'.ekA~<l \JIFFL:SIVII Y L:SC.CI'•./SI:C XIZ J-:LIL*.•2 ,liStC 
C BLfA=i/1'['., KLAHR=liHk, KLIII'I~=lii'IN 
C DATA CC~fkCL PIIRA~'ETLkS K=?, ISTEP=O, I~RITE=O, ICC~=! 
r. CCNVlRGEI\CI. CHilfiUCN ICCNVRG=C' 

IJ I ~lfl\ S I t;iJ X ( 21, G (I l, TIl I, T.Hl T ~Ill 
RF~l t,LA"'•Ilc,\,Kli\t'K,KLh"'IN 
11 -~ I A L , V , P , r' , t1 I '> • _, il [ - ~ , I 50 0 • , I • C , Z • 'i ) 1 H • 3 " ':> L 5 I 
lfii'I. ,r.tl ·.;1. rr: a · 
~ E A 0 ., , E S L\ R r , ~ U I~ I 1\ 

'J FC.-("'AII?F'.i.;>J 
R LIt,;~·< 

u ( r 'IT 10; I: f: 
TfiJl=( XI L 1/((?ll*'i 
TAU: SCi< l ( l 1\L 1 } 
C t- I I = ( l .I ( X ( 1 l *X 12 I ) l *"' 2 
U I =S· • .HICHill 

C TfllJl,Cilll '\VIl!D I d!ETlK~f'I;A,._T SCKTS IF X VALUS ~fG 0"-i RANCr:~ ~HPS 
Tt-lTIIIII=Till +10. 

C Tlll=C 4T Ti-'[ INSfAH Cf THE l~'lf'IH INCRti\SE [', Pi{CtH IIOLTIIGt 
C fht_TA=G AI Hfl INSTAI\II Cf Tt-F STI:P UlANGE [1\ Pilf'l GAS COI"PCSITIO'< 

ZETA=:'> I:\( St"Rf( TAIJI l•SINIS(KT( TALl l 
Gt. f.' I' A= THL U I ll *SQ.-{ I IT ~l; l *'>IN ( 5 CRT I I llU l I 
0 t: L T A=-. 5 * SQK T (CHI l * ( S I 1\ ( S CRT I I AU) I-S l::k T I T ALl '~' CC S I S C: R r I T ,\ L l l ) 
LAMHC~=X( I )*O~LTA*SCRTITAUI*EXP(-J<jl l*Tf-ETAI ll )/lET~ 
Y=O. 
D ll< I Y = ·,: • 
CEP2Y=c.. 
CC IC K=!,e 
,.. = ~ 
A l I" H A = ( K * *? l + 'l • 8 6 ') b * T 1-' C T A ( I l +X ( 2 ) 
E P <;I l C ~! = ( l. C- Y. e 6 96 • M * * 2 I T II L l + I I. C- 9. ti b 9 t *I'++ 21 TAU I 
K t-Il= I I • I X ( I I I -I H!l. I A ( I I* SQR T (I_ P S ll CN I l 
Y = Y + I I - I I * * K ) ¥ [X P ( - ~ Ll' ~- ~ ) I ( I • - I ( K • *? I • 'J • € 6 '161 T A C I l 
DfY l Y =I • f:R I Y + { I-ll HI' J • ( ,_. ** 2 l * 'l. 86Yt>* E XP I- ALPHA l/ (X ( l l • T hU <l PSI l C 1\ I 
() 1-: fi 2 Y = llf R 2 Y + I ( - l ) * + ~ I + (I' • +? ) * 'l. !l6 ') t. ·~ t-C * E X PI -ALPHA I I£ P S ll ·.,I\ 

I :~ CC ·': T 1 , . '-l 
F = 1:: S T ,, :< T + t: I N F I N • ( l • - S (;I< T ( T ,\ U I + [ X P I - X I I l * T t l T ,\ I l l I I S IN ( S C R I I T A lJ l I + 2 

l. * Y I 
r; I il = L I Nt- I ,,J * (I X P (_-X ( l I * TH H A I L l l * ( C ~"'I' A-CELT 1\ l I lET ~- 2. *Ct: ii l 'I ) 
Gl2l=~l~FIN*(LI\~Bri\+2,*CER?YI 

I F ( M 1 • !<I' • 4 l H L I L K 'J 
~E TII=I;C>.*X ( l) 
K l ,\H K = b C.* Me f II* C *HI ( Q * f1- 2 3. 7"' li * P • FH r A l 
KL.\"' It. =KLIIHR/1>0• 
L:=X(2Jt<L**2 
Pili 1\!l 21) 

z:: FCk"A I ( LHJ,9X,4t-H~ IA,:JX,'5HKLA~H,4)( 1 6H~LI!I'IN, \X 1 6HfSTAi<T, ~~ 1 (Hf!Nf 1. 
lt1,,9X,IH0l 

w R I T [ ( l , J C I U t I A , K L ~ H R , 1<. l A"' I N , ( •S T ~ •< T , F I 1\ f I~; , C 
3 C F C l{f" A I ( I H C , 5 X, f l 0. 4 1 2 X, I' 7. l , l X 1 f 6. I. 1 J X, Ft. 2, 'l X • F 6. 2 , 4 X 1 t l 1 • I 0 l 

PP I!I:T '•0 
40 FC'~"'~I(IfiC,f,(,4~X(t'.ll 

hRITf.( 1 1 '5:)1 Xl2l 
'>C. f(~t'AT ( lH( •'•X,I· <j. /l 

.-([ fLK' 
f!\ :l 
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APPENDIX II. 3 

Subroutine Table: Two-Parameter Fitting - Desorption 

s·L tl R C I i1 PJ f TABLE ! 1', G, .lf , 1" ·, f" l l 
C vrL f"ASS IKA~SFE~ CCE~F Kl~ IN C.l3~~ KCL-KCt-~2(01 SCLLIIO~ 

C Tl-.1: PAKAfolri[K .tlllli\G- X!ll=B(TA,l/SEC INC •t2l=C*l**2 ,1/SI::C 
C. nr lEI'.,. INti; f>V II~A'\SIE'~T IHSI'CNSE. cr OXYGCI\ PRCPE DuRiNG GAS51~C Old 
C U )( V G ~- "- r~ E ', 1 ~ R,P II r i ~ <;f E I' U A~. G l t- R CM A I l'l I r t: • I C C 21 C. 'i 1\ 2 
·c AlRATIC:, !\II' C:=LiliHif'II.'J, 1-'I'".R'I I:CfH H=Hii*CC/G·I"-I"OlE 
C TRAI\Sit!I:T I'!Wf't VClTACt hfiN,\l VrLTAC( [fii\AL, AND 1'\lfiAl ')1\TLRlfi(N 
C Vt:LTAft U·~FI'J ltJ 1-'llLIVOLTS 
C Tlll=C Wl-1 'i IHI I'Kt!E[ VCLTAGC FIRST OfCI"''i TC L£CRfASf" fROt-' £11\FP, 
C Tti[TI\(ll= .H THt 11\SIAII.T CF THF STtcP CI-AI\G£ IN INLET G.6S Cf"I'PCSliiCN 
C Tl I' t I ( 1 l I N S t C lJ ~. il S, l = C I" , V = C IJ. C t< • , P =A I ~ , X I I l = FH' T A It 0. , 1 I S I C 
C Mt,..f'Rt~r;r I:IHLSIVITY IP<Sil.C"./SI.C X(2J:DILU2, li~£C 

C P.LTA=II"l'' ~LAHR=l/tlfl kli\~"1"1=1/I'IN 
C I)ATA CCI\fKCL PARAI-'t:=TtRS K=2, 15TFP=O, lwl'l!Tf=C, ICO~:"l 

C C~N~(~G[I\(L CH!Tt~ICN IC(I\V~G=O 

DIM~~SICN XI21,CI2l,Tili,TI-ET~Ill 
REAL I. ,lAr-'t\OA,~.LAhK,Kl4PI~' 
fl~TA L,V,P,t:.,l!l5.·"fJ[-3,25CC.,t.C,5.~0,l.J.7tA'.i/ .lV)PKCL 
IF uq .c; T. 1 I CC TO 8 
AF~~ ~,E[Nf(N,EFI~Al 

') FCKt'A[(2f5.?l 
Rl Tl;R'< 

IJ CPITI\tlt. 
T~Ul=(XllliX(?) 1**2 
T~IJ=51.KTIT11t;ll 

Cl-11=1 1./IXIll*XI?.l l 1**7 
C 1- I = S c, ;( T I C H I 1 I 

C lAUl,CHll 1\VIJIIl I"41JFTI.Rf"I'>Af'l:f SCtHS H X V:\LLfS 1\f~G CN AIINU'r' STEf->5 
TH. TAl 11=11 1 )+5. 
lt: T 1\ = <; I r-.; ( )tJR T ( 1 AU I I* 5 ( 'li I StiR T ( I AIJ l I 
G A"'" A= I H[ T A I 1 I·*~ Q!~ I IT II U I * 5 IN ( <;CRT I T ~U l l 
fl t L T A= u. ~ * SCtH I (HI I* I 5 I 1\ I SC ft I (TAU I l- S CRT I T /Ill l *CC S I S<;IH I I A I l I l 
l A i~H Cll =-X I I l *f' t· l T ·'* S !J K T I T 1\u l *".X P 1- X ( 1 l * H [ I A I 1 l 1/ll fA 
y = C· • 
fl E F 1 V = ·~. 
LlEfi.2Y=':. 
UC lC K"l_,tl 

"'""· ,\ l PHA = I K • * i l * ·i. e 6 96 *X I ?. l *I 1-l I II I 1 I 
EPSIL~N•IL.-P**2*Y.B6~6ITAUl*ll.-M**2*q•pfy61l'LI 
tH· 0= ( I • I)( I I l I - ( T H r: I II I l I* S ~~ R T I t P S I L C 1\ I I 
Y='l+l-1 l**K*[XPI-\LPHAl/ll.-K**2*9.86q6/T•ul 
0 E K 1 'I = lit: i\ 1 Y + I I - I I * * P I * I r- * * 2 l * 9 • A 6 9 6 * [ X p I - A l f> H A I I ( X I 1 I * TilL * E P S I L C N l 
C 1'1< 2 Y = U E R 2 V + I ( - 1 l <' * r- I * ( I"** 2 l * J. 8 6 9 6 * IHI C C< E X f> I -AlPHA ) IE P S I l C 1\ 

lJ COiTI~.l..f 
F = l. F I~ •. <\ l + r I M' I ~,*I '> C i'l I I T II U I * r X PI- X I 11 * I HET ~ I l I l IS I'; I S QR T! T ,, L I I -?. * V 

1 l 
r, ( l l = l I N f 1 ~; * I 2 • * r; t .I\ I V- I 1:- X I' ( - X I 1 I * l HI' T A I l l l * I G II I' !"A- [ E l fA l I L t T A I l 

G I I l = '- I NF I~* I l Ar-'131: A-2. *CE '< 2 'I l 
IFtP.I •. ,!E.41 HLTL~'< 

I~ l T II= t> 2. *X I l ) 
KLAH~;60.*elfA*C*H/IQ*I--?1.7*V*P*HETAl 

Kl .~JV I ;=Kl.'\11'~/1>0. 

O=XI2l*l**? 
f'~lfl:f 18 

l J ~ C R"' ~ f ( !II':; , 'J X, 41-'P. 1: I fl, 5 X, 5 HK l f1 1- P , 4 J( , 6 HK l fl I' I ~:, 3 X, 6 HE II\ f 11\J, 3 X, t H t F INA 

ll,9X 1 1Hil) 
W~llt(3,3() tl[TA,KLAHK,KLAr-'!~,[!NI-IN,EFI~ftl,C 

10 FCRI"aTI IH0,5X,Fl0.4,2X,F7.1,3X,F6.2,3X,Ft.2,3X,F6.£,4X,Fll.l0l 
PRir--T 40 

4C f(I{"AT(IH(,/X,41-XI2ll 
wP I T t I 3 , 5 :; l X I 2 ) 

~0 I'CR"'ATilHC,4X,f'1./l 
Rtft.;R~ 

fl\11 

' .. 

.. 

,. 
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APPENDIX III. 1 

Effect of Aeration on Mixing Power Unit Volume for Water at 30°C 

Aeration Aerated/unaerated 
Impeller number (NA) power ratio 
rotational Aeration _9._ PG 
speed (N) rate (q) ND 

3 
Po rpm sec/min I 

600 1250 0.0158 0.595 
2500 0.0316 0.459 
3750 0.0474 0.378 

700 1250 0.0136 0.628 
0.617 

2500 0.0272 0.535 
3750 0.0408 0.447 
5000 0.0544 0.488 

800 1250 0.0119 0.695 
2500 0.0238 0.627 
3750 0.0357 0.525 
5000 0.0476 0.458 

900 1250 0.0106 0.763 
2500 0.0212 0.618 
3750 0.0318. 0.566 
5000 0.0424 0.432 

1000 1250 0.0127 0. 753 
2500 0.0145 0.613 
3750 0.0218 0.559 
5000 0.0291 0.495 

1100 1250 0.0087 0. 793 
2500 0.0174 0.638 
3750 0.0261 0.574 
5000 0.0348 0.552 

1300 1250 0.00691 0.830 
2500 0.0138 0.692 
3750 0.0207 0.597 
5000 0.0276 0.572 

1500 1250 0.00638 0.885 
1875 0.00957 0.811 
2500 0.0128 0.713 
3125 0.0160 0.697 
3750 0.0191 0.646 
.4375 0.0223 0.607 
5000 0.0255 0.565 
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APPENDIX III.2 

Dynamic Pressure Corrections to Manometric Gas 
Holdup Measurements 

Impeller Rotational Speed 

N 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

25 

36 

49 

64 

81 

100 

121 

144 

169 

196 

225 

256 

289 

324 

361 

400 

441 

Manometer pF = 0. 775; TJ -- 15° 

0.125 

0.125 

0.225 

0.275 

0.350 

0.450 

0.525 

0.625 

0. 750 

0.850 

0.975 

1.10 

1.18 

1.25 

1.30 

1.32 

1.32 

.. 

.•.. 
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Appendix III. 3 

Physicochemical Properties of Experimental Solutions 

Ionic Interfacial tension 
H4 strength Density Viscosity 

rT p(30•C) 1-l.c aoc dynes/em 3 
(atm-~~O! ~mole) 

g -ion/litre g/cm 
3 

Expt'l Literature (Ref. ) _E.!i cp 

Distilled Water 0.00 0. 9957 0.894925(106\ 71.925 71.9725(83) 6.45 8. 345 (Ref. 83) 

0.80130(106) 71.1830(107) 

KOH - K
2
co

3 
0.0965(a) 8. 530 

0 .. 1M KCl 0.100 1.003 7. 35 8.547 

0.22M 1\.Cl 0.220 1. 012 0.80130 72.730 7.93 8. 796 

0.135M KCl + KOH - K
2
Co

3 
0.221 (a) 8. 760 

?v!edium A -1 (b) 0.136 1.003 0.801230 72.430 5.45 8. 570 

0.125M Na
2
so

4 
- 0.004M CuS0

4 0. 391 1.014 o. 84130 71.730 9.300 

0.250M Na
2
so

4 
- 0.004M Cuso

4 0. 766 1. 032 0 . 9 94 2 2 5 ( 1 0 6 ) 72.230 5.50 10. 3 8 

0.375M Na2so
4 

-0.004M CuS0
4 1.141 1.045 72.930 11.68 

0.500M Na 2so4 - 0.004M CuS0
4 

1. 516 1.067 1.09825(106) 72. 5830(83) 12.88 

0. 500M Na
2
so

3 
- 0.004?-.1 CuS0

4 
1. 516 1. 059 1.03130 72.630 8.94 12.88(c} 

0 11M Na2so4 + KOH - K 2co
3 

0.418(a) 9.646 

(a) Average of ·ail runs. 

·(b) Composition: 1.6g K
2
HP0

4
, 0.48g MgS0

4
· 7H

2
0, 4.6g NH4 Cl, O.OZg NaCl, 0.03g Hgi2 per litre distilled water. 

(c l Assumed equal to value in 0. 50 0M Na
2

SO 
4 

- 0. 004M CuSO 4 . 

I 

N 
M>-
vv 
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APPENDIX III.4 

Measurement of Oxygen Probe Membrane Effective Diffusivity 
by Step Change in Oxygen Tension (30°C) 

Time 
sec 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

it 
12 
14 

16 

18 

20 

22 

24 

26 

28 
30 

40 

60 

80 

100 

00 

Potential drop across external 
resistor ( 1100 ohm) 

millivolts 

0.11 (deoxygenated) 

0.15 

0.33 

0.63 

0.88 

1.22 

1.58 

1.98 

2.37 

. 2. 76 

3.13 

3.50 

3.84 

4.41 

4.87 

5.27 

5.60 

5.88 

6.12 

6.32 

6.49 

6.62 

7.06. 

7.42 

7.59 

7.69 

8.05 

.,. 
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APPENDIX IV. 1 

Oxygen Volurnetric Mass Transfer Coefficient in 
Distilled Water Computed from Unsteady-State Data 

Aeration rate Agitation Ca)Sulated K a 

PG/VL 
L4 

M 
2 

Q vs N 
ft -1 bf em /sec Best fit 1 

hp/ft
3 

X 10 
7 -1 

£/min ft/ sec rpm rnin -ft 3 hr CHISQ(X) 

1.25 0.00375 600 0.0148 488 1.77 35.1 1.42 
700 0.0212 700 1. 53 48.9 0.190 
800 0.0368 121 5 1 .64 62.2 0.1 57 

.., 900 0.0588 1940 1. 58 74.1 0,201 
1000 0.0785 2590 1 .44 98.4 0. 727 
1100 0.114 3750 1.34 94.8 2.52 
1300 0.193 6370 1. 55 118 0.250 
1400 0.223 7365 1.56 138 0.224 
1500 0.285 9400 1. 56 140 0.095 
1600 0.298 9850 1 .56 149 0.327 
1700 0.3 51 11590 1. 56 1 39 1 .03 
1800 0.419 13830 1 .5(, 145 0. 510 
1900 . 0.514 16960 1 .56 164 0.241 
2000 0.610 20150 1. 56 1 tJ(, 0.889 
2100 0.745 24570 1.56 188 0.431 

2.50 0.0075 600 0.0±14 377 1 .69 44.8 0.294 
700 0.0182 599 1 .63 46.4 1. 31 
800 0.0333 1100 1. 54 71 . (J 0.132 
900 0.0476 1570 1. 50 85.6 0.616 

1000 0.0639 2110 1.53 109 0.469 
1100 0.0912 3010 1 .. 55 105 0. 765 
1300 0.161 5300 156 1 32 0.122 
1500 0.251 8280 1.56 149 0.087 
1600 0.269 8870 1.56 197 1.33 
1700 0.298 9820 1.56 158 0.139 
1800 0.344 11360 1.56 193 0.148 
1900 0.409 13500 1.56 193 0.854 
2000 0.503 16590 1. 56 206 0.077 
2100 0.639 21075 1. 56 194 2.36 
2270 0.833 27490 1.56 248 0.298 

3.75 0.01125 600 0.00942 311 1.81 54.3 0.686 
700. 0.0182 599 1.67 70.2 0.384 
800 0.0279 922 1.64 81 .4 0.928 
900 0.0385 1270 1.59 99.0 0.394 

1000 0.0517 1705 1.56 123 0.781 
1100 0.0789 2605 1 .49 118 1.23 
1300 0.139 4580 1.56 141 0.718 
1500 0.227 7500 1.56 158 1.01 
1600 0.237 7805 1. 56 206 1.89 
1700 0.2 75 9065 1.56 186 0.240 
1800 0.349 11525 1.46 214 0.097 
1900 0.372 12265 1. 56 214 0.263 
2000 0.458 1 5100 1.56 2 34 0.089 
2100 0.589 19440 . 1.56 234 0.279 
2270 0.828 27320 1.56 253 0. 794 

5.00 0.0150 600 0.00739 244 1. 70 60.6 0.468 
700. 0.0165 546 1.66 76.9 0.213 
800 0.0242 800 1.59 87.4 0.192 
900 0.0385 12 70 1.48 99.3 0.896 

1000 0.0517 1705 1.56 123 1 . 71 
1100 0.0789 2605 1.65 118 0.669 

·" 1300 0.133 4390 1.56 148 0.073 
1500 0.199 6560 1.58 190 0.182 
1700 0.2 71 8940 1.56 218 0.171 
1800 0.302 9955 1.56 234 0.265 
1900 0.360 11890 1.56 238 0.041 
2000 0.451 14885 1.56 238 0.305 
2270 0.718 23740 1.56 323 0.264 



-246-

APPENDIX IV. 2 

Fractional Gas Holdup in Water {30°C) 

Superfici;il Gas Velocity 0.0150 ft/sec 

N 
p /V HG H 

G L 3 
G 

rpm ft-lbf/min-ft Eq. (3.15) Liquid displacement 

500 74 0.0160 0.0319 

700 546 0.0213 0.0319 

800 800 0.0245 0.0323 

900 1270 0.0320 0.03 73 

1000 1705 0.0407 0.0419 

1100 2605 0.0480 0.0454 

1200 0.0480 0.0475 

1300 4390 0.0533 0.0498 

1400 0.058 7 0.0522 

1500 6560 0.058 7 0.054 7 

1600 0.0693 0.0562 

1700 8950 0.0670 0.0587 

1800 9955 0.0747 0.0603 

1900 11890 0.0747 0.0622 

2000 14890 0.0823 0.064 7 

2100 17700 0.0853 0.0682 

... 
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'· 
APPENDIX IV .3 

Oxygen Overall Volumetric Mass Transfer Coefficient in 
0.1 OM KCl Solution Computed from Steady-State Data 

• (Deoxygenated Feed) 

Aeration r.ate Agitation rate Feed rate Fer mentor 
• 

PG/VL probe 

Q1 ft-lbf F1 VL 
DL millivolts KL4a 

vs N 
£/min ft/sec min-ft3 £/min £ min 

-1 EL E -1 
rpm 00 hr 

2.50 0.00750 700 475 1.251 2.50 0.500 4.34 5.51 118 
533 1.008 2.55 0.395 5.12 6.10 131 

800 736 1.251 2.57 0.487 8.04 9.50 174 
900. 1160 1.251 2.59 0.483 4.94 5.55 238 

1000 1890 1.271 2.60 0.489 8.08 8.95 318 
1100 2540 2.158 2.57 0.840 5.25 6.20 320 
1200 3380 1.271 2.60 0.489 8.34 8.95 451 
1300 4215 2.158 2.57 0.840 5.48 6.20 466 
1400 5700 1.271 2.60 0.489 8.52 8.95 670 
1600 7980 1.281 2.59 0.495 8.62 9.06 674 
1700 9880 2.543 2.58 0.986 5.89 6.40 998 
1900 14050 1.281 2.59 0.495 8. 75 9.06 1020 

5.00 0.0150 600 322 0.921 2.50 0.368 6.07 6.95 158 
700 344 1.053 2.64 0.399 5.51 6.20 200 
800 816 0.921 2.50 0.368 6.52 7.04 296 
900 1100 1.224 2.49 0.492 6.89 7.44 402 

1000 1490 1.260 2.58 0.488 8.24 9.00 364 
1100 1830 1.456 2.62 0.556 8.90 9.60 470 
1200 2740 1.466 2.48 0.591 9.14 9. 78 574 
1300 3470 1.488 2.50 0.579 9.30 9.83 710 
1400 4060 1.453 2.69 0.540 9.33 9. 75 863 
1500 5680 1.053 2.64 0.399 6.10 6.27 1070 
1600 6620 1.558 2.51 0.621 9.45 9.83 1180 
1800 9260 1.489 2.67 0.558 9.62 9.96 1212 

·• 
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Appendix IV .4 Oxygen Overall Volumetric Mass Transfer Coefficient in 
Medium A-1 Computed from Steady-State Data 

:.. 
Aeration rate Feed Rate Probe millivolts Agitation 

Q1 vs F1_ VL. DL Feed Reactor PG/VL KL4a 
N 

£/min ft/ sec £/rhin l min 
-1 ELi EL E 

hp/ft
3 -1 

00 rpm· hr 

1.25 0.00375 1.344 2.50 0.538 OA3 3.35 5.55 500 0.00645 44.6 
1.344 2.50 0.538 0.43 4.27 5.55 700 0.0219 106 
1.357 2.50 0.543 0.58 4.79 5.64 900 0.0530 190 
:i .357 2.50. 0.543. 0.58 5.07 5.64 1100 0.0951 338 
1.356 2.51 0.540 0.35 5.09 5.54 1300 0.155 501 
2.480 2.54 0.976 0.22 5.89 6.84 1400 0.172 519 
2.437 2.42 1.007 0.21 6.01 6.92 1500 0.209 600 
2.471 2.47 1.00 0.25 6.11 6.98 1700 0.286 648 
2.471 2.58 0.958 0.22 6.20 6.97 1900 0.400 765 

2.50 0.00750 1.370 2.53 0.542 0.35 3.43 5.55 500 0.00591 48.3 
1.370 2.53 0.542 0.35 4.05 5.55 600 0.0115 83.4 
1.385 2.48 0.558 0.28 4.35 5.60 700 0.0188 115 
1.397 2.50 0.559 0.54 4.85 5. 70 900 0.0451 181 
1.397 2.50 0.559 0.54 5.02 5.70 1000 0.0629 242 
1.353 2.56 0.529 0.44 5 .. 08 5.67 1100 0.0839 282 
1.353 2.56 0.529 0.44 5.28 5.67 1300 0.134 482 
2.260 2.62 0.863 0.24 6.97 7. 70 1500 0.192 614 
2.299 2.44 0.942 0.12 6.48 7.12 1700 0.274 761 
2.364 2.70 0.876 0.24 6.58 7.13 1900 0.338 845 
2.440 2.71 0.900 0.24 6.58 7.10 2100 0.480 951 

3. 75 0.01125 1.373 2.60 0.528 0.47 3.65 5.45 500 0.00533 57.0 
1.373 2.60 ·0.528 0.47 4.48 5.45 700 0.0173 137 
1.376 2.59 0.531 0.62 4.78 5.45 900 0.0389 211 
1.376 2.59 0.531 0.62 5.04 5.45 1100 0.0764 385 
1.369 2.50 0.548 0.31 5.10 5.43 1300 0.121 484 
2.508 2.56 0.980 0.21 6.92 7.68 1500 0.178 618 
2.533 2.64 0.959 0.16 7.10 7.68 1700 0.263 877 
2.528 2.61 0.969 0.16 7.17 7.71 1900 0.347 986 
2.495 2.46 1.014 0.14 7.21 7.71 2100 0.485 1200 

5.00 0.0150 1.379 2.52 0.547 0.32 3.99 5.35 600 0.00939 91.1 
1.379 2.52 0.547 0.32 4.61 5.35 800 0.0233 202 
1.386 2.50 0.554 0.40 4.88 5.34 1000 0.0515 360 
1.386 2.50 0.554 0.40 5.00 5.34 1200 0.0891 523 ., 
2.416 2.57 0.940 0.44 4.81 5.24 1400 0.142 698 
2.467 2.44 1.011 0.70 4. 75 5.05 .1800 0.301 1100 
2.435 2.53 0.962 0.25 9.79 10.36 2000 0.427 1380 
2.471 2.53 0.977 0.21 7.35 7. 75 2270 0.621 1540 
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APPENDIX IV.5 

Oxygen Overall Volumetric Mass Transfer Coefficient in 
Medium.A-1 Computed from Unsteady-State Data 

Aeration rate Agitation Cal):flated KL4a 
PG/VL 2M 

Q1 vs ft-lbf em jsec Best fit 

·" 1/min ft/sec rpm hp/ft
3 min-ft3 y 10 7 hr- 1 CHISQ(X) 

1.25 0.00375 500 0.01515 212 1.8 7 77.0 1.03 
600 0.0101 333 1.62 61.5 0.478 

... 650 0.0131 433 1.38 86.1 1.31 
700 0.0181 596 1.45 88.3 0. 755 
750 0.0244 805 1.42 116 1.00 
800 0.0332 1095 1.46 129 0.843 

1000 0.0752 2480 1.46 242 0.338 
1100 0.0962 ~180 1.46 339 0.451 
1200 0.1.31 4315 1.46 392 0.391 
1400 0.206 6800 1.45 512 0. 729 
1500 0.231 7610 1.60 625 0.526 
1700 0.353 11650 1.54 728 0.374 
1900 0.473 15600 1. 78 862 0.543 
2000 0.563 18600 1.68 947 0.617 
2270 0.894 29500 1.82 1122 0.840 

2.50 0.0075 600 0.00942 311 1.55 125 2.52 
650 0.0131 433 1.34 160 2.75 
700 0.0165 544 1. 56 123 4. 77 
750 0.0210 694 1. 56 144 2.42 
800 0.0261 860 1.56 166 1.91 
900 0.0395 1300 1.56 195 2.67 

1.52 194 0.307 
1000 0.0548 1810 1.56 261 3.47 
1100 0.0727 2400 1.56 305 2.99 
1300 0.127 4190 1. 57 516 0.482 
1400 0.192 6330 1.45 590 0.433 
1700 0.273 9000 1.48 914 0.927 
2270 0.792 26140 1.58 1308 0.552 

3. 75 0.01125 500 0.00448 148 1.87 77.0 1 .026 
550. 0.005 54 183 1.72 80.7 0.917 
600 0.00809 267 1.54 99.2 0.915 
650 0.011 7 385 1. 51 116 1 .1 5 

1.44 111 1.20 
700 0.0134 441 1 .38 135 1. 21 
800 0.0225 742 1.46 151 1.92 
900 0.0344 1140 1.46 211 0.259 

1000 0.0550 1815 1.46 273 0.188 
1100 0.0703 2320 1 .48 385 0.283 
1300 0.124 4090 1.53 481 0.413 
1500 0.183 6055 1. 70 670 0.462 
1700 0.265 8750 1.61 1020 0.324 
1900 0.399 13160 1.53 1077 0.491 
2270 0.886 29250 1.58 1496 0.444 .,. 

5.00 0.0150 600 0.00673 222 1.61 114 0.970 
650 0.00839 277 1.47 128 0.60p 
700 0.0126 415 1.56 139 0. 788 

• 750 0.0152 500 1.56 159 0.573 
800 0.0198 653 1.56 190 0. 789 
900 0.0303 1000 1.56 258 0.405 

1000 0.0462 1520 1. 56 332 0.472 
1100 0.0617 2035 1.54 393 0.161 
1300 0.144 3755 1.41 799 0.235 
1500 0.185 6110 1.4 7 1129 0.1 6 7 
1700 0.265 8750 1 .4 7 1174 0.312 
1900 0.386 12740 1. 56 1319 0.320 
2270 0.881 29100 1.54 1647 0.577 
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APPENDIX IV.6. 
Oxygen Overall Volumetric Mass Transfer Coefficient in 

0.2ZM KCl Solution Computed from Steady-State Data 
(Deoxygenated Feed) 

Aeration rate Asitation rate Feed rate Fer mentor 
PG/VL probe 

Q1 ft-lbf F1 VL DL millivolts KL4a vs N 
· J/min ft/sec min-ft 3 £/min i 

.. -1 EL E -1 rpm mtn 00 hr 

2.50 0.0075 700 458 1.899 2.55 0. 745 4.34 6.15 113 
900 1245 1.899 2.55 0. 745 5.14 6.15 253 

1100 2485 1.782 2.50 0.713 5.35 5.96 451 
1400 5395 1.695 2.50 0.678 5.63 6.05 722 
1700 9730 1. 747 2.62 0.667 5.90 6.20 1218 
2000 15900 1.819 2.56 0. 711 6.06 6.32 1794 

5.00 0.0150 600 211 1.255 2.50 0.502 6. 75 8.96 94 
800 638 1.255 2.50 0.502 7.78 8.96 208 

1000 1410 1.283 2.55 0.503 8.28 9.06 342 
1200 2630 1.283 2.55 0.503 8.57 9.06 599 
1400 4240 1.277 2.63 0.486 8.72 9.10 771 
1600 6540 1.277 2.63 0.486 8.82 9.10 1160 
1880 11090 1.273 2.57 0.495 8.88 9,12 1460 
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Appendix IV. 7 Oxygen Overall Volumetric Mass Transfer Coefficient in 
0.125M Sodium Sulphate - 0.004M Cupric Sulphate Solution 

(Computed from Steady-State Data) 

Aeration rate Feed rate Probe millivolts Agitation 
-··"----··-- - ------------

Q1 Fi VL 
DL Feed Reactor PG/VL KL4a ... vs --·-· 

-1 ELi EL E N 
hp/ft

3 -1 
£/min ft/ sec £/min £ min Q() rpm hr 

1.25 0.00375 1.428 2.50 0.571 Nil 4.95 8.44 550 0.00679 50.7 
1.310 2.52 0.520 Nil 6.14 8.47 650 0.0168 88.4 
1.408 2.50 0.563 0.20 6.88 8.50 800 0.0348 158 
1.346 2.50 0.538 0.13 7.40 8.62 900 0.0527 230 
1.396 2.50 0.558 0.30 6.51 8.50 725 0.0261 115 
1.427 2.54 0.562 0.30 7.65 8.65 1000 0.0685 314 
1.249 2.46 0.508 0.24 7.86 8.61 1100 0.0902 420 
1.244 2.45 0.508 0.31 8.00 8. 70 1200 0.117 467 
1.249 2.44 0.512 0.31 8.11 8.70 1300 0.137 620 
1.284 2.49 0.516 0.40 8.16 8. 70 1400 0.177 714 
1.280 2.50 0.512 0.31 8.15 8. 70 1500 0.219 696 
1.115 2.86 0.390 0.26 8.30 8.72 1600 0.258 726 
2.503 2.50 1.00 0.10 6.20 8.51 850 0.0420 183 
2. 774 2.50 1.11 0.09 7.60 8.70 1600 0.264 744 
2.457 2.48 0.991 Nil 7.82 8. 70 1700 0.370 960 
2.460 2.55 0.965 Nil 7.90 8.71 1800 0.424 1090 
2.416 2.59 0.933 0.08 7.99 8.72 1900 0.467 1250 

2.50 0.00750 1.063 2.46 0.432 Nil 5.50 8.40 500 0.00588 50.2 
1.063 2.46 0.432 Nil 6.26 8.40 600 0.0115 78.6 
1.066 2.50 0.426 0.11 5.92 8.45 550 0.00864 60.0 
1.066 2.50 0.426 0.11 6. 70 8.45 650 0.0150 100 
1.260 2.46 0.512 0.07 6.71 8.47 700 0.0188 122 
1.257 2.50 0.503 0.10 7.28. 8.52 800 0.0288 189 
1.258 2.50 0.503 0.12 7.62 8.56 900 0.0439 268 
1.476 2.53 0.583 0.14 7.68 8.59 1000 0.0594 329 
1.339 2.56 0.523 0.07 7.91 8.59 1100 0.0748 428 
1.384 2.43 0.570 0.13 8.07 8.59 1200 0.100 672 
1.337 2.43 0.550 Nil 8.16 8.66 1300 0.129 696 
2.445 2.40 1.02 0.43 7.90 8. 70 1400 0.158 756 
2.390 2.67 0.895 0.17 8.08 8.73 1600 0.213 906 
2.418 2.49 0.971 0.28 8.17 8.75 1800 0.309 1195 
2.384 2.59 0.920 0.10 8.24 8.80 2000 0.444 1220 

• 2.419 2.42 1.00 0.14 8.35 8.80 2270 0.709 2050 
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Appendix IV. 7 ( Contd. ) 

Aeration rate Feed rate Probe millivolts Agitation 

PG/VL 
.,j 

Q1 F1 v DL Feed Reactor KL4a 
vs L -1 EL1 EL E N 

hp/ft
3 -1 

.£/min ft/ sec .£/min .£ min 00 rpm hr 

3.75 0.01125 0.943 2.50 0.377 Nil 6.01 8.35 450 0.00355 59.0 
0.943 2.50 0.377 Nil 6.15 8.35 500 0.00533 64.2 
0.958 2.47 0.388 0.12 6.42 8.44 550 0.00739 74.4 
0.958 2.47 0.388 0.12 6.70 8.44 600 0.0101 90.6 
0.944 2.50 0.378 0.02 6.96 8.49 650 0.0128 106 
0.944 2.50 0.378 0.02 7.25 8.49 700 0.0173 137 
o.qs6 2.48 0.385 0.14 7.64 8.52 800 0.0261 208 
0.956 2.48 0.385 0.14 7.88 8.52 900 0.0391 304 
1.160 2.44 0.475 . 0.14 7.94 8.55 1000 0.0548 406 
2.086 2.50 0.834 0.19 7.65 8.55 1100 0.0727 470 
2.532 2.50 0.941 0.70 7.58 8.52 1100 0.0727 468 
2.359 2.50 0.944 0.34 7.68 8.57 1200 0.0958 538· 
2.358 2.53 0.943 0.34 7.89 8.61 1400 0.145 714 
2~3 78 2.56 0.929 0.43 8.09 8.64 1600 0.217 996 
2.409 2.45 0.983 0.24 8.19 8.72 1800 0.315 1180 
2.387 2.62 0.911 0.08 8.28 8. 75 2000 0.426 1310 
2.419 2.47 0.979 0.04 8.39 8.77 2270 0.655 2035 

5.00 0.0150 1.409 2.50 0.564 0.10 4.49 8.20 400 0.00122 40.2 
1.432 2.50 0.573 0.12 5.72 8.25 500 0.00591 77.4 
1.429 2.51 0.569 0.12 6.25 8.30 600 0.00939 104 
1.449 2.53 0.573 0.11 6.82 8.25 700 0.0165 167 
1.438 2.59 0.555 0.13 7.20 8.32 800 0.0261 220 
1.420 2.52 0.563 0.08 7.45 8.34 900 0.03 79 297 
1.411 2.56 0.551 0.06 7.70 8.37 1000 0.0527 410 
1.877 2.58 0.728 0.06 7.60 8.35 1100 0.0667 484 
2.258 2.55 0.903 0.06 7.51 8.35 1200 0.0864 535 
2.284 2.48 0.921 0.02 7. 74 8.40 1400 0.134 750 
2.363 2.52 0.938 0.01 7.85 8.44 1600 0.208 888 
2.457 2.53 0.971 0.06 8.04 8.52 1800 0.297 1220 
2.513 2.50 1.005 0.02 8.11 8.55 2000 0.436 1450 
2.488 2.67 0.932 0.02 8.25 8.57 2340 0.679 2070 

... 
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APPENDIX IV. 8 

Oxygen Overall Volumetric Mass Transfer Coefficient in 
0.125M Sodium Sulphate - 0.004M Cupric Sulphate Solution 

(Computed from Unsteady-State Data) 

· Aeration Rate Agitation Calr,ulated KL4a 
Pc/VL 2M . 

-~" 
Q1 vs N 

ft-lbf em /sec Best fit 
3 X 10 

7 -1 
i/min ft/sec rpm hp/ft rnin-ft '3 hr CHISQ(X) 

1 .2 5 0.00375 750 0.0244 805 1.68 164 0.532 
1. 7.1 185 0.804 

800 0.0288 950 1.39 207 3.84 
900 0.0465 1535 1.56 250 4.64 

1000 0.0652 2150 1.56 300 0.817 
1100 0.0815 2690 1 .56 463 ).51 

1.56 461 1 .68 
1300 0.124 4090 1 .85 383 1.02 
1500 0.192 6335 1.61 813 0.967 
1800 0.373 12300 1.03 895 0.061 
1900 0.495 16320 1.04 1114 0.055 
2000 0.626 20670 1 .1 2 11 79 0. 31 7 
2100 0.773 25500 1.09 1254 0. 788 

2.50 0.00750 800 0.0261 860 1.56 169 10.7 
900 0.0385 1270 1. 56 252 1 6.4 

1100 0.0703 2320 1.69 448 0.880 
1300 0.114 3755 t.68 591 0.975 
1500 0.172 5665 1.73 677 0.922 
1700 0.235 7750 1.66 1064 0.512 

0.273 9000 1.41 961 0.281 
0.242 8000 1.56 1102 0.575 

1800 0.329 10860 1.22 941 0.11 3 
1900 0.324 10700 1.64 1299 0.479 

0.377 12450 1.41 1577 0.104 
0.377 12450 1.53 1018 0.934 

2000 0.507 16740 1 .36 1367 0.080 
1.36 1368 0.079 

2100 0.649 21390 1.3 3 1475 0.034 
2270 0.867 28600 1.18 1 790 0.030 

3.75 0.01125 700 0.0126 415 1.55 133 11.8 
900 0.0314 1035 1. 56 292 5.67 

1100 0.0629 2075 2.00 362 1.01 
1300 0.102 3370 1. 52 594 1.40 

1. 76 607 1.21 
1500 0.158 5220 1.57 971 0.640 
1700 0.217 7175 1.58 1160 0.507 . 

1.61 1028 0.422 
1800 0.283 9355 1.38 1172 0.491 
1900 0.360 11890 1 .42 1238 0.283 
2000 0.415 13700 1.32 1289 0.646 
2100 0.482 .15900 1.33 1401 0.358 
2270 0.586 19360 1. 61 1817 0.595 

1. 3 7 ·153 7 0.236 

5.00 0.0150 1300 0.0977 3225 1.80 634 1.01 

". 1700 0.231 7630 1.46 1047 0.499 
1. 61 1111 0.570 

1800 0.257 8490 1.4 7 1166 0.484 
1900 0.324 10700 1.33 1235 0.530 

1.40 1270 0.523 
2000 0.366 12070 1 .41 1392 0.390 
2270 0.456 15045 1.56 2138 0.456 

6. 75 0.0203 2000 0.310 10200 1 .43 1120 1 .0 3 
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APPENDIX IV. 9 

Oxygen Overall Volumetric Mass Transfer Coefficient in 
0.250M Sodium ~ulphate - 0.004M Cupric Sulphate Solution 

(Computed from Unsteady-State Data) 

Aeration rate Agitation Calculated KL4a 
Pc/VL DM 

Q' 
/ 

cm2 /sec vs N ft-lbf Best fit. 1 . 3 
X 10 

7 -1 
f/min ft/sec rprn hpjft min-ft 3 hr CHISQ(X) 

1.25 0 00375 650 0.0172 566 1. 7(, 1 33 0.947 
700 0.0228 750 1. 72 145 0.324 
750 0.0286 944 1.60 201 1.63 
800 0.0352 1160 1. 56 1 50 0.814 
900 0.0506 1670 1.56 245 1. 85 

1000 0.0708 2335 1 .56 292 4.80 
1200 0.116 3830 1.54 496 0.628 
1300 0.139 4575 1.42 581 0.947 

2.50 0.00750 500 0.00506 . 167 2.47 60.9 0.319 
550 0.00679 224 2.41 76.5 0.008 
600 0.008 76 289 1 .68 126 1.96 
650 0.0135 445 1.72 166 1.46 
700 0.0173 570 1 .39 201 5.08 
750 0.0227 750 1.54 137 1.45 
800 0.0288 950 1.56 1 68 1.63 
900 0.0415 13 70 1.56 249 5.38 

1000 0.0583 1925 1. 56 325 6.63 
1100 0.0755 2490 1.48 610. 0.608 
1200 0.0958 3160 1 .68 488 0.8 71 
1400 0.148 4875 1.45 609 0.491 
1500 0.179 5895 1.33 739 0.200 

3.75 0.01125 500 0.00452 149 2.01 75.6 1.26 
5.50 0.00&48 214 1. 70 116 2.24 
600 0.00842 278 1.67 141 0.9 32 
650 0.0113 3 73 1. 53 1 82 1. 6 7 
700. 0.0157 518 1.55 133 1 .38 

1.55 1 33 1.69 
800 0.0242 800 1. 56 198 0.993 
900 0.0365 1.205 1.56 299 0.688 

1000 0.0527 1740 1.58 584 0. 738 
1300 0.113 3715 1 .67 588 1.01 
1400 0.135 4460 1 .46 782 0.508 
1 500 0.1 75 5780 1.41 892 1.18 
1600 0.190 6260 1 .38 852 0.409 
180.0 0.263 8690 1.33 1129 0.129 

5 00 0. 01 50 500 0.00394 130 1 .68 112 1.94 
550 0.00494 163' 1. 64 115 1.84 
600 0.00706 233 1. 56 151 1 .38 

1. 57 167 1.60 
650 0.00912 300 1.55 128 7.34 
700 0.0134 440 1.56 1 59 7.63 
750 0.0160 528 1. 56 179 1 .18 
800 . 0.0233 770 1. 56 210 2.02 
900 0.0344 1135 1.56 284 1.10 

1000 0.0482 1590 1.87 394 1 .09 •· 
1100 0.0580 1915 1.69 472 0.873 
1200 0.0823 2715 1. 71 503 1.26 
1300 0.118 3900 1.29 627 0.1 52 
1400 0.132 4360 1. 39 901 0.588 
1500 0. 1 62 5340 1. 3 5 718 0. 766 
1600 0.183 6025 1. 3 2 788 0.452 

1 .4.1 770 0.444 
1 . .3 1 764 0.870 

1.800 0.2 53 9355 1. 2 3 1067 1.04 
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APPENDIX IV.10 

Oxygen Overall Volumetric Mass Transfer Coefficient in 
0.3 75M Sodium Sulphate - 0 .004M Cupric Sulphate Solution 

(Computed from Unsteady-State Data) 

Aeration rate Agitation Calculated KL4a ... 
PG/VL DM 

2 
Q1 vs N ft-lbf em /sec Best fit 

i/min ft/sec hp/ft
3 min-ft3 X 10 

7 -1 
CHISQ(X) rpm hr 

1.25 0.003 75 700 0.0220 725 1.82 172 1.16 

1.85 169 0.512 

800 0.0368 1215 1.56 149 1.89 

1.56 149 1.52 

2.50 0.00750 800 0.0261 860 1.56 167 0.992 

900 0.0445 1470 1.56 246 1.32 

1100 0.0770 2565 1. 70 517 0.696 

1500 0.1790 5895 1.29 726 0.140 

3.75 0.01125 700 0.0165 545 1.56 131 2.71 

0.0157 520 1.52 137 3.64 

1300 0.1090 3610 1.63 556 0.682 

1400 0.1130 3715 1.37 742 0.473 

1500 0.165 5450 1.20 666 1.04 

5.00 0.0150 1000 0.0482 1590 1.66 589 0.574 

1500 0.155 5115 1.44 794 0. 539 

1.43 724 0.492 

.... 
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APPENDIX IV .11 

Oxygen Overal Volumetric Mass Transfer Coefficient in 
0 .500M Sodium Sulphate - 0 .004M Cupric Sulphate Solution 

(Computed from Unsteady-State Data) 
.... , . .. 

Aeration rate Agitation Calculated KL4a 
PG/VL DM 

. 2 
Q vs N ft-lbf ·.em /sec Best fit 1 3 

X 10 
7 -1 

1'/min ft/sec rpm hp/ft min-ft3 hr CHISQ(X) 

1.25 0.00375 800 0.0342 1130 1.56 147 2.80 

900 0.0517 1700 1.56 236 5.15 

2.50 0.0075 800 0.0270 890 1.56 166 0.821 

900 0.0445 1470 1.56 245 0.643 

1100 0.0777 2565 1.66 465 0.348 

1500 0.179 . 5900 1.24 847 0.301 

3.75 0.01125 600 0.0165 544 1.91 196 0.991 

1600 0.242 8000 1.27 812 0.164 

5.00 0.0150 1000 0.0517 1705 1.56 537 0. 785 

1300 0.107 3520 1.32 707 0.332 

1500 0.162 5340 1.34 831 0;109 

.. 
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APPENDIX IV.12 

Oxygen Overall Volumetric Mass Transfer Coefficient 

~' 
by Sulphite Oxidation 

Agitation rate 
Partial pressure r 

Q1 N PG/V~ 
0

2 
in exit gas KL4a 

atm -1 
£/min ft/sec rpm hp/ft . Calc. Measured hr 

1.25 0.003 75 500 0.00506 0.204 59.4 
600 0.0111 0.199 0.199 123 
700 0.0204 0.194 180 
900 0.0497 0.169 502 

1125 0.0871 0.142 966 
1750 0.278 0.106 1895 
2270 0.688 0.083 2900 

2.50 0.00750 500 0.00506 0.207 0.206 79.1 
900 0.0415 0.184 0.182 591 

1500 0.175 0.144 0.139 1840 
2270 0.609 0.103 4000 

3. 75 0.01125 500 0.0050 0.207 0.206 88.7 
800 0.0242 0.198 0.196 399 

1500 0.167 0.152 2340 
2270 0.548 0.118 4590 

5.00 0.0150 500 0.00448 0.208 92.8 
700 0.0142 0.203 279 
900 0.0324 0.197 0.196 581 

1100 0.0697 0.186 0.186 1110 
1400 0.134 0.168 0.160 2070 
1700 0.216 0.155 2945 
2270 0.484 0.130 4900 

r 
KL4a based on calculated oxygen partial pressure in exit gas. 

... 
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APPENDIX IV .13(A) 

Oxygen Overall Volumetric Mass Transfer Coefficient 
in KOH - KzC03 (Average rT = 0.0965) Unsteady-State Data; (~ 

Simultaneous co
2 

Absorption with Chemic~! Reaction 

Aeration rate Agitation. Calculated KL4a 
PG/VL DM 

2 ' 
Q1 vs N - ft-lbf em /sec ·Best fit 

£/min ft/sec rp:ni hp/ft
3 

min-ft3 X 10 
7 -1 

CHISQ(X) sec 

.. 
5.00 0.0150 800 0.029 7 980 1.56 0.0523 0.533 

900 0.0391 1290 1.56 0.0820 3.58 

1000 0.0515 1700 1.56 0.0944 0.386 

1100 0.0730 2410 1.56 0.0892 0. 781 

1200 0.0942 ,3110 1.61 0.166 0.208 

1300 0.124 4090 1.65 0.164 0.765 

1400 0.161 5320 1.62 0.173 1.03 
) 

1600 0.256 8460 1.64 0.253 1.36 

1700. 0.302 9950 1.56 0.252 0. 798 

2000 0.480 15850 1.58 0.315 0.831 

·-
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Appendix IV. 13 (B) 
Jnterfacial Area, Li uid-Phase Ox en Mass Transfer Coefficient, Gas Holdup, and 

Average Bubble Diameter in KOH - KzC03 : v 5 = 0.0150 ft sec 

Concentrations C02 mole fraction R t' Gas Bubble avg. _,_ 
5 

·r eac 1on 

rT 
't -·- peCl 1c area f t k holdup diameter db rpm OH C03 

ex1 gas a ac or L 4 
N g -ion/£ g-ion/£ g-ion/£ y 1 ~ H 3, 2 em- 3 em/sec G em 

500 0.0183 

700 0. 0240 

800 0.0827 o. 0057 0.0998 o. 02230 1.18 3. 76 0.0443 0. 0453 o. 231 

900 0.0862 0.0063 0.1051 0. 00988 3.10 6.14 0.0271 0.0573 0.111 

1000 0.0758 0.0071 0. 0971 o. 00586 5.23 ' 9.4 7 0.0180 o. 0693 . 0.0796 

1100 0.0828 0. 0036 0.0936 0. 004 72 6.07 11.3 0.0148 0.0800 0.0791 I 

N 

1200 0.0798 0.0061 0.0981 0.00399 8.34 8.19 0. 0200 0. 0990 0.0690 U1 
...0 
I 

1300 0. 0650 0. 0091 o. 0923 o. 00350 10.5 9.35 0.0156 0.107 0. 0609 

1400 0. 0830 0.0042 0. 0956 .o. 00250 16.5 15.4 0. 0105 0.116 0.0422 

1600 0.0189 0. 0241 0.0912 0.00439 19.0 6.39 0.0133 0.140 0.0441 

1700 0.0136 0. 0267 0.0937 0.00478 16.8 4.38 0.0150 0.144 0. 0514 

2000 0.0211 0.0257 0.0982 0.00219 32.1 7.64 0.0098 0.181 0.0340 

Avg.0.0965 

H
3

:: 0.331(10
5

)expl0.26 r
5 

+ 0.168r6 ]. 

*Inlet gas y
3

,
1

:: 0.10 (0.90 N
2

). 
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. APPENDIX IV ;14(A) 

Oxygen Overall Volumetric .Mass Transfer Coeff:lcient 
in 0.135M KCl + KOH- K2C03 (Average rT = 0.221). ,, ... 
Unsteady-State Data; Simultaneous C0

2 
Absorption 

· with Reaction 

Aeration rate Agitation Calculated KL4a 
PG/VL D M 

2 Q v 
N 

ft-lbf em /sec Best fit 1 
ft/aec hp/ft 3 . X 10 

7 -1 
£/min rpm min-ft3 sec CHISQ(X) 

5.00 0.0150 700 0.0134 441 1.40 0.0547 0.602 

850 0.0267 880 1.35 0.0894 0.130 

1000 0.0442 1460 1.45 0.0903 0. 780 

1150 0.0776 2560 1.51 0.135 0.179 

1300 0.112 3710 1.53 0.186 0.059 

1600 0.223 7360 1.44 0.356 0.046 

1900 0.377 12450 1.60 0.456 1.46 

2100 0.523 17260 1.44 0.457 0.048 
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APPENDIX IV .14(B) 
Interfacial Area, Liquid-Phase Oxygen Mass Transfer Coefficient, Gas Holdup; 
and Average Bubble Diameter in 0.135M KCl + KOH - K

2
co

3
: v

5 
= 0.0150 ft/sec 

Concentrations C02 mole Specific Bubble 

-- fraction area. Reaction Gas average 

N OH 
co

3 
r exit gas>:< a factor kL4 holdup diameter db 

T -1 <P3 rpm g-ion/1 g-ion/£ g-ion/£ Y3,2 em em/sec HG em 

700 0.02130 0.01787 0.210 0.0319 1.13 2.19 0.0484 0.0267 0.142 

850 0.02106 0.02532 0.232 0.0212 3.86 2.31 0.0451 0.0427 0.130 

1000 0.02082 0.02030 0.216 0.01415 3.25 3. 70 0.0278 0.0507 0.0936 

1150 0.02461 0.02271 0.228 0.00736 7.00 5.11 0.0193 0. 0760 0.0651 

1300 0.02129 0.01881 0.213 0.00547 9.32 5.92 0.0200 0.0907 0.0584 
I 

1600 0.02189 0.02100 0. 0219 0. 002 93 15.9. 5.41 0.0224 0.115 0.0434 N 
cr-

1900 0.02603 0.02082 0.223 0. 00146 33.3 8.06 0.0137 0.145 0. 0261 
..... 
i 

2100 0.02307 0.02189 0.223 0.00116 44.5 10.1 0. 0103 0.171 0.0231 

H 
3 

= 0. 3 31 ( 1 0 
5

) exp [ 0. 2 6 r 
5 

+ 0. 16 8 r 
6 

+ 0. 0 2 6 8] . 

-·· 
""Inlet gas y 3 ,

1 
= 0.10 (0.90 N 2 ). 



-262-

APPENDIX IV .15(A) 

Oxygen Overall Volumetric Mass Transfer Coefficient 
in 0.11M Na2S04 + KOH - K2C03 (Average rT = 0.418). 

Unsteady-State Da,ta; Simultaneous C02 Absorption 
with Reaction 

Aeration Rate Agi~~tion Calculated KL4a 
PG/VL DM 

2 
Q1 vs N ft~lbf em /sec Best fit 

1/min ft/sec hp/£t
3 min-ft3 X 10 

7 -1 CHISQ(X) rpm sec 

5.00 0.0150 700 0.0126 415 1.39 0.0357 0,910 

900 0.0333 1100 1.39 0.0894 0. 783 

1000 0.0432 1425 1.39 0.0986 0.542 

1200 0.0823 2715 1.48 0.159 0.057 

1300 0.102 3370 1.52 0.163 0.387 

1400 0.132 4360 1.44 0.215 0.021 

1500 0.157 5170 1.40 0.256 0.476 

1700 0.233 7680 1.42 0.262 0.056 

1900 0.307 10130 1.43 0.378 0.171 

2100 0.412 13600 1.43 0.379 0.106 
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AEEendix IV. 15 (B) 
Interfacial Area, Li9.uid-Phase Oxygen Mass Transfer Coefficient, Gas HolduE, and 

Average Bubble Diameter in 0.11M NazS04 + KOH- KzC03: vs= 0.0150 ft/sec 

Concentrations;.·,.' C02 mole fraction S T Reaction Gas Bubble avg. . * pec1 1c area factor 

rpm OH C03 rT ex1t gas a kL4 holdup diameter db 

N g-ion/£ g -ion/£ g -ion/ 1 Y3,2 -1 <j>3 em/sec HG em em 

700 0. 02892 0.01408 0.402 0. 0254 1.38 4. 77 0. 0259 0.0240 0.104 

900 o. 03691 0.02674 0.447 0.0181 1.85 2.95 0.0483 0.0427 0.138 

1000 0.02425 0.02035 0.415 0.0143 3.04 3. 58 0.0318 0.0534 0.105 

1200 0.02240 0.01916 0.410 0.00664 7.49 5.06 0.0212 0. 0853 0.0684 

1300 0.02035 0. 02650 0.430 o. 00588 8.91 5.62 0. 0183 0.0906 0.0611 
I 

1400 0.02295 o. 01514 0.398 0.00387 13.1 6. 55 0. 0164 0.104 0. 0476 N 
0' 

1500 0.02106 o. 02252 0.419 0. 00252 21.5 8.63 0.0119 0.112 0.0313 
VJ 
I 

1700 0. 02058 0.02662 0.430 0.00261 20.8 8.13 0. 0126 0.128 0. 0369 

1900. 0.01881 0.01964 0.408 0.00209 27.4 8.83 0. 0138 0.147 o. 0322 

2100 0. 02023 0.02284 0.419 0. 00149 37.5 9. 99 0. 0101 0.171 0.0274 

5 
H 3 = 0.331(10 )exp[0.26r5 + 0.168 r 6 + 0.0719]. 

*Inlet gas y 3 1 
= 0.10 (0.90 N 2 ). 

' . 
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