Lawrence Berkeley National Laboratory
Recent Work

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

Permalink

https://escholarship.org/uc/item/78t881g3

Authors

Robinson, Campbell W.
Wilke, Charles R.

Publication Date
1971-04-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/78t881g3
https://escholarship.org
http://www.cdlib.org/

LAWRENCE RADIATION LABORATORY

UL TR UCRL-20472

.h..:‘.i; Q.A
Sl NS ’
DOCUMENTS S TN

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

Campbell W. Robinson  and Charles R. Wilke
April 1971

AEC Contract No. W-7405-eng-48

*riled as a Ph. D. Thesis

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed fof.f'wo' weeks.

~ Fora personal retention copy, call
Tech. Info. Division, Ext. 5545

- y

2L%02-T9DN

I/k—%UNIVERSJITYof CALIFORNIA BERKELEY j,



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '



To My Wife, Helen

for her patience, understanding, and encouragement



-iii-

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

-Contents
Abstract .
Acknowledgements .
L Introductmn. ... e e e

1. Gas-Liquid Mass Transfer in Stirred- Tank M1crob1a1

Cultivation Vessels .

2. Prev1ous Results . . . . S e
3. Research Goals and Methods |
4. Experimental Results T

II. Theory and Previous Work
.1. Mass Transfer Driving Forces and Coeff1c1ents
| a) General Relat1onsh1ps . e .
b) Sparingly- -Soluble Gases in Absorptmn Without
Reaction
c) Some Theoretical Models for Mass Transfer in
_ Gas L1qu1d Dispersions e s
2. Measurement of Oxygen Supply Rate Capability
a) Operating Methods
b) General Materisl Balances
. c) Semi - Batch Stirred-Tank Unsteady -State Mass
Transfer _ ‘
1) Absorption . . . . . .
ii) Desorptlon
d) CFST Steady- -State Absorption
3. Some Previous Methods of Overall Volumetric Mass
- Transfer Coefficient Mea.surement '
a) Mass Transfer Without Homogeneous L1qu1d Phase
Reaction (KL4a) | '
i) Polarographic Method .
ii) Chemical Analysis. |
iii) Biological Method .. . .. . . .
'b) Sulphite Oxidation Method (K] 4a) .

11
13

. 15

15

15 -

. 18

. 19
.22

.22
. 26

. 28
.31

. 34
. 35

. 38

. 38

38

.. 39

.39

. 40

4



—iv-.

4. Measurement of K, ,a Using Dissolved

, o L4
Oxygen Probes '
a) 'Advantages of Use e
'l.)) _Typea of stsolved Oxygen Probes.
_ c) General Pr1nc1ples of Probe Operatlon'
- d) Steady- -State Charactenstlcs of _
’ Dissolved Oxygen Probe . . . .
i) Determlnatlon of KM
ii) Measurement of KL4a in CFST Steady State
Oxygen Absorptlon
é). Unsteady -State Character1st1cs of
Oxygen Probes . .
i) Oxygen Absorption
- ii) Oxyg_en Desofption
iii) Co'n':lpute-r_ Evaluation of ‘B
| .5_. Measurement of Spevcific Interfacial Area (a)
 and Liquid-Phase Mass Transfer Coefficient (k) .
a) Models of Interphase Mass Transfer . :
b) Mass Transfer W1thout Chermcal Reaction .
1) Penetratlon Theory
ii) Random Surface ReneWal Model .
c) Reaction Regimes for Mass Tra»nsfber with Chemical
Reaction | '
i) Diffusional Regime
ii) Fast-Reaction Regime with Pseudo-First
‘Order Reaction . .
d) Previous Methods of Measuring the Specific
Interfacml ‘Area (a) . ‘
. 1) Optical nght Scattermg
.ii) Absorption with Chemical Reaction:
General Cdnsiderations. ..
iii) Carbon Dioxide Absorption-with- Reactlon
in Hydrox1de Solutions. . . v
iv) Cobalt- Catalysed Sulph1te Ox1dat10n .

. 44
. 44
. 45
. 47

. 52
. 58

. 59
. 59
. 59

. 67
. 69

.73
.73
.74
. 14
. 75

. 76
Y

.78

. 81
. 81

. 82

. 83
. 87

4



6.

-V—

e) Determination of the Liquid-Phase
Coefficient (k ') by Classical Methods
Concurrent Measurement of KL4a and a

and Evaluatmn of kL 4

a) Method and Advantages B
b) Absorption- w1th Reactmn Model

IIL Experimental

(‘/ ' ) 1

Apparatus
a) Stlrred Tank Absorber Reactor
b) Anc111ary Equ1pment

, . Absorber-Reactor Operatmg Characteru;tms

a) Power Number (NP)
b) Aeratmn Number (NA)
c) Backmuung from the Vapour Space
Operatmg Methods. o e
a) Steady-State or Pseudo-Steady State
Absorptidn ' e e e
i) CFST Absorption Without Reaction .
"ii) Absorption of Oxygen with Chemical

Reactlon Sulphite Ox1dat1on in SBST

. b) Unsteady -State Oxygen Transfer Without
Chemical Reaction . '

c) Concurrent Oxygen Desorption and Carbon
Dioxide Absorption-With-Reaction. |

d) Measurement of D15persed Gas
Fra,ctmnal Holdup Coe e e

‘'e) Gas Bubble Average Diameter (dy,) .

.. 'Analytical Measurements

a) Oxygen Tension. . .o

i) Membrane Oxygen Permeability (KM) .

ii) Membrane Effective D1ffu31v1ty (D
b) Sulphite Oxidation .

M)

c) Carbon Dioxide Absorption-with-Reaction .

i) Gas Phase Analys'is-. _
'ii) Liquid Phase Analysis .

. 93
. 97
. 97
. 97
. 100
. 102
. 102
.105
. 105
12

. 87

91
91

112
142

113
114
. 115

117
. 120
. 120
. 120
121
. 122
. 123
425
L1250
. .125



-vi-

5. Evaluation of Physical and Chemical Constants
a) Henry's Law C-oeffieient (H)
b) Molecular Diffusivities (DLk)
c) CO - OH Reaction Velocity Constant (kz)
~ 6. Range of Parameters Investigated .
a) Solution Types and Ionic Strengths .
b) Agitation - Aerétion Parameters
IV. Resnlts of Experiments _
1. Overall Volumetric Mass Trensfer Coefficient
for Oxygen Without Chem1cal Reactlon (KL4 a)
a) Distilled Water (F = 0.00 g- 1on/11tre)
b) 0.10M KCl (I'y, = o 10 g-ion/litre)
. ¢) Medium A-1 (1" =0.136 g- 1on/11tre)
' i) CFST Steady StateMeasurement v
ii) SBST Unsteady—Sta_te Measur_ement .
d) 0.22M KC1 (T = 0.22 g-ion/litre) .
-e) Sodium Sulphate - 0.004M: Cupnc Sulphate

Solutions

~i) CFST, Steady-State Measurements With_

0.125M Na,SO, - 0.004M ,Cuso4 .
ii) SBST, Unsteady-State Measurement .
', 2. Overai‘l Volumetric Mass Transfer Co.efficient"
for Oxygen with Chemlcal Reaction (K a)
3. Comparison of Oxygen Overall Volumetnc Mass
. Transfer Coefficients
4. Concurrent Oxygen Desorption, Carbon Dioxide
- Absorption-with-Reaction . e e e
“a) KOH - KZC‘O3 Solution (Average PT = 0.0965
g- 1on/11tre) .
b) 0 135M KC1 + KOH - KZCO3 (Average
' Iy =0.221 g- -ion/litre) . .
c) 0.11M Na,SO, + KOH - K,CO, (Average
Dy = 0.418 g-ion/litre) . | .
d) Effect of Varying Ionic Strength on Results

.126
126
127
127
. 128
.128
. 129
. 130
. 130
. 130
134
136
. 136
. 139
. 139
. 142

. 144
. 147

. 147,
. 153
160
. 160
.161

. 167
. 169



Gg!

-vii -

5. Generahzed Correlatmn for K
V. Discussion of Results A
1. Oxygen Probe Transient Response'Models
and Computer Evaluation K L42
2. Overall Volumetnc Mass Transfer Coeff1c1ent
for Oxygen (KL4a)
a) Water . .. .
b) Electrolyte Solutions
Sulphlte Ox1da.t1on (KL4a)
Specific Interfacml Area (a)
Dispersed Gas Fractional Holdup Y(HG)
Average Gas Bubble Diameter (d.b). :
Liquid-Phase Mass Transfer Coefficient (kL4)'
Generalized Correlation for K, a or Kia/(b .

® N oU e W

" VI. Conclusions .

VII.. Nomenclature
VIII. Appendices |
II.1 Derivation of Oxygen Pro'be' Transient
Response to Continuous Concentration Change
in Bulk Solutmn (Absorptlon) '
Nomenclature for Appendices II.2 and 1.3
II.2 Subroutine TABLE: Two-Parameter Fitting -
Absorption . .. oo |
_. I1.3 | -Subrouti‘r;ew TAB‘LE:‘ Two-Paramete r Fitting -
Desorption . '
III.4 Effect of Aeration on Mixing Power Unit
Volume for Water at 30°C .
L2 Dynamic Pressure Corrections to
‘ Ma‘nometric‘ Gas Holdup Measurements
~ IIL.3 Physieochemic.al Properties of
Experimental Solutions.
1I1.4 Measurement of Oxygen Probe Membrane
Effective D_i_ffusivity by Step Change in Oxygen
Tension (30°C). L |
IV.1 Oxygen Vo_lux_nét’ric Mass Transfer Coefficient in

Distilled Water Computed from Unsteady;State Data .

.173
.182

. 182

. 183
. 183
185 -
. 188
193
. 201
. 204
. 205
. 213
. 247
. 224
. 233

.233
. 238
.239
. 240
.241
. 242

. 243

. 244

. .245



~viii-

IV.2 Fractional Gas Holdup in Water (30°C) . . . . . . . .246
Iv. 3 Oxygen Overall Volume'tri”c Mass Transfer Coefficient in
~ 0.10M KCl Solution Computed from Steady-State Data

(DeoxygenatedFeed) 21 3
IV.4 Oxygen Overall Volumetric Mass Transfer Coeff1c1ent in '

Medium A-1 Computed from Steady -State Data . . . . . .248
IvV.5 Oxygen Volumetric Mass Transfer Coefflclent in o .

Med1um A -1 Computed frorn Unsteady -State Data . . . . .249
IV 6 Oxygen Overall Volumetnc Mass Transfer Coef£1c1ent in - o

0.22M KCl Solutmn Computed from Steady State Data

(Deoxygenated Feed) el e e e e e e e e A. . 250
v.7 Oxygen Overall Volmnetnc Mass Transfer Coefficient in

0.125M Sodlum Sulphate - 0. 004M Cuprlc Sulphate Solut1on :

(Computed from Steady-State Data) . . . . . . . .' 251
IV 8 Oxygen Overall Volumetnc Mass Transfer Coe£f1c1ent in

0.125M Sodium Sulphate 0.004M Cuprlc Sulphate Solutmn :

(Computed from Unsteady State Data) . .. .. .253
Iv.9 Oxygen Overall Volumetric Mass Transfer Coeff1c1ent in _

- 0. 250M Sod1urn Sulphate - 0 004M Cupnc Sulphate Solut1on _

(Computed from Unsteady State Data). ... . .. .254
_ IV.10 Oxygen Overall Volumetmc Mass Transfer Coeff1c1ent in -
0.375M Sodium Sulphate = 0.004M Cupric Sulphate Solution
(Computed from Unsteady State Data). . . . . . . . .255
IV, 11 Oxygen Overall Volumetric Mass Transfer Coeff1c1ent in .

0.500M Sodium Sulphate - 0.004M Cupric Sulphate Solut1on

(Computed from Unsteady State Data). . . P . 256
iv.12 Oxygen Overall Volumetric Mass Transfer Coefficient ,

by Squh1te Oxidation : . . . « « .« . . [ XX
IV.13(A) Oxygen Overall Volumetric Mass Transfer Coeff1<:1ent -

in KOH - KZ'CO3 (Average I‘T = 0.0965) Unsteady-State

Data; Simultaneous COZ Absorption with Chemical Reaction . 258 ‘
IV.13(B) Interfacial Area, Liquid-Phase Oxygen Mass Transfer

Coefficient, Gas Holdup, and Average Bubble Diameter in .

KOH - K,CO,: vg = 0.0150 ft/sec. . . . . . . . . .259



-ix-.

v IV_.14(‘A). Oxygen Overall Voiufhéti‘ic Mass Transfer Coefficient in
© 0.435M KC1 + KOH - K,CO, (Average Iy, = 0.221). Unsteady:
State Data;_ Simultaneous C_O2 Absorption with Reaction. . .260
'IV.14(B) Interfacial Area, Liquid-Phase Oxygen Mass Transfer
' Coefficient, Gas 'Holdup, and Average Bubble Diameter in '
0.435M KCl + KOH - K,CO,: vg = 0.0150 ft/sec . . . . .26
IV.45(A) Oxygen Overall Volumetric Mass Transfer Coefficient
in 0.41M Na,SO, + KOH - K,CO, (Average [y = 0.418).
Unsteady-State Data; Simultaneous CO2 Absorption ‘
with Reaction .- . . . . . . . . .+ . .« .« .+ . . .262
IV.15(B) Interfacial Area, L‘iquid-Phase_Oxygen Mass Transfer
Coefficient, Gas 'Hoidup; and Average Bubble Diameter in
0.11M Na,SO, + KOH - K,CO,: vg = 0.0150 ft/sec. . . . .263
IX. References . . . . . . . . . . . . . .. . 264



.

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

| I'n order. to design or >op‘ti’mize the operation of stirredA'—tank-gas
absorbers, such as are used for the submerged cultivation of aerob1c
m1croorgan1sms wherem oxygen is supphed by mass transfer from
d1spersed air bubbl_es, it is necessary to _be able to characterize the

oXygen mass transfer c‘apab'ilitiee in terms of the physicochemical

' pfopertieé of the aqueous pheée, the agitation power input, and the

aeration rate. The oxygen ‘mass transfer 'capability of a partieular tank |
can be described in terms of the overall volumetric mass transfer

coefficient, ‘KL_43 .

KL4a measurements were made in several aqueous electrolyte

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

‘aeration intensity in a 2.5 litre fully-baffled stirred tank having sta—hdard

geometric ratios and equipped with a turbine-type impel.ler»‘. " Both
stea’dyl-stete and unsteady-state experimentél methods were applied,
utilizing a dissolved exygen probe to measure the aqueous-phase oxygen
te'x_lsion or.its rate of char.x.gef Uns_feadj—state oxygen pvrobe respense.

methods are described which permit measurement of. KL4a with a



minimum of,experim‘en‘tal complexity. Matﬁeﬁlati.cv_al analysi’sb of and
c’ompufer solutions for probe‘ response are giveh.

KlL-4a values are reported as a function of the agitation power
| input per unit Vblume (PvG/‘VL)', ‘superficial gas velocity (VS), afnd"solu-
tion ionic st'i'ength;‘ The re’sﬁlté indicate fha‘t the ionic strength has a
Proqounééd'. effeét on the value of KL4a at constant: PG/VL | ahd‘ R
the effééf of ionic strength heretofore has not been {explicitly de‘sci’ibed
in the vlit.e.ratu're.- ‘A géner_alized correlation for the predictibn'd_f KL;}a '
for électrolyfé solutions or for water is given for the parfi'cular type of
stirred tank used. Pﬁysical absorption results are compared to oxygen )
abéorftion-w_ith-réaction results obfainéd from t‘he> co’ppet-e\atalysed
suiphife joxidation mevfhod. | |

A-new s.iml..tltaneous’mea'suring technique involving concurrent
chemical absorption of carbon dibkide and deéorptioﬁ 6f'ox&gen is
developéd for separat'ely evaiuating the liquid-phase oxygen mass trans-
fex; .cbefficient,‘ kL4 , and the specific interfacial area, a . Results
frorﬁ 'ihrge different non-viscous aqﬁeous electrolyte solutions show that -
at high agitation powér input .levels, such that the average gas bubble |
diameter is between 0.02 and 0.25 cm, k; , decreases with increasing
' PG/VL . This behavior is in contrast with the results of others at
‘lower agitation levels or in non-electrolytic liquids, but is in genefal
~agreement with previous results for tﬁe behavior of single bubbles or

bubble swérms having the same range of avefage bubble diameter

produced in viscous, non-electrolytic aqueous solutions.
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1. INTRODUCTION
1. Gas—Liqhid Maés Transfer in Stirred-Tank Micrébial Cultivation
Vessels ' ' - '

Stirred;tank gas absorbers or absorber-reactors containing an
aqueéus e_lectrolyfe solution ésithe liquid phase are frequently used in
the chemical _processihg in_cllisfries for conduéting a diversity of opéra-
tibn‘si:arvl‘d are almost in?ar,iably’ used in the microbial pfOCé'ssing |
ind-ﬁstries. fortth've submerged culti;sration of aerobic n.licroorgan'isms.
In the latter case, air is the corﬁmohly-uséd ép‘arge gas, and the overall
transfer process for the microbially-requiredv oxygen consists 6f a
m.{mbgr of step‘s in serieé, each of rwhich has a particular resistance to
: voxjfgen_ mass transfer. First, transfer of oxygen from the bulk. dispersed
gas ~phas‘e to the gas-liquid ir'xte.rfac_e;' second, estabiishinént of physical
géé—liquid equilibrium at the interfacé and transfer é;:ross_ ény inter -
facial ‘revsisté.nce; third, trapsfe'r. from the liquid interface to fhe bulk |
of the -l.viqu‘ic.l. phase; fourth, transfer of dxygen from the bulk of the liquid
phase to the liquid-ofganigm intgrface; fifth, transport thx’-ough fhe :
organism's cell wall and cell membrane into the internal cytbpiasmic
reg"ion where, finally, the oxjrgén is consummed by an enzymatically-
catalyzed onidatio'n-reducti'on reaction. Theory and'exi)eriment have
1éad to the_g:onclusion that the mass transfer resistance of the third
step - transfer of oxygen from the liquid interfacie to the bulk liquici - is
the ovefall rate-controlling one in many cases. The 0ver$.11 volumetric
mass transfer coefficient for this step is KL4a ) 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, ‘o‘r,ganil.smq were g>,ro‘wn.in submerged processes
in aqueous media contéinihg inorga'ni‘c': salts (sourceé of nitrogen,
phosphorous, sulphur, .and ti‘a_ce élemehfs rekquired by all forms of life)
and a soluble carbon an_d/orrenexfgy source, | e.g., glucose. In such
soluble-substrate processes utiliéing microbes having a high oxygen
demand (high respiration rate) it has been frequently found that if suf-
ficient ‘glucosvé and inorganic nutrients were Suppiied then the cell yield
wasi_lim‘ii‘:ed By the raté of s'upi)l&r‘of oxygen (1).. In addition to the require -
ment of bxygeﬁ for mic;rc;bial growth E_e‘_r'?_g, in many processés the
. yield of a \}aluable exfracellular product, e.g., penicillin, is affected
by the oxygen supply capability of thé stirred-tank Cultivat_tion vessel,
the yield incfeasing with increasing. oxygen mass transfer rate, for
example (2). 'Soluble-substrate processes are,generally conduc.ted with
_agifatibﬁ poWer inputs per unit volume in the fange 200 < PG/VL <1000
ft-1b f/min-ft?’ . |

Recently, muéh intérest has been expressed in producing protein
.fro.rn_ microbial cells grown in aqﬁ'eous .electrolyte'mcdiab cbntaining |
'Vdispersed n-alkane droplets as the source of cellular carbon and energy,
e.g. (3). .U'nl.ike glucose, n-alkanes bf course comntain no ;)xygen, and-
- hence the microbial oxygen derhaﬁd' from sparged air is greater than
in the case of the more-conveﬁtioml soluble substrate prc’:cesseé.
Darlirigtdn has shown that hydrocarbon su.bstrate growth requires up to
2.7 tim‘és the rate of oxygén tfansfer ‘fron'vx air as fnicrobial growth on |
glucose (4). In order to disperse the hydro¢é.rbor’1 drop.lets to a high
degre"e, thereby inci‘eas'ing the rate of éupply of organic substrate,

agitation power inputs in these systems are relatively high, PG/VL
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'b-ging on the order of 10,000 ft-.lbf/min—ftva'.or gr’eater; as estimated
from the inipeller_rotational Qp,eeds used in the worké of Webb, Lilly,
ahd Ertolav(S"), HJohnson* and Mivl'ler'(6, 7), and J.ohn.soh, Lie, and

Miller (8). | | o

. '.Tu}:xe 0xy.g.en.'transfe¥ vcapa'.lv)ility of a i)ai'ticular s.tir.r‘ed-tank gas
abédffser 'de_s.igrn has gehéraliy .Been .c.haract'erized by KL_4a 'fo;' a given

air-li(;uid system. Scale-up is usually based on correlations of various

L4

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

~ kinds to ﬁr_edig:t' K. ,a fora specifié.d absorber. Cornmole, 'KL4a
~ volume; ‘IPG/VL , éxf the .impef'lle'r rotational speed, N _," in additidn to
the superficial 'gas'velocity vg ; some workers have also included the
effects of liquid-phase viscosity, density, interfaciai tension and dif—-
fusion évoeffici_ent (9, 10). However, no completely general correlation
h.as} b‘eer; déveloped, ‘particularly-for'thoée casés in which KL4a is
strongly influenced by physicochémical factors whi-ch are functiohs of
ionic composition and éoncenfraﬁon. |
2. Prex}ious Reéults .}

| Many investigators have studied oxygen or other sparingly-_solublé
gavsAabsovrption ‘behavior in stirred tanks.  The results have géner.a.lly |

been expressed as

K a« (PG/VL)n (vg)™ | RNTRV
.or as
b

KLa « (N) (vg) . o (1.2)



. PG/VL (or N) and v

-

“With respect to specifically cha‘ra-ctez"izing the behavior of aq'ueousv
fermentation media, two means of évaluating‘the overall volumetric

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

~ion catalysed sulphite _oxidation system, where dissolved oxygen is

reéacted with sulphite ion (usually at concentrations initially greater

than O.'SM). ~ The rate of oxidation of sulphite to sulphate is used to

evaluate K£4a“, ‘the overall volumetric coefficient for oxygen absorption

with reaction (11, 12, 13, 14). Se.cond, the absorption of oxygen in a non-

reactive aqueous phase, usually pure water, whereby KL4a is eval-

~uated (40, 14). The properties of neither the sulphite solution nor pure

water are synonymous with the physicochemical properties of actual
fernientafion media, but nonetheless .K;Aa or KLéa results in these
systéms have commoniy been used tor‘de‘sign and scale-up aerobic
microbial processes. | | |
Further uncertainty in the. interpretation or comparison of the

various correlations re_sults from the fact that there has been no stan-
dardization of the geometry in the stirred tanks used by various workers.
Many different combinations of impellef type, DI/DT ratio, baffle
width and air sparger typ_e have been used; the effect of variations in
fhese "ge_ometric factors is uncertain at best.

| T_He. results of some examples of pfeviou_s work are shown on

Table 1.1, which clearly illustrates the d_iscrepané_ies that exist between

various empirical correlations for KL4a or KL4a in terms of

S -



Table . 1.1. K |

. r .
a or K

a Correlating'Parameters in Fully‘-Bafﬂed Stirred Tanks.

L4 L4
: _ Agitation Rangg__ | Eprnenf of o
. irsxzzgizxgla?cgg(s) Ref. Irnpeiler fY_’ée Di_VDT | PG/VL N ,Pé/VL"‘ N Vs
SULPHITE OXIDA TION |
‘Cooper et al. 11 46-blade vaned disc 0.40 0-2870 095 0.67
Yoshida et al. 14  12-blade turbine  0.40 . 400-550 2.34
Phillips and . L, o ‘ :

Johnson 13  8-blade turbine 0.625 600 - 4500 1.24
'Wes‘tefterp etal. 12 6-;b1ade turbine | 0.3'5 07 | 600 - 3600 4.00 0.0 (N>N
'A'uge'nsteiﬁ and S | .

Wang 15  turbine 10.51 500 - 37000 0.57-0.85 0.0 -0.20
WATER |

| "Cal_.de"rbank 9,10 6-blade turbine _ 10.333 330 - 3300 0.40 - 0.50
_Yéshida et al. 14  12-blade turbine £ 0.40 100 - 550 2.01 0.67

o
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Assuming a Power number of 6.0, and using the Aeration number
corfelatioh of Ohyama and'Endoh‘(iS),ﬂ values of PG/VL were calcu-

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

' Phillips and Johnsoﬁ (13), and Westei‘te'fp et al. (12). Comparing the

results 6f various workers on the basis that K. ,a or K£4a varies

L4
0.67 0.67 .

’ . e 0
as (vs) , Fig. (1.1) shows values of KL4 /(VS) or K£4a/(vs)

correlated with measUred‘ or calculated values of PG/VL . Where the

experimental dependenéy on the superficial gas velocity was not as

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

(VS)
0.67 0.67

of KL4a/(v ) or KL4 a/(v (vg) at constant pG/vL w111,

c0urse, vary with VS ; the behavior at only one value of Vg is shown

for illustrative purposes.

Figure (1.1) shows the wide variation that can result when KL4a
or .K;:Aa is predicted from the various correlations, which for the
most part were obtained at values of -PG/VL less than 4000.. Further,

ie ) ' ' r
if one assumed that the dependency of KL4a or KL4a upon 'PG/VL

were constant regardless of the value of PG/VL , extrapolation of the

low-power data to a power input level characteristic of processes for -
microbial growth on n-alkane subétraies would result in even greater

differepces between the valﬁ.és qf KL43 or Kiéa given by the various
co.rrela‘tio:ns'. For example, at an agitation power inp#_t of 1Q,000 ft-lbf/
r_nin-ft3_,' KrL4a(Co'operA)/K a(Calderbank) =~ 38.7, K}:‘la(Cooper)/
KL4a(Westerterp)' = 2.7, Kr a(Cooper)/K Yoshlda) 2.7, and

r .
KL4a(Cooper)/KL4a(Yosh1da)
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. 1.1. Comparison of Oxygen Mass Transfer Coefficients'
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3. Research Goals and Methods

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

'att_empt to define a factor or factors, other than geom.étry, which might\

explain some of the prévious discre.pancies' in the dependency of K.L4a

or VK;‘_Aa' 'up‘on the agitation-ar‘ld;aeration p‘arameteré at relatively low
power inputs, and further to esctend the power input range to include
the Higher' powér levels associated With the pr.oductio_.n of biomass from
liquid hydrocarbon substrateé .

‘ Experimentaliy, the oxygen mass transfer characteristics of the

sulphite oxidation system ,(K£4a)' and of non-reactive équeous electro-

lyte s.olui‘:ions of varying composition and concentfation (KL’4a) were
st_uﬂied in a single, fully-baffled ;tiried tank of 2.5 litres working 1i§aid
volumejvequipped with a 6-blade turbine impeller having a DI/DT ratio-
of one-third. Both continuous flow, steaay-state and semi-batch
unstéady—state experiments were Cbnductedv. The steady-state dissolved
oxygeh concentration or its unsteady-state rate of éhange are relat;ad
to the value of KL4a as di3cussed in Section II. 2.

The dissolved of;ygen tension in the aqueous pha,se or its rate of
c_hangé with time was measured in gitu using a dissolved oxygen probe
of the galvanometric type. A mathematical r_nbdel of the transient
response of the probe was developed to account for the diffusional
respénse lag in the polyrﬁeriC' rﬁembré.ne separating the probe's electrodes
from the exte;rnalv solution. The theory of the oxygen pi"obe_'s behavior

in both steady a.nd 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 'K'L4a‘ is 6btaihéd indirectly from z; computer
no‘vxir-lir.x.ea‘r.'least square_s. fitting programme which computes the value
of a pafametér ﬁ (whiéh ihcludes KL4a) which best fitsvth.e transient
experimental data to thé theoretical response médel. The nature of
this ;:omputef programme is discussed in Section II. 4(e)(iii).

For sparingly- s'olub‘_le' gases such as oxygen, the overall voiumetric
mass transfer coefficient KL4a ‘is the produéf of two .in;iividual_ param-
eférs; first, the liquid-phase mass transfer '_coef_ficient, ' kL4 B gnd
Secohd, the interfaciall area per unit liquid volume, a . Theory.and.
expevriment show that in.ge,neral' kL iand a have fundarﬁéntally different
dépéhdencies upbn'the ph}'éiéochefhical pavranievters ofvthe system. For
. éxample., at a given hydrbdynandic éondition (relative motion between

the gas bubble and the liguid phase), k., 1is primarily dependent upon

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

reacting systems, 'S may also depend on the kinetics of the reaction),

L
whereas a is prixharily depérident upon fhe interfacial surface ten-
sion‘_-(iOI)' and the jonic strenéth, being less .dependent on the liquid-
phase density and viscosity (10)..- vTh‘erefobyre, the second goal of this
.r»esea‘r'ch was to develope and apply a new technique whereby the indivi-

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

L4

be evaluated under consistent hydrodynamic and 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

ok,
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consists of concurrent unétéady—éta’.te.désolrptior.l of oxygen with pseudo-
steady stat.e absqrption-with'-rea‘ction of'.carbon dioxide from‘a 'sparged'
nitrogenjcarbon dJ;.oxi.‘d'ev gé.sv which is dilute with respect to carbonv
dioxide (0.410 mole fraction). The oxygen desdrption rate is measured
by a 'dissolvedb oxygen probé, -the response of which is used to evaluate
-KL4a. ; the .rate of absorption with reaction of carbon dioxide .is used to
evaluate a , the corresponding valﬁe of ki 4 being éalculated by com-
bining .the two f_esults. The general fheory of absorption vwith chemical -
reaction, and the conditions under which a can be evaluated directl.y
are discussed in Secvti'on'II. 5. The devélopment of the new technique

for the concurrent measurement of KL4a and a and the subsequent

4 is presented in Section II. 6.

evaluation §f v kL
4. Experimental ReAsult‘s

' F:ollo_wing a discussion of the experimental apparatus, its operating
characteristics and thé analytic.al methods in Section III, thé resﬁlts of
this investigation are'given in Section IV. A heretofore unevaluated
effevct‘of solution ionic strength upon the r’elationship between KL4a ‘and
P¢/VL is given in Section IV.3, wherein a generglized correlation for
the pxediction of ‘KL4a in agitated and aerated aqueous electrolyte
solutions is presented.

The k; , and a results of the new concu.rrent_m;easuremgint
technique are given in Section IV. 4. If: is clearly shown that in aqueous
electrolyte solutions subjected to agitation power in the range
1000 = PG/VL < 15,000, kL4 and a have distinctly different d.epén—

dencies upon PG/VL .. As the agifation-power input is increased, -kL4
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decreases lv’vhile a ‘incréases,» the former result be.ing in contrast to
pljévious. results of others at lower agitafion levels, in non—eléctrol;’rtic
1iq{1ids' , or with bubbles of a different size range.

The implicativohs of the experimental results and their comparison

with those of previous workers are discussed in Section V.

Y]



5.
 THEORY AND PREVIOUS WORK
1. Masé Trather Dfiving Forces and Coefficients
a) General Relat10nsh1pa

The transfer of a component from é. gaseous phasé in direct
contact w1th a 11qu1d phase to that 11qu1d phase w111 occur at a f1n1te rate
- whenever the two pha,es are not at mutnal chem1ca1 equilibrium with
reséecf to that componenf; fhé,t'is, whenever the -fug.,acit‘y of the component
is not ideij;tica_l in both phases. Thev_dir_’ecfion of mass tfaﬁsfer will be
from vthat phase having the component at the higher fugé.city level to the
" phase in which the fugacity of the component is the lesser.

The overall process of interphase méés transfer éan be consi-
dered to consist of a number of sé_quéntial steps. For the situation of
tr#nsfer'from the gaseous phase .to the liquid ph;se these steps can be
postulated to be: |

‘Step 1: movemenbtv of the compbnent from the bulk of the gaseous
phase to the interface between the phases. The .Jf.n.stantaneous volumetric
rate of mass transfer of a component k is propdrtiénél to the gas-i)hé,sé

transfer coefficient kGr , defined as

where vsubscript B denpteé a property of the bulk (cui),—mixed) phase,
and subscript i dehote_s the pafanieter value at tﬁg interface.

_ Equation.(z.i) _is in the form of the classical definition, wherein
the more-readily-measurable partial pressure is used in place of the
rigo'x"o'uslyv-exact fugécity. 'The'fugacity‘ is related to the partial pressure

by.
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= @y P = ¢'p ' o (2.2)
_ Kk'T Tk k , _

_whe're by is defined as-the gas phase fﬁgacity coéfﬁéient. For ideal
gases, Or vnon-.assbcviating gases at low"(i. e., less than 10 étmospheres)
,Pré_ésufe, ¢1'( = 1..0. | |

o Step 2: d_ifﬁi'si:o.n o_f_the'c_omp_oneh.t across any irit_erfa;iai
reai‘sta'nc.e. Usually, in QYS'thhs devoid of such obvi‘o.‘us lj_bésistanc'es
a‘é iht;rfaciai's‘u'rfactant filrrié_ . ‘it is assumje'd that there is no interfz;cial
resistance to the méa_s' transfer and that inéfantanedus establishment of
gas-liéuid:physical equilibrium occurs at the inteffa_ce. Thus, for a

component which follows Henry's law,

Cpy ¢ Pki/ij - S (2.3)
Step 3: movement of the component in the liquid from the .
interface to the bulk of the liquid phase. Here, the instantaneous

:volumé-trvic absorption rate is‘propoftional to the liquid phase mass

transfer coefficient, ' kL' " defined classically as
k, = (‘Rvk/a') (Cpy - Cyg)- | (2.4) |

Step,s;("i)___‘to (3), inclusive characferize'fully the process of

' physicalv absorpfion of a ga;seoﬁs component in£6'a liquid. ‘Hoix.avever, if
~ the liquid phase contains a non-volatile component which reacts hofno-
geneoﬁsly with the dissolved gas cOmpbnent; then an additional step is

introduced, namely
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Step 4: chevn'iica.l reéctio-n within tiie liquid phase. Depending
upon t:he relative ma.gnitudes of the reaction rate and the pl'iysical
ab’séi’ption rate capabilities of the system, the pi‘eserice of the reaction
can affect the overall absorption rate in either one of two ways, or
bbi;h. Either the feaction can merely i’naintain the bulk liquid concen-

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

kB

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

reaction this means that C approaches zero), thereby increasing -

can be rate-controlling or rate-limiting resulting in the overall
absorptibn—with-reajction rate being independent of or not solely depen-
‘dent on the values of the physical mass transfer coefficients k. and

G

' kL . The effect of chemical reaction will be .further discussed in
Section II. 5(b).
At steady-state, equé.ting Eq. (2.1) and Eq. (2.4) in terms
of the.mass transfer flux, there results
kglPp ~ Pig) = Kp(Cpy m Cpp) T Ryp/2 (2.5)
Equation (2.5) does not permit the experimental evaluation of -
either k. or k. at measured Rvk/a asg it is impossible to measure

G L

the interfacial values Py ©°F C However, for systems. where the

ki ' . .
equilibrium 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)

. % . k. .
Ryp/2 = Kglpeg - B = K (G - Crp) | (2.6)
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where KG énd KL | are defined a;s 'overvallt .mass transfer coefficients

' base.d: on the overall gas and ovéfall liciuid phase driving forces,

' reépéc’tively‘, pi is the (hyp;)théti.c:al) palrtial pres‘sure.of the compbnent

in éq’uﬂibrium 'Wi'tb :ckB’, and 'v ci is the (hypqthetical) liquid concen-

trat’ior'l. in equilibriumbwit}.l pkB . KG_ and KL_' incorporate the traﬁsfer

resistances of both ph’as'eé expressed in terms of the driving force

appropriate to their pa-rticular phéée.- . | )
As- is commoq’ly'done for s_tepwisé transfer processes that

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

the individual phase coefficients (21) such that

1/Kg = 1/kg + H/k_L (2.7)

and that

1/KL 1/HkG + 1/kL . (2.8)
b) 8 Spai'ingly-Soluble Gases in Absorption Without Reaction
'Gases which are sparingly-soluble in aquéous media, suéh
as oxygen and carbon dioxidé, have Henry's law coefficients of relatively
large magnitude. Therefore, when kL and k. are of the same order

_ , G
>> k; , and Eq. (2.8) reduces to

of magnitude, then HkG

;/KL, z 1/k'L
or, -

K, K., o (2.9)
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in which case the méj’or resistance to interphase mass tra:néfer lies
within the ’iiquid phase, and it is then commonly said that the liquid
‘phase controls.

_"Co'mbiriing Egs. (2.5), (2.6), and (2.9) it is readily seen that
for sparingly-soluble gases Cki v‘~“ C: and Py = Pyp - ‘As there is
a negligi’b_le partial pressure grédient in the gasedus phase, for all
prac.tic‘ai purp.oses the interfacial liquid concentration is set by the

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

% ' K S
Ry = Kpa(Cp - Cpp) = kpalC - Cp). (2.10)

) KLa » the overall volumetric mass transfer coefficiént, can
. . B . * .

be evaluated from Eq. (2.10), gwgn values of Ryx Ck , and CkB .
Historically, most absorption results have been expressed as the

product of K. and a as the evaluation of the individual parameters

L
requires a second type of experiment to separately evaluate the specific

interfacial area a .

¢) Some Theoretical »Modeis for Mass Transfer in Gas-Liquid
Dispersions : '

For interphase mass transfer, when the shape of the interface
;crosé which the traﬁsfer occurs can be’ma’thernatically 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 é, velocity vector, then it is possible .
in some simple cases to achieve a solution of the general thre_e-
dimensional material balahce felatiohship describiné the transfer with

-respect to one of the phases, e.g., Eq. (2.84). To date no such
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mat':ilemat.icalvly-precise_dévscriptio.n of the béhavioﬁr of'bubblé swarms
in - randomly-~turbulent liquid flow fiélds, such as those which e_xist in
étirfed-fani( gé,s absorbers, has been developéd. Hov_vever, many :
simpli.f»ied',. and hence épproximate models of dispersed gas-liquid phase
interacfiqns havé been pfoﬁosed. A number of these models have bpeen
reViewea.recéntly By Resrﬁck and Gal-Or (22) and Schaftlein and
R_usseu.('zé). | | | |

_ '.-T1‘1rbu1v¢:'n_ce at a gaé ibubble.- liquid interface 'pror‘notes heat and
mass ‘tr:.msfe_r rates, ahd,k in ad&itidn, can result in the break-up of the
bubble itself into smaller bubbles (c'onversely, bubble size growth due
to cbo_alé'sce.r.xce can occur in those regions of the sti.rvred tank whérein
the scale (_)f turbulence is. vléss).' Kolmégordff (24) dev.eIoped,a theory
of isotropic turbulence, in which the turbulent fluid is considered to
consist of éddiea in two distinct size ranges: first, large, unstable
primary. e_&dies (be’iﬁg of size mégnitude similar to the -dimensions of
the fnain ﬂvovn.r stream, 'afxd which dissipate thei_f, eﬁerg& by viscous'ﬂow
in breaking up into smaller eddies), and second, small eddies which
dissipaté most of the energy. The behaviour of the small eddies is
. conﬁid_ered to be statistically independent of that. of the large eddies, '.
such thaf small-eddy properties are determined solely by the local
rate of enérgy dissipation per unit mass of fluid; that is, local iﬁ_ofropié
| tu‘i;b\il'ence exists. | Kolmogoroff showed tﬁat the size of the'small e‘d.die_s'
is inveréely'prépd_rtional to the one-quartef power of the agitavtrion power

input per unit mass.
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Using Kolmo'gbroff.'s expression for the s‘mafl_l-.e.ddvy size, and
assuming that.the Sherwood number could be covrrerlate.:c'l with the
'turbulenc~e Reynolds ‘num'llaer.é,hd the Schmidt number for the case of
: _turi)ulent gas - liquid dispérsidns, Calderb.ank and 'Moo-Young (16) |
derived a s.emiempirical expression in which th'e_liq.uid phase mass
" transfer coefficient, kIvJ‘, is directly proportional td(the one-quarter
power of the agifation power per unit volume. Their model is valid only
for.those aispersions having an average bubble size range fdr which
~the value of kL is indep@ndenf'of the magnitude of the averagé bubble
size. ‘

Gal-OI; aﬁd co-workers (22,25,26,27) recently have proi)osed
sevefai modelé to describe the mass and/or heat transfer behaviour of
Bubble swarms with and without liquid-phase 'ch.emical reaction. In the
first of these, Gal-Or and Resnick (25) presented a model based on
gas residence time in fhe dispersion. They assumed a time-independent
humioer of bubbles, eé,chvof which is surrounded by an identical spherical
volume of liquid with which it is in contact for a time period equal to |
the ovér_all average gas residence time, defined as the volume of thé
gas holdup divided by th‘e volumetric gas input rate. The model further
as s?'umes even distribution of gas bubbles throughout the 1i§uid phase
('whei'eas, in practice, the distribution varies spatially) and uniform
bubble diavmete‘r (whe.r_ea.vs, in practice, there is a distribution of bubble
sizes). The model relates, by a complicated expression, ..the total
é.vera_.ge mass transfer rate to six parameters: sparge gas volumetric

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

con'sta.nt,_. liquid phase diffusivity, liquid volume, and the bubblé ‘radius.



o -22-

Hdwe'v_er_,' for predietive pui‘poses with respect to the perfortnance of
a giveh stirred-tank, the average vlbubblevdiameter and the mean resi-
dence tifite are not knewn a priori as functiohs of the agitation rate
or the vessel geometry.I |

In the second model, Gal-Or and Hoelscher (26) cotx_sidered
the caée' of unsteady-state mass transfer from a.swarm of interactingv
bubbles with bubble size distribution. The thedtetiéal analysié was
made by d1v1d1ng the total volume into "subreactors", eventually, the
total mass transfer rate was obtained by 1ntegrat1ng over all the 'sub-
reatctors" - The final result was‘ again expressed in terms of s_everal
‘ parametets s1rn1lar to those in the preceding case, among which is
the unknown (a Enor ) average bubble diameter.

Gal Or Hauck and Hoelscher (28) developed a model for
.estir_nating KLa values for an ensemble of bubbles in terms of eight
pafarheters of which three, namely the average bubble residence time,
tlispersed- gas fractional ho‘ldﬁp, and the average bubble size were
» consider’ed_ to be the main factors affecting interactions between adjacent
bubbles. An experi_mental test of ttxe model failed to verify its validity

in‘ the particular absorption apparatus used as further discussed in .
_Section II. 4(e)(ii). |
2 Meas-\irement of Oxygen Sepply Rate Capval:->ility
o Operating Methods
Various ’rho‘des of operation may be used to experimenta.lly
measure the value‘ of the overall velumet'ric mass transfer coefficient

for oxygen, KL4a , in a stirred-tank absorber, a generalized
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representat_ion éwahich”is sh'ow.*n on'Fig. (2.'1)-. .'I‘wo such modés are
(1) coﬁtihubus-ﬂow stirx_‘éd tank (CFST) whAerbein both the gas and liquid
pﬂases are fed to.an’d _fembved from the absorbef continuously at con-
trolled, invariaﬁle rates, and, (ii) seﬁ;i-batch stirred tank (SBST),
wherein one phase-—'fhe a..queous-—' is statidnary and thé'éther-- the
g.aseou‘s-.-"flows continﬁously into andiout of fghe s.ystém. In some ex-
,perimentai sysfemg, the oxygen abéorption occu.rs.'in the presence of a
“homogeneous liquid—phase reacﬁon Which.cdnsﬁfnmes oxygve'n‘, e.g.,
the sulphité oxidation fhethod; ih‘such systemé, the ve_ééel may be

' described as a stirred-tank reactor, and the operatiohs denoted as
CFSTR and SBS-TR.., The vavlu.e of the overall volumetric mass transfer

coefficient rna'y.be affected by the reaction, and is therefore denoted

T
KL4a. | |

. In order to determine the numerical value of either KL4a or
K£4a , Obviously a driving force for mass transfer must be inherent

"irll the. sysfem or be induced therein. Three means .of providing the
necessary driving force 01; dis‘placex.'nent from i)hysi_cél equilibrium
which are distinguished by the time depende'nce of the behaviour of the
gas and li_quid phases are (i) ur;s.te.ady-state or tranéient response
method, (ii) steady-étate‘ me‘thod, and (iii) the pseudo-éteédy_ state
method. o ‘. | . - |

In the un‘steady;state_méthod, the mass transfer driving force
is induced in the sysfem, for exaﬁple by making a step change‘in the
inlet gas compoéitibn.~ One of the time—dependént phase co':-lc‘entrat‘ion
éhanges is then followed, the rate of épproach to the new equilibfium :

position being dependent. upon the vvaluev of thé overall coefficient. This
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:‘St1rred Tank Gas Abosrber Schematm Flow
- Diagram. 1 ='Inlet Gas (G4,¥4) 2 = Outlet.
: -Y-Gas (G2,v2), 3 = Liquid Feed FLis CLi’-

4 = Liquid Effluent (F1,2; CLZ)' : Gas L1qu1d

'D1spers1on (VL, CB, h yD)
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mea_sﬁreme'ﬁt rﬁéthod can 'be_ﬁsed ‘in cdn’jxiﬁétio’n vﬁthva.ny one of the
CFST, l_CFS;’Iv‘R, or SBST operating modes. Here,. during the course
of hleasurement, h‘eifchef Vphase-' is in a c‘omponen’c'concentratidn steady;
s.tate. . |

In the steady-stéte fné_thod, the mass trar.xsfer,driying force
is inhérént in the syéterﬁ,. and éxi.é'ts, for example, by ‘vir'tue of the
'fa.c't that the inlet aque'ous; phase‘oxygen'conc.ehtvration is less than the
‘e>qui1ibriurn'conc'ent_fatidn pos siblé at the temperature and pressure con-
ditions of the vessel, and the fact that the gas-liquid contact time is
well below the time requirea to reach equilibrium. The ti_me—indepén-_
- dent ﬁhase'con'cé'n-tratioﬁ differences between inlet and outlet stréams
then give a measure of the value of the OVérall volumetfic coefficient.
This method can, by definition, bé used ohly with the CFST or. CFSTR
operating modes;'during the course of. measurefnent, both phases are
. invariént 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 .t_h‘at' the dissol§ed gaseous com-
pdnepf enters into a liquid pha.se -rea.ction.which holds its bulk fluid
concentration at its low or zerro chemical equilibrium value. Provided
“that the rate of absorption with chemical reaction is .pseudO_-first order
with resbpect to the _disso-l.ving gaseous component, then the tlime-'intrieb_- |
pendent gas .phase concentration difference between inlet and oﬁtlet
streams or in cdnjunction witﬁ the S:BSTR, mode of operation the time-
dépendént liquid-phase reactant conceﬁtfation and ité rate of change
can bé used to measure KL4a' . In thisﬁ case, oﬁe phasee-—thé gaseous- -~

is in a steady-state condition, while the aqueous phase is in an unsteady-
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étate condition wit}.i_"réspgcf; to reactant céncéﬁtration. '
| "i"o ekpér‘iméi}faily deterfnit;_e the mass transfer ra';e capability A

under .defin-ed conditions of aeration and a,gitation,v it is necessary to

relate It}‘ié' measured v;avlués of cbmp0nent:concenti'ation (gas and/or

.l.iqui‘d bph'ases)' anc.iv'the.vsvystém paraméters (time;. flow rateé) to arrive

at':;.t vélue' for thé ‘overall volumetric cbeffigient at the particular tém- '

perature of‘operativon'. ' The exact nature of thé relationéhii) dve_pends,.

of coﬁr_s_e, on the mode of‘-.,ope‘r‘.atvioh used in conjﬁhction with a parti-

culaz; ;ﬁethod of providing the necessary mass transfer (iriving force.

For the case of 'mas.s transfer in the a.bse‘nce of chemical r_eaction,»-i. e.,

' pur'ely-.'physiéal absorption, we will éxanﬁne tv&o_of thé pos siBle com-

bix;ations:,_ .r_mmely:v SBST/unSteady'-sta.te and CFS.T/ste/ady—state_ systems.

" b) Général .Matefial Balances | | | | .

For the §r0ces's of absorption of a gaseous component by a

liquid the material balances for Ithe gas‘ and liquid ph&sés can be

wr‘itfen ‘a's '(23_) |

Liquid bhasé: _input - output + transfer from gé.a |

- depletion due to reaction = accumulation,

, ' dC
_ . : . H - . B
AFicLi - FZCLZ + KGaPT(y2 - 'CB?,_I.)VL - RVVL T VL' (2.11)

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

Using the relationship

K.a = KLa/H, o (2.42)
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q. (2.11) can be written, for the case of no chefniéal reactioh, as

P, dc

o Ty e Hyy -8 23
FiCLe ~ FoCa P B2 0 - SV T VL (2.13)

| In the der1vat10n of Eq. (2.11), the assumptioh has been made
that the d1spersed gas phase is well mixed, that is, the mole fraction
of oxygen in the gas phase throughout the dlspersmn is time dependent,
but is 1ndependent of pos1t10n w1th1n the dispersion volume. Hanhart |
et al. (29) stud1ed the residence time distribution of an air - hydrogen
gas m1xture d1spersed in a well- ag1tated aqoeoos phase . contained in a
fully-baffled vessel equipped with a single six-bladed turbine impeller.
Thoy showed that vs?here the liquid height:ves sel diameter ratio was not
';flaf from unity, in a gas absorption process wheré the rate of absorption
of a gaseous oomponent 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

cC = C (YZ’ H, PT,

t) = PTYZ(t)/H ; (Z~14)
that is, the interfacial concentfation in the aqoeous phase is in equilibrium
with the partial pressure of oxygen m the outlet gas stream, and in the
general case represénted by Eq. ,<2‘14) isv‘time dependent due to the
function of yz(t).

‘Gase phase: Inpﬁt - ou‘tput - transfer to liquid phase

= accumulation,
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G,y ; | d(hy.,) ' |
22 _ H, _ 2 : (2.15)
v - v - KgaPrly, - Cpg-) at ' :
L 'L , T N
dy
L 22 dh

i tea

The genfera.l rn'aterv'ial balancesl, Egs. (2_..13) and (2.15) fdr the
liquid and gas phases v‘respe.ctively. are cohﬁled,. since’ C”< = PTYZ/H
in the former depends on the value of y2 in the latter as dlscussed
above. The particular procedure used for solvmg these coupled equa-
tions 'depvends upon the method used ;o expenrnentally determme KLa_ )
i.e., whef,her the mass transfer process is conducted under unsteady-
stete c.onditions or steady-;state eonditions. _
.c) Semi-batch Stvi'rre.d-’I‘ank Unstea&yéstate Mass 'Tfansfelj
vRecall that this epprfoa'c'l.'l te determinihg K a utilizes a -
steady flow rate of gas sparged mto a batch 11qu1d volume Mass trans-
fer dr1v1ng forces are induced by a step change in 1n1et gas comp031t1on
In th1s 81tuat1on, the liquid phase mass balance Eq (2.13) |
simplifies to |

P : dC

_ %y |
L0, - BPT)"‘&'E'”'__ - (248)

To achieve an analytical__solutiOn of coupl“ecAlEqs.‘ (2.15). and
'(2..1'6) it is necessary to in’trodﬁce_some simplifying'assumptions. Fifst,
we .assume that the change in inlet gas corhposifion 1n going from, say,
pure nitrogen to air has no effect onithe'total divspex"s..ed ges holdup in
the ;'aerated" livquid.;.thi_s means that we take the gas 'hbldﬁp.to depend

, solel'y‘v upoh the agitation and gas flow rates and to be independent of
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gas ;.)h.avse cémpo’si’tioh over the ré.nge of 'co'mpo'sitibn'qha'ngé. This is

a ve;.-y close approxﬁpatioﬁ'under expéfime'ntal conditions '\‘vhere (fmitially
the liquid phase Visv 1n equilibrium with pure nitrogen at a given preséure‘,
and then it is cbntacted with air at the same head space pressure and
‘inlet flow rate. The 11qu1d an‘c.ligas compositions will change toWafd the
final yépor-liqnid equilibrium state of equi-fﬁgacity with respect to both
compdnents, nitrogen and oxygen; hence, oxygen wvill leave the gas
Bubbles, which therefore té‘nd to diminish in volume, but nitrogen is

transférred to the airv'bubblles', partially oifsetting the volurﬁe change.
P.v, = nRT, (2.47)

Whére-vb = volume of an average gas bubble, cm3,

i

gmole gas /bubble, _
Letting Nb = average number of gas bubl:;les/cm3 of gas-
free liquid, then -

h = gmole total free gas _ P_N, v /RT
S T b b
cm” gas-free liquid

- (2.18)

e
.PTH /RT , |
whgre' H' = total gas holdup (cm3)/cm3 gas-free liquid

Nbvb -

t

Applyi;'xg the assumption of time-invariant total dispersed

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

: -dh/dt = (P',f/}_?:T),(dH"/dt)v = 0. o .(2..19) -
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. We know that at 60°F and 1.0 atmosphere (the conditions at

which the ‘gas rotometer was calibrated) the volumetric flow rate is
L a a3 |
Q = 23.7_(10 )G .- (2.20)

The ‘se'crzond éirr’iéli,f’ying appr_oxiin&t_ibn, which is consistent

| .with t.h_e firs_t and which also follo'wls from the fact thét'oxygen t'ra'nsfevr

| efficiéhcies are low (i.e. » only a brelat‘iv_ely small fr.acvti'on of the con- '
vta;ined oxygen .is transferred frbm an air b_ubble'.during its residence
time 1n thg liquid phase) ilﬂv that the -total exit gas .f'low rate 'is a.pp’ro:ﬁ-
rnaf:elyv’.che: same as tBe inlet géé rate:

G, =G, . ' (2.21)

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

phase material balance becomes

Q - P, ey d

B by, - v) - K a5 (*2 - Cpp) = h'a'?-' - (2.22)
(2310 | "2 72 By |

An analytiéal_solutioh of the coupled m#terial balanée Eqs

_ (2;16) :and _'(2.22) .is vs'>ti.11- not possible as the térni CB , whicﬁ has é.n

_ ﬁnknowﬁ (a priori) ti.xvne‘ de’pende'n'(.:y appears 1n both eqﬁations. To
aqhievé an analytical solution, we introduce the third, and finél;: approxi-
. mation, namely that the product of the dispersed g.:;s_'molar .holdﬁp- (h)
and the'time variation of the gas phase oxygen mole fraction (d‘yé‘/dt)

is negligibly small compé,red to the other two terms of Eq. (2.22). This

criterion may be approached experimentally by using_ sparingly-solube
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gass_eis_‘s,uch as oxygen, and high gas flow rate:liquid volume ratios.

The approximate gas phase material balance equation becomes

Q o P
1 - T .c H
-yz) - KLa—I-:I—- (y2 CBP

3 y ) = 0. (2.23)
(23.7(107)v, 1

T

i) Absorption
Equation (2.23) is solved for yz, 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 ’chg system parameters *KLa, PT,' ‘H, Qi." and VL’ namely

el BCB =. a , | (2.24)

,v_wh'er;e

Q HK._a A
= 1 L 3 S sec ! _ - (2.25)
Q,H +23.7(10°)V, P K a
énd
a = - ~ 3 , 3 . (2.26)
_'QiH + (23.7(10 )VLP_TKLa (cm™)(sec) .
In a given experirhental run where Q,, P, V, and

KLa = f(Qi’ N) are all constan't,. then B and « are both constants.
- Equation (2.24) is solved by rriultiply_ing both sides by an

integrating factor

_vvexp ]{3 df = exp (Pt)
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“such that the left-hand side of Eq. (2.24) becomes a complete differential,

which.upi\)n integration results in
- Cp exp(pt) = %ekp Bty + A" S (22
‘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

th'eniéxpresse'd relative to the arbitrary initial time and are thus not

and ai‘bittai‘ily set t = 0 there. All other times, ty» are

méasu_red from the actual time of the step change.’

_ Us_ing the. initial condition to. evaluate the integration_cdnstént
A'in Eq. (2.27), noting that
/H =C,
the ,sdluti’o'n of Eq. {(2.27), written in terms of the original variables,
bécome,é-'

QHK

v [ BO " L B :
: 0 - exp . (2.28)
C. - Cx QH + 23.7(10 )VLPTKLa

Taking the loga.rithm.of Eq. (2.28) and collecting coéfficienta'
of KLa , the solution may be expréssed in a form more useful for

computation purposes:

@

<



K,a = — ' —— (2.29)
_ 1-n'c°° ool |

T T VP,

t 1 oEH

1 -.(23.7)(10%)
X | B
" In using Eq (2.29) for .co'mp.outa.t.iori, a.,l_l‘times‘ are expressed
relative to the real time at which Cy = CBOII whexje t was arbitrarily‘
taken to be zero. On the other hand, 1f vth'e_ time values are. measured
from the mome,n.t of the step change in inlet gas composition (real time

zero), then Eaqa. '(2.29) may be generalized fo

o (S~ CBa
Cc -C :
[« )

B2/
t -t . )
K.a = Bz _B1_ ' . (2.30)
L T -C
| 3 Co - “m2 | ViPr
1 - (23.7((10°) |——2— T
B2 "~ 'B1 1

Calderbahk_ used an expression a-naibgous to Eq. (2.24) to
~ describe the variation of KLa in.a series of gas - liquid mass transfer
experiments in stirred tanks (9). |

It is interesting to néte in passing that ma;r_ly of the "'standard"!
‘references and other works on aeration in fermentation processes ‘(fci)r
example: 14,28, 30, 31, 32) determine KLa'-. by the '"'gassing-in'' tech-
nique cénsidering oni;} the trahéient behaviour of ihe liguid phase com-
.position, i.e., they cohside_r-.o'nly vK. (2.16). Invtakinrg' thi's approéch,
._ fhe exit ‘gas,mc;le fraction Yo (and hence th-e.intgrfacial 1iquid!¢;;:on‘cen_

. I . ‘ - L, S
tration C ) is considered to be a constant, whereas it in fact varies
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- not only with _timé', but with the aevl_'atiovn-.vagit'atid;'l-pva'r'axvrneters‘ Q1, VL, o
and KLé.’ T‘h‘érefor’e,' fhe solution of -Eq.' .(2.16‘) by iteelf may be con-

| éide'r_ed to be only the firs.'t{ ap'p.roximation of KL#. “Although it was

: ne.c.:vev‘.sisa,ry tq neglect the tiin_e variation of Y, in derlifiing' Eq. (2.23),

the effect of the above mentioned aeration-agitation parameters is

» inqiuded. In this sense, Eq. (2.24) may be considered a second approxi-
rr;é.tio-n <‘)fv K;a, Awhicvh is particularly better under conditions of low .
Ifa.-t.liOS.‘

' in:K

L2V

L .
ii) | Desorption

- For the case of transieﬁt de’sofp_tion or évtri.p'p-ing of oxygen
from liquid solution cau;aedv by a étep-chaﬁge (decrease) in inlet gas
o_xygeﬁ mole fra_cvtion, the liquid phasé material balance is still deécribed
by Eq. (2.16), but the apperimate' gas.pha'_se material balance becomes

.»015,2/23.7(403)\;1‘ = (KLgPT/H) [(CBH/PT) AT '(2.31:)

. _Eciuatibn (_2.3_1) is wrivtvten fo? the case where the oxygen mole
fraction in the inlet stripping gas, y,» is zero, and incroporates, as
discus‘se.d before, tﬁe simplifyir;g apprbximations that Cv2 = G1 and
h(dyi/df) is ne>gvl.ig'ib1y small. In addition, we have again applied the
.wéll-mixe.d gas phase aséumption.

| Solving Eq. (2.31) for Yy and substituting the the result in
Eq. (2.16), the differential equation desc.ribing the éy_s:tem is found tvo
be |
| ch/dt + BCy -0, | | | (2_.312)’

 where B is defined by Eq. (2.25).
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. The boundary conditions appiicable to the deso.rption model

Eq. (2.32) are

The final solutio_n-for the transient behaviour of the liquid-

phase oxygen cohcentration for desorption by a deoxygenated gas is

Cq = Coexp(-pY) | (2.33)

Whel;e CO: <PT/H)(Yi)t<O , i.ve. , Cb is thebsaturatién conce‘,'nt:rvation in
5 eqﬁilibrium'with the oxygen-containing gas initially in contact with the
batch liquid before the step changé to deox&genated-inlet gas was made. -
| | ‘ A.s in the abvsorption‘ case, the solution given by Eq. (2.33)

for de'sorpti>o‘nv can be solved explicitly for KLa which is incorporated
in tﬁe pérameter B . However, for the particular experimerital methods
used in this work, | an explicit solution for KLa_, from either of Eqs.

(2.24) or (2.33) is not requir'ed. The method whereby ‘KLa was deter-

mined is discussed in Section II. 4.

d) CFST Steady-State Absorption
| In this exi)erimental sifué.t’ion both the liquid and gas phases
ﬂpw into Iand out of the stirred tank absorber ét_"invariant rates. .vAll'.
system paraméters aré time ipdependen_f and in the general material
balan(:é equations all time derivatives are, therefore, identically
zero. | |

For the liquid phase, F‘1 = FZY and Eq. (2.13) becomes
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P

Kag (- Cs b )'VL - Fy(Cp-Cprg) (2:34)

T

In Eq (2 34) 'we have used the well-miked liquid assumption,

C = CB , i.e., the exit 11qu1d has the same compos1t1on as the bulk

L2
11qu1d in: the vessel (the bulk liquid concentratmn is spat1a11y 1nvar1ant)

The gaspha_se mater1a1 balance Eq. (2.15) -becom_es

Q . YPT'

1. - . HY) |
| (v, -v,) = K ag (v, - Cap— (2.23)
Coesnaody, o E L }‘_< e B ) :

wheré' the wéll-’ﬁ;ixed gaé phasé asgu;ﬁptibn, ‘YI.) = Y, , and _thé appr_oﬁ:i-
mation:that _the.amoun.t of gaﬁ absdrb_ed is slrnahll re_elat'iv_e to ihe total gas
flovsffafe, G, ~ GZ , a.lré—inico:p'ora_xted. This ‘is't:he s.ame functionality
as‘-ﬁse_d for the gas phase repreis;entatioh in't_he_-unsteady—'st'ate procedure
disc'u-s‘sed >pre'viously,. but in »the.vsteady-st_ate case Egqg. (2.23)vi‘s ‘e‘xact'A
since dyz/dt is i‘de‘nti.cvé.lly zer“o here,- Grhei_'eas in the 'previc.)us .c'ase‘ if:
| was not z-ero. but'only taken to be negii'gibly s'méli.

“As belfore, 'Ev.:q’. (2.23) is sol\}ed for’ Y, ,)which is subs.titvuté‘d
in Eq. (2.34). After some algebraic -manipul'atidh, ‘the solution to th.é
steady-state case Becomesr'

K. a = — Lo A (2.35)

L . — N
| <Cw'fﬁ3>.233“0)YLPTD
B~ ‘L1 Q,H
where D = dilution rate = F /V ,» and, as before C_ = Tyi/H

Calderbank (9) g1ves an expression analogous to Eq (2.35) |

for the case of a steady- state CFST absorptmn process.
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. "For the special case where the inlet feed is co_nipletely
aeoxygenated, i.e., CLi = 0, then the relationship between K;a

and the system parameters becomes

Ka = : - (2.36)
C 23.7(107)v_P._D
' © g4 — H,L T
Cg 9y

In .conclﬁsio.'n, it has been shown hq.w either the .SBST unvsteadyv-:
state procedure.or the CFSTV steady-sfate procédure may be used to
experimentally'evalua.té fhe- Q{/e,rall volum'et'ri‘c‘ coefficient of mass
transfex‘,v KL'a, for mass frahsfer in an agitated liquid. Over a wide
'i‘angé- of aeration and agitatidnv conditions either approach will give -
fesﬁlté hav-ing a sufficient degree of accuré,cy, and the choice of methods
'is merely a matter of convenience. The transient method has the virtue
of relative s»implic‘ity as no'li'quid feed and colléction_ systems are re-
quired, ‘and the experimental run fiineé ai‘e shorter. as only the liquid
' ‘vo.l'ume in the absorption vessel need be degassed before re-use, there
being no (largé) volume of feed liquid. HoWever, the use of the transient
method imposes the.r.equi'rements o.f being able té accurately detect
small differences in dissolved gas concentrations at a low absolute
concentration level which is changing rapidly with time. It is prefefable_
to méasulre.the ihstantaﬁeous ;oncént'rationé in g__i_‘_c_t_i, _.pafticularly at
. high KLa conditidns where dCB/dt is 'a.lsb large since the finite amount
of.tim;e required to take a sample for e;xt_e;‘nal 'analfsis becomés s"ignifi- ,
cant with respect to the time increment over whi.ch the dissolved gas

concentration changes by a detectable amount.
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Where the analytical'tech'nique__ cannot meet the above require-
menf, it becomes oreferable, if not necessary, to use the CSTR steady-
state method since all concentrations are time invariant arx_d'sampling
time isv of no significance. In any case, the steady-state method is to
be preferred at those experimental conditions characterlzed by very
high KLaVL Q ratio, as the assumptmns of G = GZ and negligible
dyz/dt are then no 10nger' "cloge" approxirnations and Eq. (2~.2‘3)
'becomes ihadequate.

3. Some Previous Methods of Ovesall Volumetric Mass Transfer

_ Coeff1c ient Mea surement

a) Mass Transfer Without Homogeneous L1qu1d -Phase
Reactlon (KL4 a) ,

Usmg an oxygen-free gas to transiently desorb dissolved
oxgrgen‘ from solution (the so-called gassing out techn.iqu.e),. the rate of.
change of dissoived oxygen concentration can be related to the value of
Kp g - as in, for example, Eq. (2.30). Alternately, using a CFST

method, the steady-state oxygen concentration achieved cafnvbe used to

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

L4
course,' depend upon the use of suitable analytical methods for deter-
m'inin‘g the dissolved oxygen Cane.ntration. Traditional methods have bee
been feviewed by Richards_ (30) and Finn (34), and will be discu}ssed
onlly brieﬂy here. N |

i) Polarographic Method -

.Under the influence of an applied potential, the flow_ of electric’

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

‘oxygen concentration. To avoid polarization at the mercury surface,
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the d;'dpping mercury eleétrode rhase be used (35)5 Aé_such drops are
sluije_ct_vfo. deformation in thé" tufbuléﬁt’ flow field when the élect.xfode is
‘pll.ace(_i inside the sfirredjta_nk, _ and: since the flux rate 6f ox.ygen to the
: drop surface is depeﬁdént upon the m'as"_s_transfer-éoefiicient in the
. _hydrodynémié boundary lagrer around the ‘falvlin'g drop, the polarographic
method of measurement is not ihdependént of the liquid-phase agitation
ra_tv‘e.. |
ii) Chemical A'nal'ysis'
Liqui'd.sarn'plés can bé _takeh frém the abs_o:pti@n ve_ssel and
' apalyse_ci for dx"ygen concentration by the Winkler met_hod, 'a.s. wés do‘ne
by Calderbank >(10), in Wh-ich'manganOué.ions are oxidized, the excess
n.iang."anous ion concentratioh being determined iovdo_me'tr.ically. This
mefhod is éubject to possible oxygen loss 6r gain due to the ha}ﬁdling of.
the liquid sample which 'i.'s-v not in phy'rsic:al, _.equilib.rium with the ox}gen
content of the 've'-nvironment' external to the absorber. | |
iii) Biological Method

Some species of the microbial genera Pseudomonas,

Asg’ergillus, ‘or Pehicillium producé'gluconic acid from glucose vié the
_enzymatic rgaction-rate contfolled metabolism of the 'grqwing cells.
Tisao and Kempe (36)_'considered 'that,ﬁndgr 6_xygeri'—li_rnited47<:ondi't_ions '
' (excess glucose and other essential nixtrviéntsv) the rate of_product,ion of
the g:'luconic. acid, whiéh is excreted from the cells into £he growth
med_iuin, was directly propo;'tional to the rate of oxygen mass transfer
into the liquid medium from the dispersed air bubbles, and' hence

5
T

. proportional to KL4?’ .
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However, as‘ ‘shown by both Humphre;r ;and‘ Reiily (37) and
Hsieh, Silver, and Mateles (38), the rea.c:tioh mec.hanism does not
involve the producfion of éluconié acid by‘the_ direct rea‘ction‘ of oxygeh
with 'gluvc:osé. In;tead, glucdsg is first ;)xidized enzymati‘cally (glucose
oiidase). »tvo an int.e;'mediate, D"-glucono-ﬁ-lactoné, With cénéurrqnt

redufction ‘of flavoprotein (FAD); in turn, the FA’DH reduces molecular

2
oxygen. Depending upon the type of organism or celi-freé enzyme sysQ'
terﬁ usev_d,‘ thé'gluconolaqtbhe int.ermevd.iate is hydrolysed either .no.n-
‘enzymAatircall'y (.‘37) or enzymaficélly (38) to the glu'conic acid end-product.
In Hﬁfnphfey and Réiliy's invest.igatio.n (37)‘,- they found that'thé produ-.c._
tion rate of g.lucon.ic acid froﬁ P. ové.li;s was proportiohal to the ‘fate of‘
hydrolysis of the 'gluconolactone, and nét tovt}.xe rate of oxidation of the’
glucbéé by the giﬁcose oxidase - FAD coupled reaction, such that the
raté of oxy_gén uptake was not directly proportionai to fhe.ratel of .
gluconic acid pro'duc.ti_czm.

It appears then that glucdr_xic_ acid_préduction rates in systems.
co_nté.ihing either viable _célls’.qr cexllffrée enzymé extraéts can be'ratéb- .
controlled by the reactive activities of tw6 or thre‘e enzyme systems
rather,tha:,n being méss-trahsfer-rate controlled by the availability of
dxygen, »rhaking this an uncertain method for the direction evaluation of _
KL/-_I?' .

_ b). Sulphite Oxidation Method (K] ,a)

This 'method_utilizeé the fact 'tha‘f dissolved o‘kygen will react
in th.e aqueous phase wi£h sulphite ion (usuélly supplieci by sodium .‘
sulphite) in the presence of cu’privc or cobaltous ion éatalyst. The overall

reaction may be written as



-41-

St +
Cu  or Co+

+ SO3 SO4 ' | - (2.37)

39,

The absorption-with-reaction hasv genérally Been conduct.ed: 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 titrat.ion.‘ 'I.’.hivs simpli_city of analysis has lead to
this method-b‘ecoming one of the, if not the one most coinmonly used in

férmenta‘tion oxygen supply Eapability studies (2,11, 13, 14,33, 39, 40,
140) s_incé its use in 41944 by Cooper, Fernstrom, and Miller (11).

Although»th.is method has been used frequently, it is subject

to some uncertainty as far as the reproducibility or the sig'nificance of
the results are concerned. First, the exact mechanism of the sulphite
ion - oxygén reaction is still not clear. Barron and C'Hern (44) found
the reaction to Be zerb order in oxygeh and thz;ee—hal,ves order in
sulphite over a su.lp'hvite concentration rangé of 0.04 to 0.5 rnolér; in
éddition, increasing concéntrafions of cupric ion_at the micromolar
level increased the rate of rreaction, while cuprous 1on ;iecrea;sed'_ it. '
They sﬁggested that a sig’nifiéant amount éf cupric ion normally added
to the solution is vre(.hu:ed to the cup’rous’ form under the usual conditions
of the absorption experiment. Sriyastava; McMillan, and Harris (42)
found the reaction to be first érder with respect to oxygeh, but 'zex"o__
order with respect to ‘sulphit'e concentration in thev range 0.08 to 0.46M.

In addition, at the typicé,l' tést PpH range of 8 to'9, they found p.r‘ecip.it‘ation _
of the cobaltous hydroxide (cupric ion is also subject to.similar precipi- -

tation at sufficiently alkaline pH).
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In. ahsorption—With-reaction studies, the overall rate of oxygen
mass tr_ahsfer generally has been found to be independent of the concen-
tration of sulphite ion ahov'e a minimum value of 0.08 to 0.17M as in,
for exarnple, the works of Fullér and Crist (39) and Cooper et al. (11).
The absorptiro.n-with-reaction rate in sparged, agitated vessels has been
foond to be directly proi)ortional to the ga_s-pha‘s;e oxygen partial pres- E
‘sure (e g 11, 13) '.However', in an unsbarged surface-serated vessel
w1th both ligquid and gas phase st1rrmg, Ph1111ps and Johnson (13)
reported that the absorptmn'rate was dependent on-the square of the
oX)f:gen iaa‘rtial pre".ssure .

The rate of sulphite okidatioh r“eaction 1s also dependent upon
the eoiutioh pH (435, and ie sensitive to trace contaminants, both organic
(44) and 1norgan1c (43) | | |

The behav1our of copper as da reaction catalyst is 1rregular
the reaction rate may be increased (41) or decreased (41 43) dependmg

~upon the ox1dat1on state of the copper ions. Hence, the absorpt1on with-
. reactmn may take place in several reactmn reglmes, ranging from the
kmetlc reg1me (wherem_the effectrve absorptmn rate is unaffected by

the agitation rate and the .degree of bubble dispersion, being rate—lirrlited
by the kinetics) through the diffusional and fast-reaction regimes dis- |
 cussed later in Section II. 5(c). Fortuitously, in many i‘nvestigations;

the rate of absorption-with-reactioh has heen sufficiently enhanced by |
the reaction kinetic rate to occur in the near-fast reaction regime, such
that the measured Ki4a has be_eh greater than values of KL4a for
physical absorption in non-reacting solutions of similar solute concen-

tration (2,11, 13,110). However, Yoshida et al. (14) found 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

wi_th the theories of mass transfer 'wii.:h chémical reaction. In spite
6f the .foregoing;li'mifa.tioné, .cupric ion has continued to be the usual
choice of catalyst. |

‘Westerterp et al. (12) studied the absérption—with-re_action
of fﬁzygen from air disperséd in éupric-catalysedk'o..793M sodium sulphite
golution at 30°C in a ’series of geometricélly—simiia‘r tanks using turbine.
impeilers of varying impeller to tank d.iameter ratios. Air was adﬁitted
fhrough a iihg—type sparger, and the gas superficial velocities were
about double thé maximum used m this work. They reported their
results in the form of K;Aa ,' which wés found to vary linearly with |
impeller rotational speed above a2 minimum rpm (Nd). - Their results

for K. ,a were independent of superficial gas velocity whenever N > Ny

1.4

The use of cobaltous ion catalyst in place of vcupric ion can.
increase the value of the first-order reaction velocity constant by three

or four orders of magnitude (12, 43), placin_g'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,

k but remains depéndent upon the specific interfacial area a .

L4’
Cobaltous-catalysed ox}?gen absorption-with-reaction has been used

by several investigators to measure values of a in stirred tanks (43, 45).
.Although the sulphite oxidation absorptiorx-_with‘-reaction has

been, and apparently continues to be, a popular method 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 ho'mogenéous liquid-phase reaction (which can affect the

L4

absorption rate of oxygen into a medium containing growing microbial

value i'of K, ,a .a>t vthe 'interfa;cej is ,genera'lly greater thén the physical

. cells. In the Iatter case, the oxygeﬁ is not reacted until it has diffused
to an enzymatic 'reacti’oﬁ i_site; withir_x thé‘ cell (heterovg‘engous case), the
rate of ‘oxyge'n_ reaéiiqﬁ the'reby not.a‘ffecting the value of KL'4a at the
g-a's-liqixi‘d jhterface ‘which limits the cell population den‘si-.ty. ' Svec_on;i,
sulphite oxidations a_rév'g‘enerx‘ally conducted at solutién jonic strengths
which can b_e ymuch greater than the‘ ionic 'stfe'ngfhs of some fermentation
me'dia. Ionic_ strénéth‘ can greatly.i’nﬂ'uence the values 6f KL4a 1n
stir_réci ‘t.ax'lks, as thé results of this investigation wﬂl s_hév‘v.

4. Measurement of K, 4 Usiﬁg' f)issolvéd Oxygen Prbbes

»'a‘x‘v) AdVa‘nta'ges"iof.-Use ‘ | o

| As discussed in the preced_ing s.ectidn.s, the measurement 'of.
: the"oxy'gen s'upply"rate capability of a gi\rén system by utilizi‘ng such
methbd.-s_as (i) é.b'sorptionuaccompaniéd'by chemical reaction, (ii)
'poiarégraphic rheasurements using bare electrodes exposed directly to
the aquéou‘s solution:-'and its solute CQ'rhponents, .or (iii) liquid-phase
s'a_.mp.l'e__vwith&-rawral for external anlaly’sis is’ sub.je_ct to inherent diffi-
culties. In chemi;:ally-re;ctive syétéms, the interpret;tidn of the
rersultsblwith respeét to phygicé.l absorption is open to question, for

' exampie, unless caution is 'é)_{'er-cised to ens_ﬁre that'the kinetic rate

| co-r_xsta_nt(s) is not affected by such usually unmeasurabl.e‘ influences as
‘trace cont;}.minationof the aqueous solution. In the polaro‘graphi‘c': |

-methods which employ bare metal surfaces, difficulties in measurement
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“may arise from instabiiity of the »electroc’hernvica.l cell current-dissolved
'oxyigen concéntr_ation calibration curve caused b;)r poisoning or polari-
zation of the metal surface.

One way ofvretaining the use of electrode éystems with their
relative coﬁveniehce (e. g, lr_l_ﬁlt_l} .meas'urement, fa‘alt response) for
the rﬁeasuiement of dissolved oxygen concentration without encountering
fouling _é)f the elécfrode’ surface of _interferencevwith the electrochemical -
reaction at the 'electrodé surface by other soluble species is to encase
thé electrode systerri in a protective coating. Such a coati‘ng.should, of
,co‘ursé, be semi-permeable, allowing the transport of oﬁygen from the
aqueousg solution to the électrode surfaée, but'being irnpvermeable to
water and its contained non-gaéeous solutes such as inorganic ions,
charged macromolecules (e.g., prOteins, amino acids) or néutral
species (e.g., glu‘cose). Clark et al. (46) in 1953 were the first to
sucéessfully'apply thié t'echnique.; they used é.rﬁicro—platinum,eleétrode
cove-réd with a polyethylené membrane to meaéurg dissolved oxygen
in blood. | | |

b) Types of Dissolved Oxygen Probes

VS’inc‘é Clé,rk etal.'s de»velopr.nent, many different types of
membrane-covered probes have been described in the literature. 'v At
present both the.ai'node and the c'atho.de are usually placéd,‘ ’cogéthér with -
‘the suppbr’ting electrolyte, inside aﬁ impermeable protective housing - R
for‘ex'arvnple, a hollow glass tube - one end of which is covered by the
semi—permeabl.e membrane .‘ Wheh the assembly is placed in a'tﬁ_rbulént
‘fluid éontaining dissolved oxygen, molecular oxyg_envis‘ carried'frc;m

the bulk of the fluid to the fluid-membrane interface by fo.r‘ced convection,
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passes through the membrane by the process of molecular d1ffu31on
rate -governed by a grad1ent in oxygen fugac1ty across the membrane, ,
' ‘and is, fi_nally, reduced electrochemxcally at the membrane v-.-»internal :
electrolyte - cathotie interface. A probe ‘electr.ie current is thereby
genera‘ted,- at a rate which is pr'oportionalvto the 1;ate of oxygeh

: diffu';i'on.

The types of :probes tall into two geheratl categories,.polaro-
graphic or amperometric (46, 47, 48) in which an etxternal potential of |
‘0.6 - 0.8 volt is ai)plied to the electrodes, both of whi‘ch'are generally
noble metals (e.g., platinum-silver), and galvanic (49, 50) in which
the cell potential is self—genefated, one electrode being sufficiently
electrohegatiye to cause spontaneous reduction of .movlecu_lar. oxygen
(e. g‘..' , lead in a silver/leed cell). In an acetate electrolyte, at the

silver cathode

O, +2H,0+ 4e” — 4 OH --5+4H, O, (2.38)
2 2 - SATA, I

~ while at the lead anode

4Pb + 4Ac” ———= 4PbAc + 4e” , (2.39)

the overall reaction being

O, + 2H,O + 4Ac” + 4Pb-

40H ™ + 4PbAc . (2.40)
Polymeric meterials, both naturally-oecurring and syntheti'c' have

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

_ polyethylene polypropylene, polystyrene, s111cone rubber and gum
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rubber ‘Such materials ar.e; nqn-pofo_us, but instead Behave as solid
'solvénté'in which disspivéa gas mo.llecu'les' migrate by diffusiOn;
c) ‘General Principles of Probe Oi)e;‘afioﬂ
The opérating principles Of'membrarie-;cm}ered.probves have

_been well discussed by,Mahcy, Okun, and Reill} (49) and further corh-
rﬁented on 'bsr Johnson et al. ,(47’ 50) and Ricica (51),. and will be only
sﬁnimérized here. ‘i"he ‘mechanism of the transport of gases through
.polyméric films and the effect thereon of the structural properties of
the polymer have béen revviewedv and studied by‘ Paul and Di Benedetto
(52). |

" The general overall mechanism of o‘xyg'en transport across
a polymeric membrane has been deééribed consisting of thré’e steps (52).
First, '""dissolution' of the gas from the bulk fluid in contact with the
polymer surfacé, followed by molecular diffusion th‘rouvgh the p_olyme‘ricv
matrix; and then finally, the transfer of the gas to another fluid at tile
second _polymer-flgid intérface. The ease of ''dissolution'' of oxyvgen |
dissolved in a fluid (vapor or liquid) is a .measure of the oxygven’s
fugacity; therefore, it follons that membrane-covered oxygen probes
measure the fugacity (''escaping'’ tevm;lency) of the oxygen in the fluid.
In .general, for a component k distributed thr.ough'ov;_lt three phases
(gas, liqﬁid, and solid membrane), the component's fugacity is identical

in each phase, so that we may write

= t - 1t fo = : o=
_ka = ¢ kYkP kakfk ka‘ ,(ko)i (2.41)

Gas Phase ‘L.1qu1d Ph?tse Membrane
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whérevtj)l'(‘ and yk are the gas-phase fugacity coeff.icient and the liquid-
phase actiVity coefficient, re‘spectiveily._
| 'Equation (2;41) follbws from the cla-ss_iéal description of static

equilibriﬁm b'etween phaSes, i.e., the component's fuga.citf is uniform
‘t.hrc.>ughout‘ él_l pﬁase lspatial vo]_.ume{ elements. With réspecf' to the probe's
oéérétidn, tﬁe fuga;éity of okygez; is not unifoirﬁ ac‘ré.ss the mefnbrane
: '_thi'c.knés;s as there is a fugacity gradi-en‘t causing a flux of oxygen through
the mémbrane’ fi"om t]..'le‘éxternal fluid s'ide.to the .-intefnal electrbiy_te
side (sée Fig. 2..2', re'ading'fugacity for pressure). vl‘—Iéwever, as is-
c’m}nmt;n‘ly dbné in cases of mass t.:'ransfer across interfaces, we postu-
lat.e that a state of dynamic equilibrium exists at each of the membrahe- ‘
liquid interfa.ces. Considering the external membrane interface, the
fugacity of oxygen in the fhémbfane material at the intefface is main-’
ta.ine_d. at all ..times‘equa,l to the fugacity of oxygen in the external fluid
phase material i.n;ir_.nedvi-ately adjacent to the ir.lterfacve.v For_é; pr‘dbé
~immersed in va'n ‘aelfé_mted liquid under the cond'itionsv_'éf‘bulk 'gas-bulk‘
bliquid equilibrium, and as suf‘nir.lg’ that the liqﬁid phésé is well mixed
(neg‘li.gible oxygen fﬁgécitf gradient in the l.iquic‘lr film.at the mémﬁ;ane

interfacial region), since
and -

then Eq. (2.41) can be written as
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3L el = »(ko)i' | | (2.42)

- Liquid Gas = Membrane

3

- whére Ek ié the liquid-phase actiy.ity of the compohent., ai-nd ‘(ko)i
is the oxygen fugacity in the membrane at the external surface.
 When the probe is oper.a.tive, at the cathode, which is separated

from the internal membijane' éurface by only a thin film of electrolytve‘,
thé oxygen is insta_‘ntaneoﬁsly reacted; therefore, the oxygen fugacity "
- at the inner membré,ne surface is negligible, and the fugacity difference
across the membrane is numerically the same a_s'w(ko)i = ¢1’(pk . The
px.'obe;‘ then, responds to changes in p, as this éstabliéhes the driving
force for diffusion écross the mevmbrane; that is, the amount of gaseous
component tranéported across the membrane is directly proportional to =
the ''corrected" partial pressure q;l'(pk of c.o‘mvponent k. However, for
air as the gas phase at moderately low pr.essures (e. g.., less than 10
atm), ¢l'< = 1.0 for oxygen, and the probe measures the partial pressure
pk‘ of oxygen. ' |

: For a pfobe immersed in a liquid phase containing dissolved

oxygen, the fugacity relationship at interfacial equilibrium are

_ - = 3 oo = £F oy ¥ .
Bmdi = fn T Ak T fke T BPi (2.44)
where p;z denotes the partial paressﬁre 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 reépondé to changes in the
, which is rigorously identical to $,p§ or for

applicable fugacity, ka

oxygen at near-atmospheric pressure, p>!l<< since, as before, _-4)1'( = 1.0.
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pi“-; E for the oas'e of oxygen, is rsynonymous with the so-called "oxygen
tension, " a term frequently _use‘d:..in the fermen-tatioh literature.
ﬂerefore, in a l‘iquid phase cozﬁaining dissoived oxygen, the probe,
‘1n effect, measures an oxygen part1a1 Eressure even though no gaseous
phase is physically present and does not d1rectly measure the concen~.
tration of oxygen dissolved in the liquid phase. -

For a gaseous comp_o'nent., _such as oxygen, which follows
Henry's layv, | | |

for, = Py T HC, . (2.45)

where ¢1'< is_ faken as  =‘ 1.0. | | |

Cornpar1ng Eqgs. (2.44) 'and' (2.45), it is seen that in liquid
solut1on the dlssolved oxygen probe measures the value of HC (a
- quantity 1nd_epe'ndent of the nature of the 11‘qu1d when the liquid is or has
been exposed to a gas _phasev of fixed'okygen 'paft.ial pressure) a property
which is quite different from Ck (wh_ich depends .strongly on the hature

of the liquid at any fixed oxygen partial pressure in_the gas phase).. In~

the 1it_erature, statements such ae "oxygen conoentratiou-was measured
by a membrane-covered probe' are still eneounfered; such statements,
therefore,’ can be mi_sleeding.

The vast me,jority of workers have reéognized the fofegoin'g
but have generally dlscus sed the operation of dissolved oxygen probes
“in terms of the "activity'' of the oxygen in aqueoua solution. Although
activity is related to fugac_ifcy, it is a less fundamental c0ncept, its

numericel value depends upon the arbitra‘ry definition of the standard
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'sté.te, and its use is gene’r_ally rest_ricted to deséribing the behaviour
in liquid pﬁases. Since the oxygen pr.obe' meésures oxygen fugacity,
in either the gas or the liquid phase, and at liquid-gas equilibrium wﬂl
give thé same readingr regardless of the turbulent phase in which it is
placed,. we pfefer to d_esc.ribe the response of the probe in terms of
sblufion fﬁgacity. | |

B As will be shown later in this sectibn, the current generated
: .by the probe as a result of .the’ellectrochevmical reduction of molecular
éiygen_is directly propc.)'rbtional to the flux of 6xygen thfough the membrane,
Which in tﬁrn is related to the partial preésure of oxygven in the bulk
solution. | Therefére, any ;ircumstan-ce which will alter the flux_éhrough
'th‘e membrane while leaving the solution paxl'.tivai preésure unchanged will
change the numerical vélue of the proporti‘onality‘ cbnstén‘c between the
probe c'urrén’c and the bulk: solution pé,rtial pressure. Such effects
occur if the aqueous 'blution temperétﬁre is changed while holding the-
. oxygen partia_l 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 fo coﬁe to thermal
equilibrium will bé greatly different, being higher _ét the higher tem-
pefaturg . This results from the direct proportionality between the
flux of oxy_éen through the membréne Aan'dv fhé molecular diffusivity of
oxygen in the polymeric material, i.e., N=-D, (dCM/dx). 'i“he '

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

M 2
(49, 52):‘
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D.. = (D D

M = (Ppdo &P (- 7F) - (2-46)

.\.Y;hvére’”ED is the a‘ctivat'ivo_ri e.vnrergu for diffusion. The'.diffusivity- increases
:%e;ponentially with temperature and consequently so does the fl.ux'although
the part_ial—ﬂpre‘esure-différence dr1v1ng for'ce-remaius constant. There-
for:e." a‘prohe ealibrated at .one: temperature does n'ot give meantngful
'readmgs at a significantly dlfferent temperature for example, Teflon
V-Vmerr_lbr_ane probes have a temperature coefficient of about 2%- er degree
_Centigrade (-50).. Close temperature.eontrol of the'soluti_on_s. being
vahairy'z:.ed'is esse_ntialk, or alterhately-, the probe circuitr}t'shOuld i'nclude
a 'ter_rlperatu_re compeheation elem_ent (485. .
d) .-Stea‘dy-'.Stat:e'Cha‘ravcter.istics' of Dis solved Oxygen Probe

A schemat1c representatlon of the. oxygen partial pressure '
prof1les and the concentratmn prof11es derlved thereform for an oxygen
in 11qu1d solution is glven in Flg. '(2.2) .for the steady—state condition,
1 e; ; 'th.e I;azrtiall p.rves'sur'e .ofvdi'ssohred'ox‘ygen (Ior ite cohcentr_ation? in
a part1cu1ar ‘bulk 11qu1d phase) is time invariant. The oxygen diffuses
from the bulk 11qu1d phale to: the cathode through three dlstmct mass
transfer zones in series, namely the external hydrodynamm boundary'
1ayer at the external liquid phase - membrane 1nterface, the membrane
1tself and the 1nterna1 liquid f1lm of probe electrolyte between. the inner
surface of the membrane and the cathode. vThe pressure proflle (str1ctly
speakmg thls should be the fugac1ty profile) is contlnuous, whereas the .
concentratlon prof1le has, of course, d1scont1nu1t1es at phase interfaces;

the magnitude of each discontinuity is a measure of the partition or
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d_istribﬁtioh coeffi'ci_ent of the oxygen concentration between different
phases.

In ‘an’y such series process? the total resistance to oxygen
transpe.rt' is the surn of the individual resistances of each of the
transpoft zones. The individual resistances can be expressed as the
ratie of the thickness qf the i'_egion and the OXYgen diffusion coeffic'ie'rit
th'erein”if the proeess is _d'escribed i'n~terms of the Whitman film theory

of mass ffahsfer (53).

. - L : ' S - (2.47)
Roverall (6/DL)hydro.+ (L/DM)memb'rane ¥ (_G/DL)i'nternal .
: bound. = = : : film
layer

b' ‘ ' Where one fesistance in the series is of much greater .magni-
tude than the sum of the othexv‘vs‘, it may be c.onsidered as the controlling
' resis..t.a'nce and for all pfactical purposes the rate of mass tranefer can
-b.e.'exp_res sed solely ‘in terrne of this resistance and the overall driving
force. The representation of Fig. (2.2) is based on the followingv

reletio‘nship:

{1 / ‘ - >> > . .
(L/DM)membrane_ -(6/DL)hydro, (-é/DL)internal, (2.48)

bound. : film
layer

which _e_Xp_res_se_s the as sﬁi,nption that c_liffus_ibr_l in the mémbrane is the
fate.'det'errhining s.‘.cep. Equation (2.48) follews from |

i)  the thickness of the hydrodynamic boundary layer decreases
with increasing agitation rate in the bulk solution. As the difftisi&itjr in

the aqueous is some two orders of magnitude greater than that in the
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polymeric rﬁembra'ne, when the agitation rate exceeds sorrné‘minimum or
threshold value then
' < W
(8/D )y aro. < (L/D

bound.
layer

M)membra_.ne'

Y

The cohsequence 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:

(Ppflx=0 ~ Pp -

Unlike the case of a bé,re .electvrode exposed directly to the liquid solution,
the probe current - oxygen préésure relationship becomes independent
of the solution agitation rate, and does éo at a relatively low level of
agitation. |

ii) the thickness of the internal stagnant liquid film of probe
electrdlyte between the membrane and thebcathode is considered to be-
'negligib'ly small with respect tc the membrane thickness, that is we
aésume a "'tight'" fit between thé membrane and the cathbde such that .
Ax—~ 0.  Since it is also assumed that the oxygen reacts instantaneously -
at '_che' cath‘ode, that'is, its concentration at the cathode surface is

negligibly small, a second consequence is

<pM)x=_L z .O ’

Other assumptions which are implicit in the mathematical

derivations which follow are
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| .iii) " the oiygen diffusioﬁ coefficient in the mémbrane, DM’ is a
constant independenf of conc’entrétidn and position, the latter implying
v thaf the'polyrn'ervic rn_ate.rial.is isotropic. Polymer films in which the
moleéules-vhave a pi-eferehfial direétidn of c'>rientation‘i“n féct ére
ar.xis‘o\tr.épic media in which the'vfl.ux' of oxyg‘ekn in. the x-bdire‘ction depends
‘nof .onl.‘y_on the driving tforce grédient in thé x-d_irection' (isotropic
COﬁditiQn).but al‘svo on the gr_a>c_i'ie'nts in the y- and z-directions. .Fo'r
certain geofnetrié cdnd'itiohs., Crank (54) discusses a rigorous treatment
of: diffusion coefficients m -anisd.tropic materials; m this work, no cor-
fectioﬁ fbr”a;nisotropy is vmade',b and the diffusion coefficient D4 is |
therefore an "effective" diffusivity for an overall unidirectional vflvux. |

i_\"). ‘the membrane edges ai'é. sealed and are, t-he'rgfore, imperme-
ablg'tp 6xygen diffusion. All oxygen reacted at the cathode ehtexjed' the
prob_e' throﬁgh the exte'thall .rr.1e.r-nbra_ne. face which is parallel to the cathodé
surface, and the transi)ort of oxygen is solely in the direction normal to
the c.athodeA .surf_ace; | |

_'Th.e' electric .current (in aﬁ}pereé) produced by the probe as a
con.seqvqence of the electrochemical cell reactioﬁs is directly proporiioﬁal
_to the émount ‘of'o‘xygen reduced at the cathode, ‘which in turn is -directiy
related to the molar flux of oxyéen through the mevmb_rkane sﬁrféce at the
cathodé' By means of Fick's Fi'r.st Law of Diffusion. The relationships

are -

I = nFAN) = -nFAD (dC, /dx) |

il

‘E/R , , (2,49)-
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where F = Faraday constant, 96, 494 coulomb
. ~ -equiv.
n = 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, cm
The reaction stoichiometry at the anode depends upon the
pérticular' type of probe, i.e., upon the nature of the anode material
and the supporting electrolyte. For the cathodic reaction of Eq. (2.38)',
ny = 4 |
If we assume a linear absorption isotherm for the membrane
polymer, then

Cy = Sp. | (2.50)

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

3.
: QZ/(cm Y(atm 02). ‘
Substituting Eq. (2.50) in Eq. (2.49), and defining the mem-
brane permeability as | o | |

s g-rhole O

_ 2 |
KM = 5Dy Temilseci(atm 05 (2.51)

the current-flux relationship can be written as |

; = niFAKM(dp/dJc_)x:L . - | (2.52)
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The nﬁmgrical value of the membrane permeability, KM,
is ascertained by means "of a s:teady-,state current measurement. To
_defermine the value vof thevef'fecti{r'e diffusivity,. DM’ the transient
_‘ behaviqr of the currént in l;e'spvonse',to a step change in solution oxygen
partiai pressure is s‘tudiéd. -' | |

,i)' Determination of KM
The time invariarice of oxygen pressure gives rise to a con-

stant gradient thljough fhe membrane, and hence a constant flux of

oxygen and co‘nstanf resultant current. At steady state

Py = Po (1 - x/L) , o - (2.53)

(dpy,/dx) 1 = (dpy/dx) o = - p /L _ _ HC_/L .  (2.54)

Combining Egs. (2.52) and (2.54) ,

I = (nFAK /L) (HC ) | (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

meagured. Utilizing Ohm's law, E_ = IR, Eq (2.55) becomes
E, = (n FARK,/L)(HC,) . A (2.56)

‘The value of KIM for a particular probe is obtained by apply-
ing Eq (2.56) to measured E_- khown C data taken in a solution of
_ . . Teo " o0 .

known H
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il) Measurement of K a in CFST Steady-State Oxygen
. L4
Absorption ' :

Equation (2.56) shows that whenever the oiygen tension in
the external‘soluti.on is time invariant such tha’c a steady-state profile
is obtained in'the oxygen probe membrane, then at any value of the
oxyf;en tension the éorresponding probe external voltage, E, is directly
proportional to the oxygeh concentration, C'.. Hénce, for rhéasurement
of K; ,a under steady-state condtions, voltage values Eoo , Eg, and
E can be substituted directly for their corresponding concentrations

L4

C,: CB’ and CL1 in Eq. (2.35) or Eq. (2.36), from which Ky 42

may be computed directly for known values of the system parameters

L’ PT,and D.

e) Unsteady-State Characteristics of Oxygen Probes

Q H, V

17

i) Oxygen Absorptién

As previously shown by Eq. (2.30), KI;Aa; may be obtained
from a transient "gassing-in' experiment if a means of determining
the time-dependent bulk solution oxygen concentration is known. Under
' .steadyfstate or pseudo-steady-state éonditions in the membrane, i.e.,
whenever there exists a linear or near-linear oxygen concentrati.on
 profile acrbss the membrane, the external pro'be voltage is linearly.
related to bulk solution oxygen concentration. A linear profile will Be
approximated in the men}brane whenever conditions are such that the
time interval over which tile bulk solution oxygen concentration signifi-
cantly changes value is relatively mucirxlgr.eater 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 K, 4%} the time.p'eriod over which the membrane

transient concentration profile adjusts to a.ri instantaneous, pseudo-

steady-state value is directly related to the ratio LZ/DM.
- During a ''gassing-in'' experiment, the bulk solution oxygen
conc_entfation changes continuously with time from an initial value

BO

C.. =0 to a final value CB =C_ = pw/H. Using these conditions to
solve Eq. (2.28) for C(t) it follows that |

Cp = Cq [t - exp(-pt)] . - (257)

L

a given by Eq. (2:25).
Using the.Henry's law‘relétio‘nsh‘ip», 'Eq. (2.45), and the -

where B is a function of K
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 |
(CpPy=0 = SHC_[1 - egp(-pt)] - ~ (2.58)

At any given time t , the concentration in the membrane at
'x = 0 takes on an instantaneous value given by Eq. (2.58). .Assuming
that“th_e probe transient concentration adjusts rapidly enough an
instantaneous or pseudo steady-state membrane concentration profile
is achieved, and is given by

(CM)inst'.

= SHC_ [1 - exp(-pt)] (1 - x/L) . (2.59)

The pseudo-steady-state condition described by Eq. (2.59)

will be approached whenever
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~ 2 . | -

vKLa =B .<< 6DM/L . s {2.60)
The right-ﬁapd term in Eq. (2.60) is the diffusional time -

lag in the membrane as def'ined by Daynes (55) and Barrer (56).
Whenever the criteriqn of Eq. (2.60) is satisfied,v the

instantaneous probe voltage, E,

. by analogy with Eq (2.56), can be

written

(Et)inst.

) (2.70)

inst.’

=(%FAHRKMAAK€t

Therefore, at sufficiently low values of K , we anticipate

, | L4?
that the substitution of the probe external voltage values for the cor-
re'spdnding concentrations in Eq. (2.30) would lead to calculation of
KL4a with reasonable accuracy.

Howevér,' at high values of KL‘}a such that the condition of
Eq. '(2.60) does not hold, the rate vofvapproach of the transient concen-
tration profile in the membrane to its instantaneous steady-state form
l.ags wéll behind the rate of change of the solution oxygen concentfation
,(membrahe interface concentratién at x = 0). _Undér these conditions,
‘the instantaneous concentration profile in the membrane never becomes'
lihear, or even apbro#imately'linear, and fherefore the probe voltage,:
E,, is no longer proportional to the bulk solution c_oncentrétiorf, Cylt),
_ by a simple, linear relationship such as Eq. (2.70). As shown in
T is directly irelated oniy to an apparent bulk solution

Fig. (2.3), E
oxygen 'concenti‘ation, defined as that concentra}:iOn which would give

the same. value of Et' determined under -ste'ady state conditions, i.e.,
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Fig. 2.3. Generalized Trans1ent Oxygen Concentration Proflles
in Probe Membrane for Continuous. Change in Oxygen
Centratmn in External Liquid; Boundary Cond1t1ons

. (2.72), (2.73), and (2.74).
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.,rif the gfadieht throughout the mémbrén_e were conétan.t and were éq'ual
to its jnétahtanedtié valvu_e':vat X = L Thve‘él‘aparent cbncentration 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.als:o upvo‘n‘thev glépsed time fro_rh the. vétart df thé "gvassipg..
in"! e:-clp‘ér.ime’nf." B |

| The need to corréct for the membrane diffusional lag is
v illustfated quantitativel”y on Fig. (2.4') fbf the case of transient desofp-
tion. The hypothetiéal.rio-la'g probe respo'nsve'[instantaneOus establish-
. ment.of the steady state grad1ent in the’ membrane with the correspond-
‘ing C (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 B frzam the sloPev of the real» response
: ’c.urve.’s' "near-linrea'r.section would resuit in an appreciable error,
particularly at high values of [3;

In an unsteady;state absorption of oxygen utiliziﬁg an oxygen.

probe to follow the tranuént compos1t10n change, in order to relate’
E to the actual C (t) and to rela.te their rates of change to KL4
| 1t is necessary to characterlze the transient behavior of the»cpncen-_
tration of oxygeh‘.i'n the membrané under the .condition that the coh-
centrat:ivén in the @émbfane at x = 0 is continuously ‘changipg accord-
ing to Eq. (2.57). . | |
| : W_e wishvt"o solve the diffusion re'lat_ion"sh‘ip covrn'rnonlyv
~ known as Fick'sl Second Law for unstea'ciy-staté diffusion iﬁ the

probe membrane, namely
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; Responses of Oxygen Probe for Desorption in
Unsteady State
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o2 2 |
9C, /At = D d°C /ax7), (2.71)

subject to the following conditions: -

(ol
T
(=]
@
n

I.cC. ‘M 0, allx, ‘ (2.72)
B.C. x =0, C = SHCw[i - exp(-pt)] , (2.73)
B.C. x=L, C,, =0, allt. . _ (2.74)

M
The solution may be ‘foundb by the method of Lapiace transformation
(108), inverting the transform by contour ihtegration (58, 108). The
solution is

-0 : 2

' n m D, t\
_ M
Et = E_ 1+ZE —l—%—exp —m‘sz
| | | (2.75)
' 70'5 :
- —5 5 exp(-Bt)| .
sin 7 ° _
where 7= ﬁLZ/DM, dimensionless - (2.76) o

T may‘ be considered as the ratio of the rate at which the bulk selution
(membrane interface at x = 0), concentration is changmg, i.e., the »
rate of propagatlon of the instantaneous steady states (ﬁ ‘K a) to
the rate at wh1ch the transient coneentratwn profile in thev membrane
can e.djust itself from one instantaneous steady state condition to the
nextv(DM/LZ). | | |

The derivation of Eq.. (2.75) is outlined in Appendix II.1.
The final forrr.lvof' the solution has been derive_d .independentily by

Heineken (39).
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To use Eq (2. 75) to compute K a from transient response
data, it is necessary to calculate the best value of [3 which fits several
'pa1rs of data pomts (E t) to the expenmentally -obtained E vs. t v
curve ‘K, ,a is obtamed from the best f1t value of ;3 by means of

L4
Eq (2 25) which can be rearranged to- g1ve

K 2 = QiH’s/[Qi_H - 23.7(10° ')VLPTB] '. ' (2.77)
' Gal—Or Hauck, énd Hoelscher (28) rnad'e an 'experirnental test
of the mass transfer model of Gal Or and Resmck (25) d1scussed in
Sect1on II 1(b) They trans1ent1y absorbed oxygen by using an oxygen
~ probe of the polarographm type (46) to follow the rate of change of
.oxygen concentratmn (SIC) Although their probe had a faster response
time (90 percent response ‘to step change in about 10 to 20 seconds)
than the galvamc type ones used in th1s study (90 percent response in
_ about 40 seconds), its rate of response was not;ndepe:ndent of the
e'xternel s‘olution agitationra.te, suggesting that oxygen diffusion through.
the membrane was not the sole r‘ate—contr’olling resistance. | They did
not correct for any‘di‘ffusi:onal response lag in the membrane. Also,
their rnodel for the tran:sient c__once'ntra_ti.on behaviour of the 'liquid phase
inc':orpors,ted onl'y 'the liquid-phase n1ateria,1 balance', Eq (2.16), neglect-
ing t-he gas-phase rnat_erial balance, Eq...v (2.22). In-effect they"aSSur_ned"
that the__ interfacial conceﬁntration over the‘ entire transient'absorption
'.tirne span is the same as the final saturation co‘neentration after

infinite time.
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Vall.J.es" of K, ,a determined expev'riimevn.ta'lly were compared
!
L4 '8

were found to be three to four times greater than the predicted values.

to the predictions of the theoretical fnodel'. " The experimental K

ii) Oxygen Desorption

During a desorption or "gassing-out" expériment, the oxygen
concentration in the aqueous' phase varies continuously with time at a -
42 -from an initial value of CB = CO
= (PT/H)(Yi)t<O. to a final value of CB = (PT/H)(Yi)’DO = 0 fm" the case

rate proportional to »KL

of a step change in inlet ga_é corhposition frbm oxygen-conté;ihiﬁg gas -
(e.g., air) to de-oxygenated gas (e.g., ‘nitrogen).. Pre.viously, it was
‘ 'sﬁpwn,'fhét the liqﬁid phase be_hé%riouf in this case could be approxirﬁatéd-
by Eq. (2.33). |

| As in the cé.se of oxygen absorption, the transient beha’vidur,
of fhe oxygen tension in the aqueous phaseé may be detected by the use
of an'o'xyge'n probe, but when the oxygen tension is changing rapidly
with time, the diffusional lag in the probe membrane results in appre-
ciablle de.viat'ion. from the steady—sfate linear relationship betwe_‘en
oxygen tension and oxygen probe' reédifxg. Direct determination of the
true bulk aqueous solution oxygen tension and its rate of variation with
fime is not then possible, and recourse must be made to indirect

eva;luatiqn of K. ,a through a model of the transient behaviour of

L4
the probe.
The general membrane diffusional relationships Eq. (2.71)

is to be solved subject to the following boundary conditions:
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1.C. t ; 0, _CM = SHC0 (1 - x/L), all x', (2.78)
B.C x =0, Cp = SHC_ exp (-pt) (2.79)
'B.C. x = L,'__cM =0, amt. " - (2.74)

Following the same mathematical ‘procedures used t§ so_lve'
‘the case of oxygen ébsofpfién, that ié, éolving” Eq. (2.71) with its
as soéiated initial and.boundary conditions by Lapiace transformation,
andAin_verting- the tran‘éform by contour integratiO'n, the transient

concentration in the probe membrane is described by
- Cy = SHC, (2/7) E (1/n)sin(nmx/L)
X éxp(-nznzDMt/Lz)/(i-‘nzwz/T) S | (2.80)
o | i Rt '
-t Sin[(ﬁ/DM)z(L-x)] exp(-Bt)/ain 72},

where, as before, 7 = BLZ/DM.
Using the probe eifernal volta'ge - membrane oxygen flux

relationships

mv
§]

¢ -nIFARDM.(B cM/ax)x:L-, o (2.81)
and

Eo

"

n,FARHSD, C,/L (2.82)
in conjﬁhction with Eq-. (2.80), the probe voltage transient response is

given b); )
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e ' L
B, = EO['raexp(—ﬁt)/si_n T?
| - N (2.83)

0 : o : :
| -2 Z;(-1)“.exp(-nzﬁZDMt/LZ)/(i-nznz/ﬁ]'
n= ’ : - ' .
The. theoretical tré.nsient response of é.l probe.vhaving a mem-
- Brane thickneés .of 0200509 cm and an effective diffusivity for oxygen of
1.68(‘10-7) cmz_/sec is shown for various.value_s of B on Fig. (2.5).

In appvlication of the theory to experimental .data, a nonlin_earf
least-squares fitting computer programme was used to determine the
best value of B for each run from the experirhe'ntal'(Et, t) data. KL4a
"was then computed frorh the best-fit value of B by using Eq. (2.77).

111) Computer Evaluation of B

. | B was ‘ex../alu'ate_d for each experimental run by the nonlinear
least-squares procedure of Beals (59) designated LSQVMT. The chi- -

squared function

: B '
CHISQ(X) = 2 [YDATA() - F(p, DM”/LZ, t)F [WEIGHT()]
i=1 : -

is minimized with respect to one or both of the p_afameters B and
,‘DM/LZ by pfogrammé VARMIT (60).. VARMIT is an iterative gradient
methodwhich uses a variable metric and is a modified version of the |
rﬁethéd of Davidson v(61); VARMIT computes locai minima of diffet;en—»
tiable Ifupctions containing up to 40 variable parameters. In this work
all data were given equal weight; WEIGHT(i) = 1 throughout.

Although we héd originally’ assumed D, ‘:. to be a constant,

M

in polymeric materials its value in fact depends upon the concentration
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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 B. Therefore, one expects the effect_ive value of D to vary

M
somewhat‘ fro?n run to run, and as the Et versus t response is some-
what‘ééhsitive t§ the value of DM/L2 | chosen, .a' better value of B -

[ smaller CHISQ(X) value] was obtained by allowing the fitting progra‘mrne’
to vary both parameters. . The data of a gliven run were discarded if

the comi)uted Dy ‘d_ifferéd from the éxperimehtally-determined‘ DM
by mo;‘e ‘:tha.n 20 pe’r’éent. ' Thg experimentally—_deterrhined value of DM
was 1.68(10-7) cmz/séc as obtained froin-"che step change in oxygel:x’
tenéion procvedure discussed in Section 111. 4(a)(ii); ‘

| | LSQVMT is a library progra_.mme. at tihé Lawrence Radiation
La‘b_oratory corﬁputer centre. The ;;rogramrn-e user is, in addifion to
the data being fitted and initial-guess values fér the fitted parameters,
merely requiréd to supply a subroutine denoted TABLE:. TABLE définevs
the nurriBe_r of independeht variables (t); the number of parameters to

be ﬁtted (B, .DM/LZ); the form of the fitting function, e.g., Eq. (2.75)
or Eq (2.83);. and the gradient of thg fitting function with respéqt to

each of.' the parameters .being fitted. The’ subr.outinevs for transient
o@gen absorption and desorption are given in Appendices II.2 and II. 3;
réspect_ively. | | |
| As discussed in Section III, the prébe tfanéient \;oltage was
recorded on a highéspeed chart. "As the recorder was located _sc_)mev

_ d.istan.ce froﬁ the éas-inlet manifold at Whif;h the step change in gas

composition was made manually, it was not possible to mark accurately
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the fimé axis of the moving chart at the exact instant that the étep |
chénge was made. From the calculated probe response as shown on
Fig.. A('2.5), there Qas é. theoretical respon_sé lag in the membrane of
from 5 to 6 seconds from the time the iiquid-phase oxygen tension first
began to change. Th'er'e was a further lag of about 5 seconcis before .the
new inlet gas W6ﬁ1d first come in contact with the sti_r:re.‘d liquid phase’
due to the fesidence time in the inlet 'gas piping 'ma‘ﬁifold. Therefore, -
fér cromputer vcompu‘t_ation purposes, the time data inpuf was measured
relative to zero time beiﬁg taken as thé point of.thé first deflection of
the recordef pen from its pre-sfep ché.nge‘ pOSitidn; h.e'ncé, the time -
pa'r‘a_.mefer t in Eqé. (2.75) and ('2.83,). was changed to theta, su.éh that in

the subroutinés TABLE
THETA(1) = T(1) + 10. .

the ovei‘all time lag of 10 seconds being the value applicable at an

inlet gas flow réte corresponding to a superficial gas velocity of 0.01125
ft/sec, the thi_rd‘highest of the four gés sparging rates used in this
”study'. '_ Aifhougl; the overall time lag depends upbn the gas flow rate,
this single value was used in the computations of all the four sparging
rates; the résults from usingv this one representative value of the tivmé‘
lag did nof-vary,appreciably from tho se obtained by using the actual
time iags which differed by one to three seconds at the _ofher three

‘aeration rates.
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5. Measurement of Spec1f1c Interfacial Area (a) and L1qu1d Phase |
Mass Transfer Coefficient (k )

a.) Models of I.nterphase Mass Transfer

’I‘he value of the 11qu1d phase transfer coeff1c1ent kL: in
a given system is dependent upon the hydrodynamlc conditions at the
gas - iiquid interface., Several different models of interfacial mass
transfer are to be found in the literature. We shall consider only two
such medels_, nemely the pelnetration_and the random surface renewal
- theories, ‘both of which are in agreement with the experimentally-
observed dependency of the mass transfer rate upon the eompbnent's’
._lieuid'-phase molecular'diffusivity over a wide range of dispersed bubble
s_ize. | |

For a component k ._undergoing simultaneous molecular
diffusion and h‘omog'eneous i‘eaction in a .liquid phase interfecial surface
| element, a material balance for an incompressibie ﬂuid and constant

diffusivity leads to (109)

3C,/8t+u-vC, = D vic. - R

K Lk’ “x " Rvk (2.84)

| 'In both aforementioned models, it is assumed that the velocity |
_-'gradient in the liquid adjacent to the interfaee is zero (u = 0). This is
a satisfactory assumption for dilute concentrations of the dlffusmg
spec1es. During 1ts lifetime, the surface element behaves as a rigid
bodjr even though its spatial p_osition changes. Whe‘n there is. no chemical

VK

and the rendom surface renewal models, Eq. (2.84) simplifies to |

reaction, R = 0 in both models. Therefore, for both the penetration



~74-

' _ 2. .2 = g 5

fel_' the case of unidirectional-mass transfer.
b) Mass Transfer Without Chem1ca1 Reaction
. We ghall first cons1der the case of purely phys1ca1 absorptmn,

A ﬁVk; O, and the thsiceIsigni_ﬁcance given to kL in each of the
models. . | '

i) Penetratmn Theory 7

"In 1935, H1gb1e (1 7) proi)osed an interfacial hydrodynamm
| rhodei.in which the gas - liquid interface is postulated to consist of
numerous small liquid elehlents .which are continuously brought to the
interfe.cial‘ surface from the bulk of the liquid, femain at the ihterface
for a f1n1te average time, and then are subsequently returned to the
bulk 11qu1d region by the mot1on of the 11qu1d phase. Durmg the time
each elernent is at the surface, it absorbs the gaseoué component at -
a tranéient rate by the process of unsteedy state molecular dif.fusioh
~ into a layer of infinite depth (phys:.cally interpreted to mean that the
depth of penetration of the gaseous solute is very much less than the
depth of the absorbmg surface element itself).

Equation (2.85) was solved using appropriate boundary con-
ditions (17), the result being |

1/2

Ry/2 = 2D, /n67) " (Cy - Cp)s  (2.86)

where 6% is the average lifetime of the surface elements; that is, the '

_average length of time épe'nf at the interface. For cylindrical gas
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bubbles rising thfdugh’a 'stagnant liquid, Higbie ch'aract'erizied. 0%
as the bubble length divided by its constant velo_city of rise. .
Cémpé.rihg Eqs. (2.4) and (2.86), it is seen that

- a51/2
k, = szk/ne_)_ i (2.87)

Equation (2.87) is in agreerhent with much experimental single-

bubble or bubble-swarm evidence that kL is proportional to (DLk)1/2

for relativély large, deformable bubbles (9,62). On the other hand,

. -small bubbles (less than 0.4 cm diameter) behave as rigid spheres and

» fhus'appear to follow Frdseling's equation fo'l_*: mass transfer from solid

spheres (19). in that small-bubble kL is‘p'r(')portional to (DLk)2/3 (9, 62).
ii) Ra.ndom',Surface Renewal Model
In 1951, Danckv;rel;ts (18) extended the conceptual usefulness

of the bpenetr_ation theory by removing the restriction of equal lifetirﬁe

for all liquid surface elements. He showed that the average absorption

rate per unit surface area could be described by
’ o0

Ry /a = DL'ki/Z(cl'(i - CkB)f(i/ve)i/zq;(e)de, 28y
_ Js |

where -'q;(e'.) is d»efined as the age distribution fuhction.

Danckwerts postulated that the mean rate of production of
fresh‘-inte'rfacial su;'face was a constant, whiéh he denoted as . s, é,nd,
further, t._hatv the chancé of a surface element being replaced wifh‘in a
given time is independl‘ent .of "che'.a'ge of the elerhent (e.g.. random -
surface renewal by turbulent éddies); Coriseque’ntly, he showed

that (18)
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Y(6) = & exp(-s6) , a (2.89)
whei‘e B is the fractional rate of renewal of surface liquid elements.
" Substituting Eq. (2.89) in Eq. (2.88) and performing the
‘integ‘ration, the mean rate of ab'sorption-withouf-reé.ction pér unit
area o.f turbulent surface is giveh by (18)

o -i/z o , |
Ry/a = D 975 (Cy-Cugd - (290)

~Comparing Eq. (2.90) with Eq. (2.4), ‘we see that

- ~1/2 , : ’ v
kL, = (DLk s) , : | (2.91)
in agreerﬁé‘nt.'with expevrin"xe_ntal .results for larg‘e bubbles (greater than
0.25 cm diameter).

__ -vK'uations (2.87) and (2_.91) cannot be used directly to evaluate

L

6% and s are.usua',lly not independently known.

k. from experimentally-determined absorption rates as the parame'teré

. The basic relationship of the penetration or random surface.
renewal theories, namely that.

1/2

kp = (Dpy)

L
will be _used later in the de‘velb‘pment of a new technique for separately

evaluating k, and a under consistent hydrodynamic conditions '

L
[Section II. 5(e)].
c) Reaction Regimeé for Mass Transfer with Chemical Reaction

Whenever the abso_rbing'gaséous cbrhpohent k undergoes a

homogeneous reaction with a non-volatile component of concentration
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B in the liquid phase, ﬁhé sblu’tibn of the absorption models requires
the inclusion of a se‘paraté maferiai balahce'diffefex;tial equation for :
the non-volatile éomp‘oﬁent of the same form as Eq (2.85). Further
bouhd'ary conditions are thén necessary (18) and the reaction rate
relat.ionship' ﬁVk = ;ﬁVk(C‘k, B) ‘rm»lst alsé be known. Here, we shgll. '
specifiéally consider only those.-react;ions which exhibit pseudo-first
order .cha'racteristics.

Depending upon the relative magnitudes of thé reaction raté
capability and the phyISicél'mass transfer rate cabability of a given:
system wherein the absorption is accompanied by chemical reaction,.
the presence of the chemical reaction may affect the overall absorption
rate capé,bility of thke 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 Dalnckwerts
and Sharma (64). Astarita describes fbur such regimes which, in order
of increasing liquid-phase reactionvrate, are the knetic, diffusional,
fast—reaction, and instantaneous-reaction regimes. Absofp‘tions with
reaction in the diffusional and fast-reactibn regimes ha;re particular
ﬁtility fox_;»the experimental evaluation of KLa and a.

" i) Diffusional Regime |

In this case, the reaction rate is relatively slow but is still
s_ufficiently fast to keep the dissélired gas concéntrati‘on in the bﬁlk
liquid at or pear its chemical eq_uiliBrium va_lue, CkE . Reaction.
occurs o;dly in‘ the bulk of the liquid, and doe.s not dirvectly affect the
concentration gradiénts in the interfacial éuiféCé elemehts. ' The

criterion to be met is (63, 64)
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_ . b3 . .
(H /a)Ryy >> k (Cp - Cop) ® K (C - Cp), (2.92)

which ifnplies that the rat'e-contro"lling step is the diffusion of the
absorbing_ species into the liquidvsuz.'face elements, and is writteh for
the case of a sparingly-soluble gas.

The volumetric absorption rate can then be. described by

r

‘ %
Vk | ) 7 KpaC -C

R = kpalC,, - qu wE - (2.93)

In the diffusional regime, tile absorption rate is directly
affected by the hydrodynamics as characterized by kLa' (or KLa).
The reaction does not influence the value of k; (orK ), but merely
serves to increase the overall rate of mass transfer by increasing the

liquid-phase cohcentration-d'ifference driving force since

* ' *x
- > - ;
%« "% 7 % " kB
Slow . Physical
Reaction Absorption .

The true overall volumetric mass transfer coefficient for

' physica.l absorption without reaction can be obtained directly from
Eq. (2.93), given experimental RVk data and having knowledge of Ck

determined in this regime.

However, the separate behaviour of K and a cannot be'v

L
ij) 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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.'ré._act'iohb, ";herefore, has a conéiderable,'vdirbecit e'ffe;:t on the absorbing
cOmporient’vs concentrafidn profile within fhé s_'urf.éce.element.s,. thefeby
'altering fhé appé.ren't. mass trans'fer. c>oeffici'en.t wﬁvich is relatéd-to the
concentration gradiéfxt aécordi'hg to | |

.- r - . . | 3 - E. r . ( .
S D_L_k(a.ck/ X) o -kLAng , (2.94)

The criterion to be met for the absorption-reaction process

to occur in the fast-reaction regime is (64)

=2 . : .
| (Dka2 BB) 5kL | N (2.95)
For the case of a sparingiy-sdluble 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 /
cbncentration 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(s) C(2.96)

becomes, in effect, a pseudo-first-order_.reacti_on'. The criterion for
such pseudo-first order behaviour is (64)
(D

: 1/2 1 | * _ ’
LiX2Bg) < 3k (14 BL/2C)) , _ (297

where k2 is the second-order reaction velocity constant for the
reaction of Eq. (2.96).
Danckwerts solved thetransient d'iffusi.O_n equation with boﬁndary

conditions applicable to the random surface renewal model, a'nd'foxl' the
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case of a first-order,v ’irzfeve'rsiblev rea‘ction in the liquid'phase ob-
tained (18‘)'

R;k/a = cl’t - 15*,}3["3'/(k1 + E)]i‘ [DLk(k1 + 5)] 1/2 (2.98)

“where 'k1 is the first-order reaction velocity constant. For the case
of the pseudo_—-firé't orderv'reaction betWeen the_ absorbing gas and the

exceés liquid-phase reactant
k, = k,B_ . = (2.99)

" Combining Eqs. (2.91), (2.98), and (2.99), the absorption

rate in 'thé presence of a pseudo-first order reaction becomes (64)

B 1/2 (2.100)

. x
"R, = a C‘k (k kaZ B

2
Vk L

Eq. (2.100) forms the basis for the new technique for the
simulténebus evaluation of kL4 an& a , which is discussed> in Se(_:-
tion 1I. 5(c).

If the pseudo-first order. rgacfioﬁ v'eloicity constant kZBB
in Eq. (2.400) 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

ro ok, L 1/2 ‘
RVk ~. aCk(DkaZBB) T | (2.401)

The important conseqﬁ.ence of Eq. (2.101) is that, by selecting
the apprbpriate experimental conditions (e.g., fasf, pseudo-first

order reaction) the volumetric absorption rate is independent of the
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liquid-phaée co.efficient,. kL ,' and hydfodynamically depends. solelyb
up.on the specific interfacial area. This pfovides a uéeful t;ool for
separately evaluating the interfacial area for mass tfansfer, but gives
no information about -kL uﬁdei‘ the same hydrodynmaic condition and
absorbing solution physicochemical properties.

Comparing Eqs. (,2"6) and (2.101),‘ .we can define an'effectivé ‘

overall coefficient of mass transfer in the presence of a homogeneous,

. s : . r .
11qu1d-phase reaction, KL, ‘when CkB is zero as

r r _ : - 1/2
K] ®k = (D ,;k,B)) (2.102)
Combining Eqs. (2.101) and (2.102),
RY = KFa)cF. 2 103)
Ry L Cx » 102

An absorption—With-réaction coefficient, ¢, can be defined
as the ratio of the absorption rate in the presence of chemical reaction
to that which would occur by physical abs'orptiori only under the same

driving force. That is,

.' = r — r . | i 1/2
¢kst = RVk/RVk = KL/kL = (DkaZBB) /KL (240@

for the _casevof'pseu.do-first order reactioﬁ in the fast-vrea.ction :regime‘.
d) .Previou'z‘s Methéds of Measuring the Specific ]'Lnterfacialr Area (a)
i) AOpti:cal Light Scattering
o Whén gas bubbles are dispersed in a transparent liquid, and |
a"p‘aralle_l béam of light is shone thrbugh thevdisper.sion, the li.ght'is-

‘scattered by the bubble'é. The amount of light scattering, as charac-
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te'rizea by the ratio of the incident light intensity to the time-avera.ge.db
transm1tted 11ght intensity, Qanes exponentlally with the specific
_ 1nterfac1a1 area, a (10, 65).
| However, when a beam of light is pessed through a portion
6f the ges - liquidedispei‘sion‘onto a reeeiving ph‘otocelvl, the specific |
aree sxo -determinetl is a "'point"vai‘ea, that is, it represents the value
of ;a. ;in only that one relatively small aec-tien of the tetal.disi)ersion
volume Sinée in general the value of a varies spat1a11y throughout
the ag1tated tank ow1ng to the varlatmn of turbulent shear forces (bemg
greatest at the 1mpe11er zZone and least at the bafﬂed walls), the overall
. average area ‘must. be obtained by traversmg the tank axially and radially
with the light beam-detector apparatus Space limitations in small
tanks generally preclude conductmg such a traverse.
| ii).v vaso’r'ption with Cherhiéal Reaction: General Considerations

'W_hen the process of gas absorption is accompanied by a fast,
pseudo-first order homogeneous reaction with a non-volatile component
of the'lbiquid phase, a may be determined directly from Eq. (2.101) in
its rearfanged form. Further, if the dispersed gas phase is well mixed,
- and if the:a_bsorbing' component follows Henry's law, then Eq. (2.101)

can be _written in the form

. RT 1/2 |
a = Ryy/ (Pry,/H)(Dy k,Bp) (2.105)

. Equation (2. 105) is rigorously valid only for those systems.
in which’ reaction occurs in the fast reg1me as-defined by the cr1ter1on

- of Eq. (2_.9_5), and also in wh1ch the pseudo-ﬁrst order kinetics criterion
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of Eq (2.97) is met. Since both Dy, and By usué.lly have limited
ranges of values, the major pafafneter éffectihg bd_th the foregoing
criteria is the sécdhd-order reaction \relbéify- constaﬁt, kZ ,. which‘;t
the temPerafure _<;f interest must be of sufficient mav?gnitude to satisf'y‘
| the fast-reaction criterion withéut at the same timé being too lar‘gé and *
there_by invalidating the pse_ucid-t"irst »o.r:de_r reaction crit_erio‘n'..‘

| Two ab.sorptior.l-'.ﬁth-feactidn systems which have suitable
" in the temperature range of 15 to 40°C eﬂéduntered in

2 .
most microbiological processes are: for oi:ygen transfer studies, the

values of k
cgbal‘.cec.afa..lysed oxidation of sodium sulphite undéAr s_lighfly alkaline pH
conditions, and for carbon dioxide absorption, the reaction between
dissolved carbon dioxide and hydfoxyl ion in solutions of strong alkalies.
It is possible for both of these rea'ctidn systems to procéeci in the tran-
gitional region between the fastd_and the insfantaneous reaction regirhés;
experimental conditions .must be carefully selected in order to avoid

this occurrence.

iij) Carbon Dioxide Absorption with Reaction in Hydroxide
Solutions ‘ o

The kineticsl of the réaction of carbon dioxide in aqueous.
alkéliné solutions has been studied by a number of workers (66, 67,:
68, 69, 70, 71, 111). The temperature dependency (activafion energy) .
of the reaction velocity cqﬁstant_for t.he fea;ctid'n»between cvlis's.olved
cai'box'.l dioxide and hydroxyl io‘n has b.een' well established (111), but
~its dependency upon the total ionic strength of the aqu'eous‘ph'ase and
upon the nature of any'non-reacting ionic species piesenf has been

studi'ed in only a limited number-i 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 (6—3', 64)‘

k,
€O, * HzQéHHCO; +HO, (2.00)
. v kz. ’ v :
co, + OH" Hco; , (2.407)
coj + u == HCO; , ©(2.108)

| - Ky | R

CO; +H,07/—= HCO, +OH" ., = - . (2.109)

2
' Reactions (2..10.8) and (2.109) may be considered to occur
instanfaneouély as fhey involve c;nly protoﬁ exchange. In v;/eakly- -
alkaline solutions, carbon di'c.)xidevent_ers into two reactions directly,
; narhely' reactions (2;106) and (2.107). :
: The overall regct'i;oéx is .gi;ren by fhe summation of the indivi-
dual éfeps : |

+ COj + H,0 "2HCOY , o (2.110)

R

and the overall volumetric reaction rate can then be expressed as

Rv = (k, + kZ[OH‘])[cozj. N . (2.11’1)

At 20°C and infinite dilution, for sodium valka]-,ies k1 = 0.016 sec"1 v

(111), k, = 5.9(10%) cm’ /grnol-sec (111), and K,, which is also affected
by ionic strength and the type of other species present, has a value of

about 1.7(1'0-7) gmol‘/cm3 . In carbonate-bicarbonate buffer systems,
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the free hydroxyl ion concentration is governed by the equilibrium

of reaction (2.10.9),' such _thé.t

[OH7]. = K4['CQ;]/[HCO;] S L (2.112)
 Therefore, whenever [_CO;]/[HCO;] > 1, then kZ[OH-] > ky, and
Eq. (2.111) can be sirnpliﬁed to | ' |
Ry = k,[ OH ],{COZ,].' o (2.113)

In aqueous solutions of sodium or pota’ssiﬁm hydroxide, When-
: »e\‘rer [OH"] > 0.01M the equilibrium of reaction .(2..109) may be con-
sidered to be completely displaced to the left. Under this condition,

the overall reaction may then be considered as being

CO, + 20H"

) COj + H,0 . (2.114)

2

Reéction (2.114) is essentially irreversibie, and has a rate

of reaction in accordance with Eq. (2.113).

In carbonate;bicarbonate buffer solutions, BB = [OH-]
is felatively low as a result of the small value of the equilibrium constant,
K4 of f;he hydroxyl-ion produéing reaction (2.10§). Therefore, thé
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 péeudo-fir‘st order reacﬁon criteria can ‘be concurrently satisfied

in aqu'eo'us:solutions of strong electrolyte alkalies, permitting direct

experimental measurement of a .
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Westerterp et al. (12) studied the absorpfion-with—reacfioh of

pﬁre cavfb'vorn dioxide in sodium hydroxide solution of ﬁnspeciﬁed c%)‘n—
Ce-gfratiO'n ina s'tirred‘ tax"xk.r At equi-impeller rotational speeds they
obtainéd tl:he s;me value of the sﬁecific_area a in both the carbon dioxide-‘
hydfoxide- and the oxygen—sodiﬁm sulphite (catal‘ys'ed ‘by éup‘ric ion) sys-
tem‘s.‘ Th_is equivalehceiof area appears to bAe b,fortuit.ous since, in general,
différenf absorption'rétés wbuld be 'expvecte,d ydu.e to the different gas
éolubiiities and react_ioh veloéity constants, a'n.d since the cupric-catalyéed
sulphite oxidé.tio-n does _nof génerélly'occur in the.fast.-rveaction_'reg.ime_
wherein a can be evaluated directly (43, 63). Differences in absorption
rate would, in turn, be expected to lead to different degrees of bubble
svhrin‘kag‘e._’ .d>u'1"i.ng fhei}' residence ﬁrﬁe m the dispefsion‘,‘ Bubble shx_‘iﬁk- |
age in the caise_obf purevgasés can be appreciable, thereby grveatly reducing
the sp‘ec'vifi'c‘ ihterfaéial éreé.,' as has been dgfﬁqnstrated by Linek and
Mayrhoferoiraf (45). Wesférférp_gt‘_é._l_. (12) developed an empirical
correlation, based largely on théif_ sulphite oxidﬁtidn work, in which
the-spvéciﬁc area, a , was directly prportional to the impeller rotational
speed, impeller diameter, and to the square-root of the tank diameter. .

‘ Yéshida and Miura (72) studied the stirred-tank absorption-
with-greacti._on of dilute éarbon dioxide. - air mixtures (0.001 to 0.014
mole fraction carbon dioxide in the inlet gas) iﬁ aqueoﬁs ‘sodium Hydroxide
solutions (0.005 to 1.0M)' at. 20°C. They investigated the performance |
of both 16-vaned disc and 12-blade turbine impellers, each of 0.40 D'I/DI
ratio. Cofﬁparéd to our work, their maximum é.,giitation rate was much

lower (400 rpm). They considered that the aibs_orption was proc__eeding
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in the fast-reaction '_l'egirr_ié 1n dtjd'el_‘ to calculé.te the .specifi‘c area from
an eqﬁation analogousﬁ to Eq ‘(2 105). However, at the lower half ofrtheirv
-rpm range, the speciﬁc area was found to be 1ndependent of alkali con-
centration varymg from 0.1 to 0.8M; this »is precisely the range of solute
ionic 'streﬁgth over which ihé inteffacial area exhib.ited by dispersed gas
bubbles m lthi‘s.'stru.dy w;s fduhd-to be svtron’g’vly‘dépen;lent . ionic _si_ré_ngth.
iv) CobéthCataly;ed S‘ulphité Oxidéﬁon
- The firét;ord.er kinetic constant for this .sy_sterh_ can attain
values on th'e_ order ofiioé secn1 (12, 43). VIVr-Iijance, ﬂiis system operatés
in the fa's-t-reactiovri regime and éan’ be used to ciirectly 'ex)aﬂ_ué.te ‘a .
Linek 4nd Mayrhoferowf (45)vinvestigated the cobalt-catalysed
absov‘rptipn-with;reaction by using pﬁre Qxygen'. 'fhe use of pure oxygen '
_-resulted in a greater rnasé transfer rate.tha_.n that achieved with- air., ‘
and hence a.'épreciable bubble shrinkage and concomitant 'feduction in‘v
specific interfaéial ar.ea was observed. The r#te of absorpti.on was
va_I;ied by varying the concentration of the cobalt catalyst. At their
maximum absbrption rate, the specific interfacial area was only 38
peréent of that féund in uncatalysed so'lution.'

e) Determination of the L1qu1d Phase Coefficient (k ) by
Classical Methods ‘

To study the behaviou.r‘ of thve; liquid-phase masgs transfer
coefficient, k; the tréditionél e‘xperirrievr_xtal api)roach has been to
vseparatelyvevaluaté' K a ';nd' a by condﬁéting two separate absofpt_»ior;vs,-
with reaction: one in the diffusional regimé. to measuré IKLa (‘a"lterv-_-. |

natively, a purely physical absorption without”reac‘tion_.c'an be used);
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the other, in the fast-reaction regime tovm-e_a.sxire a . The results have
- ‘then been combined to evaluate k;

For a 'sparingly-soluble gas, one can write, using Eq. (2.9),

kL = KL = KLa/a 3 (2.115)

but _t'he. hﬁmerical value of KL obt;iﬂ'nevd,there»froz.n.is only.r meaningful
if KLa and a wer_é both measured under identical conditions of aeration,
agitation; ‘and fluid phase phy:s'iéoc'hex.ni‘cal' pr0pertiés .

| Clas sicél :ab.sorpfion-with-feactiori éxf)erimental techniques
for the sbieparate méésu-rement of AK'La and a do not invariably lead to
rhéanihgful vresults from the application of Eq (2.115). i As pre\'ridusly;'
d'i_is‘c‘us-é.ed,‘_ the separate detérmination of KLa and a by thése methods
réqulres different liquid- phase condltlons, i.e., different composition
and/or solute concentrations (1on1c strength), ‘which may result in a
dlfferent gas bubble size distribution even at equ1va.1ent agitation and
aeration rates For example, one could measure K a for cart;on
d1ox1de absorptmn with-reaction in the d1ffus1ona1 regime usmg
hydrox1de ion of low concentratmn, and by s1gn1f1cant1y 1ncreas1ng the
hydroxide ion concentratmn in a separate expernnent measure a in
the fast-reactmn regime. However, by so changing the ionic strength
b.etwe'en"“duplicate"' experiments it is possible for the average bubble
size and the fractional gas holdup to change, thereby éltering the épecific
interfacial area as shown by Eq. (3.16). Bubble size change with chapgo

ing ionic strength is n_ndst pronounced at the relatively low total electro-
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_lyte concentrations used i?x.these rea’ctionvr.eginv;e's if nénQbuffered'sys'- v
 tems are being used. | o -' o o
| Alt_efﬁately, one cpeld mea’s’ure K;a for the éhysical absorp-
tion of a non-feacfiﬁg gas, sa).r. exygen, ina hydroxide solution of con-
eehtration covrhpatiblevwi.th' thev carbon dio#ide-hydrokide fast-reaction
regime critérion. Ther;,v 4hc'>1ding fhe irhpevlller rotation 'speed ahd tHe
gas .sp'argi'r.l.g rate cdnetantl,' the inlet g'as‘ could be switched to one con- -
taining carBon dioxide, bthereby sequer;tially measur’ing ;; . However,
in this case th‘ere;is the possibility of egain haviﬁg a different bubble
size distribution befween' the first s.tage of the eequence and the eecond
as during the‘latter an eppreciably gfeater amount of the gas f)hase mé,y
be absorbed due to tﬁe rate enhaﬁcement caused'by the chemica_._l rea.cf‘:’iori.
| Yoshida and Miura combined their carbon dioxide - hydfoxide
solution results for interfacial areé (72), with values of KLa vmeasured
‘b.y Yoshida'et al. (14) in an air - water physlcal absorption system to
calculate the behaviour of kL w1thout reaction. Howevezj, 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 regiﬁles since the averege bubble size in pure water is larger |
than in electrolyte solutions.
If an absorption-with-reaction is gohducted in a bregime i_ni:er-
mediate to the diffusvion and fest-.’rea'c.tion. re.gimes, rae shown by Dahckwerts,
Kennedy, and Roberts (73), a plot of Eq. (2.100) in the form of (Rvk)2
~ versus kZBB ylelds a stralght line of slope (aC ) DLk and intercept
> :

(aCk)Zk»L . from which Fhe valuevof. ky ~can be obtamed. : ‘I_f k,By
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¥
can be varied indve'péndently of the concentration of the liquid-phase
. B ’ . .
present in trace amount, the determination of 'kL can be made in a

consistent physicochemical environment. However, the implementation.

reactant, B for example, by varying the concentration of a catalyst

of the ,r__hethod #equires ‘several méésﬁrements.of the overail_ absorption
raté -at eéch'agitat.ior; - gas flév& rate éombination_and_is_, thérefore;
time vco‘nélﬁr'hing. | | _

'De Waal an& Okeson (43) app.lig.d the p_r'eceding graphical
meth.od'vt'c.)’ e_'\'raluatg. the rate of surface ren_ewél [ related to kL by.E_q.
(2.91)] ina cbbal'_t-ca:talyse.d sﬁlphite éxidatiOn r.eac'ti(')n_wit‘h pﬁre
okygen. " They obtained tfl_é anticipated _stréight-line plot’,_v which implies
that their bubble size in e.a;;":h sepafate é:_:pelriment was in the same size
range .siidi that the value of kL was independent of avera.ge bubble
dialtne'te'r{ This is a somewhat bfbl_'tliitous result using a pure gés, since
there is bnoé_ priori reason to believé tﬁafthé gas bubble diameters wvéuld
' _'re'main .iﬁ_the same size raﬁge .s.ibnce ihe'.deg.ree o.f‘bubvble shrinkége
.du'r'ing the-gés residence time wogld bev-expected to change with increas-.
ing _re_ac;_t_ion rate (45).

Caldverb'a‘vnk (9, 10) and'Calderbank and Moo-Young (16) mea-
sured the specific int'e'rfacigl a‘:r,ea. of gase‘s dispersed in liquidway
opfical 'meané, and co'mbined the resﬂts w1thKLa values 'determined
i'n, the‘ éamé systems by unsteady-state or ste_ady-stété phyéica.lua.b‘s_q.rp_
tion without reaction (9, 16).. C.alderbahk's' srﬁaller'tank (5 litre working -
vqlﬁmé)-'corrésponded 1n geometric ratios to the one used in this study.

Interfacial areas measured in the 5-litre tank were ''point' values,
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whereas the KLa's were integral volume averagés, possibly leading

to some inconsistency in the calculated k for this size tank.

L

6. Concurrent Measurement of KiAa andv a and Evaluation of kL4

a) ‘Method and Advantages

The previously-discussed inherent or induced differences

between the 'different'_ systéths required to separately evaluate- KLa

and a," canib'e eliminated by determining these parameters concurrently
such thé.t ffxey are both measured.u;nder" identical conditions of bubble
size, i_Oni.cAsirength, phases densities, viscosities, .éﬁd interfacial
te_nsibn. One method of accomplishing this ié to desvbrbrtransi'ently.

a non-reactive gas, e.g., oxygen, fro”m‘ a batch aqueouvs hydroxide

solution into an oxygen-free, carb_én—dioxide—bearing dispersed gas.

'The oxygen desofption is _eésential‘ly complete within a relatively short

period o__f from one to two minutes, and K, 43 for the physical mass
transfer of oxygen can be compﬁted from the transient reSpohse of an
oxygen prObe, i.e., through the computer evaluation of p in Eq. (2:83).

The specific interfacial area rriay be computed from the appropriate

‘reaction regimé model for the absorption-with-reaction of carbon

dioxide which occurs over a longer time interval in a pseudo-steady
staté :mannexf. 'I'he garbén dio#ide ab_sorptioh process ié 'described by
either Eq. (2.100) or Eq. (2.101). |

At hig_h agitation rates ina stirfed-ténk absorber-feactor,
the specific interfacié,l afea may be one order of mag.nitude grvevater than
that obtained in a stirred tank af low agitation rates or in a paéke_d; |

tower absorber. Therefore, the absorption-with-reaction rate can be



-92-

increased by an ox;der of rhagnitude, and the_initial hydroxide ion -
. cohcexi_{fa'tion in a semi-batch sfystem can be completely depleted in such
a short fimé that #ccurate absorption rate data cannot Be obtained. In
order to eliminate this difficulty, a small feed stream of concentrated
hydroﬁcide is continuously added under pH control, and effluent withdrawn‘
atvthe vsamve rat‘ev such that the liqu‘id-vphase is at steady-state with
vresp.ect'vtd'the hydfoxide ion 'concentratién. The small dilution rate
is, ih general, not ‘sufficvient to keep'_t.he conc‘éntration of the carbonate
ion reaction product at a sté-ady-staté value; therefore, the reactioh
ve.locity c0n.st.a'nt, k2 . ar.xdb thé H'enry"’.s law coeffi_c:iént for carbon dioxide,
H3 , which are .d.eper_ldent upon tvhe.‘total ionic strength of the absorbing -
solution, change slowiy With time and corrected \.(aiues must be used in
each poi‘nt'.calcul'ation of the rate.

- The use of the. oxygen probe vtransient desdfption xv'esp(")nse-
model, Eq (2.83), is pfedi(;éted on the assumption that the amount of
gas absorbed is small conﬁpared to the total gas input rate. This assﬁ_mp-
tion would be invalidated 1f pure éarbon dioxidé were to be used in the
near-fast reaction regime since both C’; and a (at high agitation rafe)
would .bé'rbelativély large in Eq. (2.101). The degree of bubble -shrihkage’ :
can be nﬁnimized by using a dilute carbon dioxide épgrge gas, but the
degree of carbon dioxidé absorption must still be restricted in order
that the exit gas contaiﬁ an experimentally-_me_asura,ble concentration
of éarb’on dioxide. Therefore, the use of vthisr concurrent method réquires
that the absorption-with-reaction pi-dceed at a rate somewhat less than

that which would occur in the fast-reaction regime with a sparge gas of
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appre'cii»able carbon diox.ide éO'ncentration. Experimentally, .thé sparge
gas us-ed was 0.10' mole fraction carbon .dioxide it'l nitrogen’, and the bulk
. séluﬁbn' hydroxide ion coﬁcentrétioﬁ was less than 0.1M. |
| " b) Abs'o‘rption.-wi'th-Reaétion Model

| ’I'ﬁe applicable;bsorption rhbdel is that for pseudo-firsf ordér
| reéctioh-:-ériterion of Eq. (2.97)--in an al;sorption-wivth-reaction regime
'_intermediafe between the diffusional and fastheéction regimes, naﬁnei&

Eq. (2.100); which for carbon dioxide 'canbbe written as

r o _ * .2 1/2
- Ryg 7 a3C3(ky 5+ Dy gk Bg) 07, (2.116)

where ag is the épécific il.'x_terfacial. .areav efféc‘five for the trénsfer of
‘carbon dioxide which is denoted by_subscript 3.

The use qf Eq. (2.116) to determi‘ﬁe a3" ‘requires séparate |
knoWledge of thev\-ralue of kL3.' From the. éoricurrenf desorption of
oxygen, denotéd by subscript 4,' a value of FKL“lla.4 ‘is obtaified. »Assﬁm—
ing that the penetration'or the random surface rehewal models describe
the process of desdrption or absorption over the entire range of ‘bubble
sizes, for identical interfacial hydrodynamic conditions; i.e., identical
rates of éurface_ renewal for bofh th’é desoprtioh_ and the‘absorption-with-
vreactioh processes, it follows vfrovm Eq (2.91) that |

k5 = kg, (1)1_‘3-/1)“)1/2 o @t
If wé furthér‘ 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, = a, = a. ' (2.118)

In the case 6f rﬁas@ transfer witﬁ chemical_rea.ction', the

effe;tive spec’iﬁc interfacial areai, ag, depénd_s ﬂot only gp0n the average
rbu.bble :siz‘v_‘e. and the liquid-phase Hydrodynamics, ' but also upon the reaction
time, that is the time required for the reactioﬁ tq proceed to a consider-
alﬁl.e‘ex'ter;t (74). In the fast-reactioﬁ regime, fhé_volﬁmetric absdrption
rate pebf unit surface avr'ea.can be .-indépendént of -thévrate of surface
renéWal 6r the age of the s.ﬁrface_ elément; absorptioﬁ'into the surface
éleménf will continue’ﬁntil all the liquid-phase reactive com_ponérjt has
been c‘omple'bcely cénsﬁméd af_xd bth_ekliquid sﬁrfab‘e eAlvement reaches a state
“of pl.l_y'sicalvequilibrium (saturation) with t-h'e: gaseous component. There-
fore, an é.s#yet-unreﬂewed .'surfa:ce e1e>met.1t‘ can Be.eff'ecti‘ve for mass |
.t'r'ansfer for a considéraBly longer pei;iod than it would be if there were |
no reaction within it. |

. In the case of physical absorption without feacti’on, unrenewed
surface elements of large agé contribute little to the overali mass transfer
rate, anci the éffective intérfacia;l area may be much less than the toté.l
area exiéterit. | Such. indeed can be the case inv‘pacvke'd-tower absorbers -
where stagnant liquid zohes can exist at the ends of packing elements,

but m the 'c_afgg‘-of highly-agg.tated stirred tanks, 'wheyg the avefage buv_bble
diametér is much greater than the. scaie of the small turbulent-liquid
eddies, St;gnanf liquid surface ‘elein‘en‘ts are very much less likely; and

the assumption of Eq. (2.118) appears to be reasonable.
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Substit'uting qu (2 117) and (2 118) into Ea. (2 116), rearrang-
ing, and solving for the ‘specific 1nterfac1a1 area, and using the sparmgly- '

soluble gas approxunatmn that k L4 = KL4’ “we obtam

| | 1/2
2 " [(Rva/c ) (KL4 ) (DLB/DL4)] /DL3 2B - (2:119)
The liquid volumetric rate of carbon d;ox1de absorption-with—
reaction, R:/3 , is obtained from gas;-phasevanalyses. The e:dt gas

rate, Q. , can be related to the inlet rate, Q1 , by a nitrogen material

2

balance_,' which leads to
__Q2 = Qi(_g -y, ) /-y, _ (2.120)

whefe vy and y, are the moble fractions of carbon dioxide in the 1nlet
and outlet gas streams, respectxvely

Writing a molar materlal bal.ancev for steady;staie carbon
dioxid’e”_a‘bsorption;wit'h.'reactioh, and substituting Eq. (2.120) therein,

the re suif vis

Ry, = 1.69(10-8)Q1f ¥y - Yl -y ) /A=y )1E (2.121)

where the numerical 'constavntv 1_.69("10_-8) incqrpor'ates the conversion
factor 23.7 (103) cxn3 of gas‘rat 60°F, 1 atm/gmole gas, and the liquid
volumé of 2500 ¢_m3. In Eq (2.1.21)', the f's denote moie fra'c.tio‘ns of
: 'carbvon ydi'c.)xide. | - v‘ |
| | Equafion. (2.119) is appliéable to tﬁe case of a well-mixed
dispersed gas phase; that is, we have aséumed 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 KL4a and a ,

the liquid-phase mass transfer coefficient for oxygen is calculated follow-

_bing Eq. (2.115), namely

k = K

Le = KLy = Kpg/e o (z422)
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1. EXPERIMENTAL

1. Apparams.
A schematic flow ‘diagram of the éntiré isyst‘em is given on Fig.
(3.1). | | | |
| ‘a.) Stirred-Tank Absbrber-Réactor

- | The 'stiffed-tank absbrber-reaétor used in this study cohéisted
éf 'a'.‘i-ft length of 6-in, i. d. ~"Pyre.xv" pipe, :to which were attached by
ﬂéngeé top and bottom"stainless steel cover plate’s, aév' shown on Fig. .
(3.2).‘ 'v F'e:ed and effluent gas and liqﬁid streams wei‘é admi_tt_ed to or with-
drawﬁ from the taﬁk through fittings in't\he he:ad plé,te, which also held

the impeller shaft bearing hoixsing ahd fhe"ancillary me#suring devices
such as t.he”onge'n brc}be, pH électi‘_odes, _a‘nd‘thermov’velbls. The internals
of the tank were cohstructe&,to corre'spbnd to the recommended "lstandard”
&imension ratios (75). Four equallstpaced vertical 'bafﬂes Onev-tenth of
the 'taﬁk-' 1d in Width constructed from 1i;gauge 316-stainless plate»Were
joined af their tops (above thé liqﬁi_d level) by means of a rigid supporting
ring; the .bottor.ns, which were not intefconnécted, rested on the bottom
head plate'._v.Rotation of the bafﬂe' asg sembl_y'was prevented by small i’etain-
ihg pins attachea to the thto'rﬁ head plate on botn sides of two of the

baffle at‘_rips-.' The single impeller was a stainless steel, 6-blade, turbine
type 2 inches in diameter, thereb'y.h-aving. an impelier-to-tahk diameter
rati_'o of 'o.ne-thi'rdv'. .Thev‘impeller was mounted on a 1 /2-_in. diameter
stainl_ess steelv shaft such that thé .ir.npellejr radial cenfre line was ohe

impeller diameter above the ta.nk'bottom.“ '
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Fig: 3.1. Schematic Flow Diagram of Apparatus.
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Fig. 32. Photograph of Experimental Apparatus.
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flow -through an electric heating tape wouad around the outside of the
l.oWe.r'""\lflta_lf of tﬁe _vessel.. The entire exter.iof of the tank, excepting a
1-in. wide observation strip at the midsection, was in.sulat:ed.r... The
tank contained a cooling ‘croi-lvconsiructe_d of 1/4-in. e.'d; stainless tubing
w.ould in'a.spiral coil and mounted flat on the bottom head plate. Water
ehfe?ed and left the eoil througi'x fittinge in the _bottcim plate; flow
fegulatioﬁ was done manually.
b) _'Aneiila_i'y Equipment

| "I>‘he gas supply te the t_ahk was niletered'throuéh a rotar_neter,v
which was calibrated agaﬁinsf a.wet;tes't meter. 'Gas was rh'eated to 30°C
and at the same t1me humidified by paasmg it thrOugh a 2-in. i. dv >< 2-ft
long "Pyrex'" pipe column packed with stamless steel wool and half f1lled
with water.' Temperature cont:ol of the heat-hum1d1f1er was only manual,
b,ein_g effe‘cted by regulativng..th‘e electfic current through a heating tape,
- but was qu'ite i‘nvavr'i_ant even when the ‘syste‘rn was disturbed by c'hanges' -
in the .a"mbvient temperature or -g'as ﬂov{r‘ rate due to the fact that the stain-
less wool 'packiné, in additibn.to its gas-‘dispersion function, acted as-
| a heat smk The gas was then passed through a glass wool filter, flowed
.to the mlet gas p1p1ng rnarufold and was adm1tted to the tank through a
1/8-in. d1ameter.bevelled-or1f1ce fitting located in the bottom head plate
directly unde.r' the impeller axial centfe line. The efflue_nt gas left the
tank thr.o:ugh aa open port 1n the top head; 'therefore; réactor head space
pressure was local atmospheric in all fun,s. |

In the CFST absorption eacpe_riments; the liquid feed strea@

was éuppl_i'ed from a_‘ 35-litre, stainless steel tank which was pressurized
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to a coﬁsfant pressure. The tank  was equipped with aﬁ impeller agita'tor,v
~ internal perfora;ted pipe gas ‘sbarger, ‘a'nd heating jcoil. | The contents of |
the tank were held at 30°C b'y a sécdnd i)roport'ional tempe raturé_'controllerv
acting on an immersion heater. :Li.quid flow rate was regulated manually
by meahs of a needle Qalve. ' The liquid feed flowed thrbu‘gh a chamber
contain"ihg. an oxygen probe :béforré entéring_ fhe stifred t,ank'vfr‘om th.ev top
through a 1/2-in. diameter downbipe which terminated 2 in. below the
liquid level near the wall é,djacent to one of the baffles. _;I'he liquid
effluént left the tank from the bottom by gra\}ity fl_o§v thfough a non-
sthohing 1oop (thereby holding the liquid volume. in the tank_- consta.vnt)'
and was directed to a colle.ctidh vessel. ' . |

In the carbon dioxide absorption-with-reaction experiments,
' -the hydroxide ion concentration of the liquid phase v}as‘ kept at the initial |
cOnéentrétion +0.02 pH units by the addition of small amounts of con-
ceﬁtrated potvas sium hydroxide ‘solution »_supplied from a pressurized
fé.nk (savme tank as &escribed previoﬁsly). : Thé addition of hydro:ﬁde
was regulated by a pH controller. Steam-sterili'zéble pH glass and
reference electrodes in stainless steel immefsion holders were mounted
in the tank .through the top head plate. The 'electro.des‘ were .cclmn‘ec.ted.
to a pH indicator-controller meter with an expanded r/e-corder output
scale. The pH was recorded on a 0 to 10 an recorder witﬁ zero point'_
set at pH 12.0, and full-scale corresponding to pH 14.0. Control mode
wa.8 .oh-off, acting >o.n a sdléﬁoid valve,.r‘nounte'd in the coricent_rated
» pqtassiﬁm hydroxig‘ie solution"f.eed line. Tl.lej liquid-efﬂuent was héndled

in the same manner as in the aforementioned CFST .experiments. '
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: 2.. Absorber-Reactor Cpératiné Charaéteristicé
' é,) Péwer Number (Np) ‘

Rushton, Costich, and Evgrett (76) _des.cri-bevvd" the unaerated
mi:;ing pvo‘we’r cha'racterist‘ics“of various typés of impellers in baffled
tanks according to,thé variation of a d_imensidnless group cienoted the—"
vPowevr nﬁmber. The Power.numbéf is the ratio of the e_aiternal to the
- intérnal forces acting upon the liquid: . .

3.5

.'}N = P»Og‘C/N Drp; - (3.1)

P

The Powér number is usually correlated with the modified

_Réyﬁolds_ number for the particxxlar impeller, defihéd as |

Np, = ND{p /u . - (3.2)

As shown in F—ig. (3.3), It'hé _"apﬁératus _béhaved in aéco:idancé

'with. Eq. (3.1) in that the impe_lief roté_."cional speéd .Was found to be
proportional to the cube root of the mixing pow.er. |

) | Ovér the range of agitation rates invt}’ie turbulent region
(Nl?;e> 1.04) where ga.‘s bubble inclusion due to baékm‘ixing from the
vapbur space did not oécuf, -the experimehta.llf—determined Power
number was nearly constant, as shown in Table (3.1). - The average .
value of ‘NP was 3.2, which is on the lower side of thé ra'x_ige"of value.s_-
previOuély r_eported for 'turb’vin'e -type impe_:llers. Rushton et al. (76)
found N » .

P
of Np f.anging from 3 to 5.

= 6.0, while Bé,tes, Féndy, rand Co'rp.s'te,in (77) reported values
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Mixing Power per Unit Volume in Water.




Table 3.1. Mixing power characteristics of fermentation apparatus measured in water.

~$07 -

rlé?ng:L ’ | NDI 2pL No—load(a) _ Unaerate’»d - Unaerat.e.'d(p). . | PO;-";: number.
speed (N) ———.: B t.orql.lef torque | power/umt vo31.‘ ——w
rpm . X 40 _ oz. -in. | .. oz.-in., - ‘ ft-lbf/min-ft PL 1
200 107 0.4 0.9 © 37 416
300 1.60 0.5 1.4 100 5.53
400 - 244 0.65 2.2 230 - -3.22
Cs00 - 2.67 0.75 3.2 454 3.26
600 3.21 0.80 4.3 778 3.23
700 374 0.9 5.5 1190 3.4
goo 4.28 1.0 7.0 1780 3.2
900 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
1200V 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 110830 2.88
“1600(®) . 8.55 1.4 2.73

5 | 22.5 . - 12490

(a) Measured in air. :

(b) Liquid volume 2.5 litres.

(c) Incipient bubble inclusion (drawn in from Vapor Space)
(d) Start of uniform bubble holdup in hqmd

(e) L1m1t of torque meter range.

i i ) ‘ : ) ‘ ) ’ ) " 0 7
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b) Aeration Nﬁﬁlber'(N )}

' ‘When an agltated liquid is subJected to aeration from sparged '
gas bubbles, the power drawn by the motor at constant rpm decreases. |
| The decrease in power is no.t due merely to the resultan_t decrease in
_the overall fluid den.si'ty c,ausedA by bubble dispersion in the liquid, being
7 gre_ater,than the decrease predicted from densitj '-considefations only
from Eq. (3.1) substituting D for Py, In practice', the ratio of aerated
to unae‘fated power, PG/PO , ranges from 0.3 to 1.0, depending upon
the relative agitation and aeration raftes.'-

| Empiri»call'y,' Ohyavma and Endoh (15) founa vthat' the poner ratio
could be correlated with a d1men31on1ess group denoted the Aeration
numbe_r, NA , _Wh1ch is proportional to the ratio of the superf1c1a1 gas
veloc;ity with respect to the 1mp‘e11er cross_-sect;onal area to the t1p

velocity of the impellér,

_ 3 - S
N, = Qi'./NDI - : (3.3)

_ . The functional dependency of PG/PO oh NA depevndsv upbn
the type_of' impelier. The specific dependency for the impeller used vin
this work is sho';wn on vFig. (3‘ .4) for water, the 'experirr);ental dat_a being
given in Appendix III. 1. | |
c) Backmixing from the Vapour Space

. Backmixing is defined here as the phepomenén of bubble in-
clusion int_d the agitatéd_licjuid from the ab'sorbér _va.pdur space, resulting
from tﬁe wave -’liké motion and localized small-scale vértexir_xg of the

free liquid sui'féce, Such backmixing can conceivably in’c_:re'ase' the gas‘- "
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fractional hold-up (especially at low sparging rates where the maximum

possiblg rpm-dependent distribution of dispersed bubbles has not been
reached) and/or r.educe thé mass tr'.a.nsfer rate by the recirculation of
gas which may already be in.’phy»sic;abl equilibrium with the iiqﬁid. N
One should, however, dist;inguish'betWeen two limiting cases

of backfni.xing, jna.l;nelsr: | |

i) backmixing in the absence of colncur‘rent gas sparging into the .
1iquid' (whiéh has been the type most commonly inveétigated)

ii) - bé.ékmi’xing with coﬁcurrent 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 surfaéé prior to break-up .serve as a stripping
agent for material returned to fhe liquid phasé by the process of
backmixing. | | |

B _Backmixing characteristics were investigated with concurrent
gas sparging in this work. Nitrogen was éparge_d into the tank at a
volumetric rate QN . A 4-in. diaméte'r turbine-~type impellér was
installed in the gaseous hea& épace about 2 in. above the maximum free

liquid surface level expected. Air, at a rate QA" , was admitted to the _

" head spac.e just below the add_itional impeller. As.suming perfect nﬁxing

" in the head space between the disperéed gas leaving the free liquid

surface and the added air stream, when the liquid and the dispersed

nitrogen are in equilibrium, and when QA = QN , then the mole fraction
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of oxygen :in:t‘he head space gas is oné-half it;vs value in é.ir, ie. , 0;105 :
molé fvra.cbtibn. This mole fraction Qill produce an oxygen probe éxtér‘_nal
voltage Ernax , which can .b'e meashrea byv spargingtbotl.r‘x»the nitrogen
and the a1r streams t}qgethe_r.
'fhe vo‘lumefric réte of backmixiﬁg is denoted _QV A. When

“only nitrogen is sparged with air admitted 'bnllly to the head space, any
rea&ing on tﬁé Oxyg'én. ﬁrdbé voltage recorder must thexvx. be due solely
to the biygen content of QV 'beihg' tranvsf_err'e'd into the ;iquid by
backmixing. B | | |

_ 'A:ssu'ming that the to-tal_divsp'er'sed gas hold;ﬁp_consists' of
sparged gasv and backmixed gas ‘in'vdirect proportion to their 'volumetr\ic
rates QN and Q. » the fraction_a.-l hold-up ciue to backmixir‘xg,": _f-B'Mv ,

N .
can be defined as

fam s QV/(Q,V + QY - , , (3.4)
The mole fraction of oxygen in the dispersed gas of assumed

_ composifi_on distribution then simply becomes

Y4p. = 0.105 QV/(QV+ Q) = 0'105;31\4 . (3.5)

- An oxygen probe external voltage, EL

proportion to Y4p when steady-state is _attainé_d. The oxygen partial

, is produced in direct

pressure corresponding to E. for a probe with a linear partial pressure -

L

v_c_)ltage characteristic is then .

Pyg ~ (EL/Erﬁax)(O.dos)i:PT.y4D".. (3.6)
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Combihing Eqs. (3.5) and (3.6) at one atmosphere total pressure,

fBM is:given by

| 'fBM B EL/Erhax ’ (3.7)

Experimental results for the backmixing effect on mass transfer
of oxygén in water and 0.125M sodium sulphate solution are shown on

Figs. (3.5) and‘(3.6), re.specti\}ely. In both cases, f is relatively

BM
high at low rpm, decreases to a m_'inim_urri, and then increases agai'nvat
ag'itati'on rates greater than about 1600 rpm. Fra-ctiohal backmixing with
gas sparging decreases as the spa:gihg r;té increases at constant rpm.

N :v‘At low rpm (lesé thah 400.to' 500 rpm), the sparged gés is
" not uniformly distributéd, rising in large bubbles in a smali zone irnrhe-
diately adjacent.tti)-the impeller shaft. A large area of the relativelyQ
.quiescenf free -surfaée is not c_dntaétéa by this. stfipping gas, permitting
a rvelativ'ely high mass transfer rate of oxygen frt;m the head space gas
mixture into the liquid.i _At‘high rpﬁ (greater than 1500 to 1700 fpm),
the free liquid surface is very'turbulént with localized surface vortexing
readily visible, affording a mechanism for increased bé.ckmixing.

Over the range of agitation ‘rates_used in thie work (700 to
2200 rpm), béckmixing into the sparged liquid appeéré to be negligibly
small va‘t't'he three higher sparging rates, i. é., fBM is less than |
2 percént. _
- Using air to strip sﬁlphur diéxide from aqﬁéous' sol.utions,

Calderbank (9), over a‘r'ange; of ta‘nvk sizes,' foﬁhd that baCkmi.xih"g under

some conditions retarded the desorption process. He gives an empirical
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‘cfitefién'involving impell.er rotétioné]. speed, ‘irﬁpeil'er diameter, and
gas "sup_e'rf‘i.cial' velocity by ﬁrhich the on'éet of significant backmixing can
be predictéd ‘For the stirred tank used in this work the critérion v

predicts neghglble backmlxmg below 1800 rpm, with wh1ch the expen-'

mental results are in general agreement

3. Operatmg Methods ‘
- a) Steady - State or Pseudo- Steady State Absorptlon ‘
1) CFST Absorptmn Without Reactlon |
The stirred-tank absorber was filled with 2.5 litres of the
~ test splution,- the desired impeller rpm es‘ta.bliéh;ed,v aﬁd :spa;rgi‘hg with
nitrog'en begun at a rate equal to that .>o£ the a.ir- rate to be. eventually
~used. Air was metered, heated and humidified, and filtered in the
_rha'nner pre'\}iously described aﬁd then iriitialiy vented to bthe atmosphere
at the gas inlet manifold through a three- way valve |
The pressur1zed liquid feed tank contamed deéxygenated test
solution (ach1eved by str1pp1ng w;th sparged n1trogen). Liquid feed to
the absorber was bégun at a constant flow ra;te; the feed was passed
thrdugh an oxygen probe chamber loéatéd upstream. of the absorber
in which the okyg.en tension of the feed was_mé'asu‘red by oxygevn'probe
calibrated against the prob’e mounted in the absorber. The oxygén
tension in the liquid feed was usually zero, or an extremely low value,
depén&iﬁg ui:on' the time period of nitrogen stripping in the feed tank.
The efﬂueﬁt liquid from the absorber was collected and, at the con-
clusidn of the run, the total wéight collected was'_d‘et'erfnineda Knowing

the density of the test solution, the volume of feed's_upplied over the
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k'.nov;rn‘vtime ihterval, and.h.enc'e the' dilﬁtio-n fgf_e'_was calculate‘d. The
o effluent fromvve_ach run was returned to the feed fa.nk, where it was
reheated and deo#ygenatedbfvor reuse;l
| . I-mmediately after the start of the liqui& feed, air was switched

into and nitrogen switched out of the inlet gas rnanifold. After a short
transient p‘e‘riod, the oxygen tension in the absorber liqu-id, and hence
thevvabso'rber preb-e readihg'reaehed their steedy-state values, whic‘h

of coui‘se, were less than the saturatmn value poss1ble with respect to
air, the rnagmtude of the d1fference be1ng a function of both K L4 and
-the dilution rate, D, as shown by Eq. (2.35) or Eq- (2.36). Several
runs Were made holding the irﬁpeller .ro.tatiqnal speed and the gas sparging
fate constant, but,varying tile dilution r.ate; the fesul_ta showed that the
dilution rate per se had no effect upon the exberimentalldeeterrn'med
va.lpe of KI;43 | |

The steady-state Bulk soluti'on‘oxy’ge‘n' terision was recorded

.continuoﬁsly ona 15 in. /hr chart speed r'ecor_dér. .After at{least a5-
rﬁinﬁte steady-stete period, the 1;1quid feed was stoi:ped while e.gitation .
and aer‘afien of the then bé.tch-liquid volume was continued in order to de-
termine the probe reading. at the final equilibrium dissolved oxygen ten- v‘
sion Qith respect to theirilet eif |

ii) Absorption of Oxygen ‘with Chernlcal Reaction: Sulphlte
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. re,é,ction stoichiometry).

The reaction was catalysed with cupric ion, 4(107-3)M, obtained from
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reag‘entvgrede cupric-sulphate This bi’s'hth_e same system as used by
Cooper, Fernstrom, and Miller (11) |

The experlments were terminated before the concentration of
sulphife ion reached 0.1N; at sulphite concentration above ebout 0.02N,
the i'eacfion rate is-ihdependenf of sulphite ion concentration'(78).

At suitable time intervals, liquid samples were taken for -
sulph1te 1on concentration analysis, and vapour space samples taken
for oxygen content determm_atmn..' KL4a was determined by the pr.o-.
cedufe discussed in'Section 1II. .4(b) |

b) Unsteady State Oxygen Transfer Without Chemlcal Reactlon

The test solut1on of 2.5 litres volume was stirred at the ‘
desired rpm; n1trogen (oxygen absorptlon) or air (oxygen desorptmn)
was ihitially sparged e.t the desired gas' volorﬁetric flow rate. Air
(absor’;_ition) or n,it'r'oge'n‘ (desorption) was vdirected through the_' metefing-
heating-humidifying -filteringrcirc’u.it, ahd' wa.s then vvented' to atrnosphere
at the 1n1et gas manifold. .

When the oxygen probe readmgs md1cated that the solut1on had
reached its equ111br1urn deoxygenated state for the case of absorption,
or oxygen saturated with respect to air for the case of desorptlon, 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 wae made at Ithe inlet rﬁanifold. The transient increa’se-
or decrease in the probe external mﬂhvoltage ‘was recorded contmuously
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



-115-

ins_trument was kept opefative' ‘in ofc‘ierbt’o note the final bprobe reading
whén the solution _r_eachéd its oxygen: sa.tﬁfated state for the case of
absorption or the fully-deéxygenéted state for the case of >desorption..

| The three-way valves at fhe inlet gas manifold were then
: .Swit.chec‘i to théir qriginal positions, b'the rpm_changed to ar.loth.er value,
- and th'e.procedur_e ‘.repeated. |

 ¢) Concurrent Oxygen Desorption and Carbon Dioxide Absorption-
with-Reaction

Initiélly, fhé test solution cbﬁtaining 0.01 to ‘0>.10M poi:a'ssiurn
hydr.oxide was ét a fuiiy-oxygenated Qtate, achiévéd by sparging caustic-
_'scrubbed air (to remove atmospheric carbon diéxide)Q The dilute
carbon.dioxide - nitrogeri mixture (0.10 mole frqction COZ) wa s metered,
heated, humidified, filtered, é.nd then vented to atmosphere at the inlet
gas manifold. | | |
In the runs made by using 0..11M Na,SO, + KOH - KZICO3 or

0.135M KCl + KOH - K co3', it was essential that the initial total ionic

2
F’I‘ , be as uniform as p‘osysible. Since the reaction prbduct, K.ZCO} )
contributes appreciably to I‘T ., and since it is produced at an unpre-
dictable rate (a priori), it was necessary to adjust i_ts initial concen-.
tration before beginning the run. This was done by intermittently

s'wifching the CO,, -bearing gas. into the absorber-reactor for brief

2
periods until liquid-phase analysis for hydroxyl and carbonate ion con-
centrations gév’e the desired PT 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 a

/
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"p‘ré\'riouslvy d.eSCribed‘. Samples of the reactor liquid .a.n'd vapour-spéce
‘gas (the latter‘vfrom 1 in. above the surface of the dispersion) we:'re

v taken a suitable intervals. for analysis; at leést' three sets of suchvsamples
were taken per ruﬁ. |

The pH controller admitted deoxygenated concentrated KOH
(about 1M) at a rate of ab_cmf 15 to 20 ml/mm The resulting smali
flow of 'quuid effluent was witﬁdra‘wn through the non- syphoning loop,
_maihtaining a constant volume Within the tank. 7 | v

Alfhough the recérded pH was .cobnstant to within £ 0.02 pH units,
liquid analysis showed that in a.ll_. runs t'he_.conc_:ent.ratio"n of hYdiéxidé ion
decreased slowly with ti.me. ’I‘he insensitivity of the pH electrodes Wa>s
presumably due tc; the i‘nherent difficulty ih ac::c'ura',tely.rx.leasuiring‘pH"s"
greafer than 11 with ge'_ne.r'al-purpose‘ glass 'elbectrod.es,v and to the fact

_ thaf the reéponSe of the ;g'la..ssv éiectrode isiv influenced .by large 'c‘.oncen’-..
trations "of o’thé"r ions 1n solutions of high alkalinity (79.).

In the experimental sysfenﬁ used here, the concentration of
car'bénate ion produced by the reiaction increase'_d with time as the dilu-
tion rate was too small to achieve carbonate ion stéady-s'tate. The
increaée“'in‘carbonate ion concqntratién, however, did not significantly

affect I, during the transient oxygen desorption period, as this com-"

T
prised only the first 10 to 20 percent. of the total run time. The con- .
tiﬁuous decrease in hydroxide ion conéeﬁfration, however, did result

‘in a slight ingrease in the sampled gas carbon dioxide content; amognting :
to about a 10 pe’rc'e_ntv.increase. As neither the ga‘seous, 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 Diépe’rséd Gas Fractionél' Hbldup
' The volume fraction of gas in the dispérsioﬁ, .HG , was
determihed ‘ma'..-nometri_cally from the decréase in differential hydro- |
static pi‘essuré Betwee‘h two pressure__t'aﬁ pointé resulting from the ‘
gassing of the cléﬁr'liquid;v Thevpréé_sure differential was measured
by a maho'kmeter inclined 15° fro’rh't_hé horizontal, using hexadecane
(S.G.=0.775) as the manometer fluid.

'T'he two presvéur'e taps were pé.rf of a probe which was mounfed
vertically in the vessel thr.pugh the top head. ' The two taps were con-
structed frofn sections of -1/4-;ih. o.d. stainleés. tubing mounted imme-

- diately adjacent ta one another: The open e"rids of the tap.s wefé 4-5/5 in.
apart, the lower tap end bei‘pg poéitioned 1 in. above tank bottom:. The
vertical axis of fhe probe was 'locatéd 4-1/2 in. from the tank centre
line. A small bleed‘ stream of nitrogen was pa.'ss.ed' through each manbm-
‘eter leg (about 10 bubbleé/min discharge).
The hydrostatié pressure difference in lbf/ft2 between two

taps L' feet apart in the gas-free liquid is | |

_Af)L.: L'pLg/gc . ‘ B (3-8) -
and in the gas - liquid dispersion is given by |

aB_ = L'pog/e. . | (3.9

Writing a mass balance over the dispersion volume VD

:results in
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Pp = PaVa/Vp) e (VL /Vp)

But, since p; >> PG Eq. (3.10) can be simplified to
Pp * p (1 - Hg) - - (3.11)

The diff’er_erice' in manometer reading between the gas-free

liquid case and the gas - liquid dispersion, A§F , is given by

APF APL - ‘APD . (3.12)
The linear differential displacement in inches of the manometer

fluid for a rhanometer inclined 7 degrees to the horizontal is
AYeL = 12g AP, sin n/ng. : | o (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

HG. = (12pp sin n/;,'pL){sscF : (3.14)

Although Eq. (3.14) is writteﬁ to incorpo‘rate‘ only the hydro-
static pressure effect, in practice the ﬁxanometer also detects a time-
a’Veraggd dynamic" pressure difference proportional to A(uLZ/gC) '
resulting from differences in the fluctuating turbulent fluid velocities

at the manometer probe openings, one of which is closer to the impeller. -



-119-

than the othe_r.‘ Tests o'n‘the a.ppl.aratus‘ showed 'that in a non-gassed
.liquid, the mahbmeter'AGC_F; .ihc.rease.d with increa‘_si'ng .rp.rn just as it
\‘;voulbd Wifh increasing rpm in a_'ga,s -lif;uid dispersioh wherein the gas
~ holdup .i'-ncr.eases. Therefore, the A¥Cr. dé.ta must be adjusted for the
effect of dyhamic pressui"é ciifferencés before HG can Be determined
'from'Eq; (3.14). For a turbulent fluid in a stirred-tank absorbef, ho
theorétical méans of defefmining this correct.ion factor is, as yet, |
known. Empirically,' the dyhamic AJCF in gas-fréve liquid was measured
andb correlated _with the square of the impeller rotational speéed. Aiba (80)
has shdwh that the fluid tangential velocity at any point in a stirréd tank
is prqur’tional to the impeller tip speed,’ NDI. ‘The correctioh was
. found to be lineal; in”N2 from 500 to 1600 rpm; values of the dynamic
A}CF a.fe given in Appendix III. 2. | |

All fraction gé.s' holdup values reported were’calculated according

to
Hg = (12ppsinn/L'py ) [(A%E)y 40 - (B¥plgyn ) (3:15)

where (A:‘CF)total is the linear displacement of thé manometer fluid in
the é.g_:'lta.ted gas-liquid dispersion (includes the effects of both gas ho]_.dﬁp
- and flgid dynamic pressure), and (Ayl-‘)d_.yn. is the linear displacerrlxent_
_ of‘the ma_,norrieter fluid due to only the dynamic pressure effect in the
unsparged liquid at the same rpm.
| Equation (3.15) assumes 'that the dynamic pf'e'ssure difference

at ény rpm between the manometer taps is the same in the gas - liquid
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di'svp‘eArsi'o‘n as in the gas—ffee liquid. This éssum;;tion.introduces an
elerﬁeﬂfof uncertainty into the x;esu.l.ts of the meésﬁreménﬁs._

Some previoﬁs investigators also measured gas holdup by
manometric techniques, fbr example Calderbank (&'0) and Yoshida and
Miura (72). No mention 6f'the dynam'ic.pressure cqntribufion to AJC L
was maae in these works, but it is difficult to see how thei_x" manometers
were .frieés from this source of interference. - |

e). Cas Bubble Average Diameter ( db ) |

| For thev relatively sméll bubbles produced by the fluid shearing
forc,eé_ 1n the agitated electrolyte solutions, the bubble shape was assumed
to be spherical. 'Forv such bubbles it can be shown that (10) |

d = §HG/a(1 -VH.G)_. : - (3.16)

 Since the average diameter of the bubbles is calculated from
measured values of the fractional gas holdup, H-G" it is subject to the

same degree of uncertainty discussed in the preceding section.

4. Analytical Measurements
a) Oxy__gén Iension |

The oxygen tensioﬁ of the _liquid' solutions wasvmeasured by
steam-sterilizable dissolved o#ygen probes of the galvanometric type
discussed by Johnson, Borkows_ki., and Engblofn (50), which wére ob-
tained frém J. Borkowski. These probes use a 1e5d anode, a silver -
catlr.lode,‘ and have an acetate buffer electrolyte; the membrane material
| is Teflon, 0.002 in. thick (beforé aftaching to the probe). As described

by Johnsoh_e_t gl. (50), the probes were found to have a very low residual |
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current (the c_b.rrént which ﬂowsV._in thé absence of o#yéen) of al;out 0.1
percent of the current geherat_ed in atmo_sphefic air.

. . During-operatién, the electrodes were intgrconnected externally
through a khown resistance; resistance values of 500, 1000, 1100, and
1500 ohms could be sele’éted_ by a rotary switch. The probe current
thfough'the resistor gave rise to a poténtial drop m the external circuit
- which was measured on either one of two 0 to 10 mV recorders.

The probe tip was located in the é_.tirred tank 2 in. above the

impeller radial centre ling and 4-1/2 in. frqm the tank centré line. |

As recomméndéd by the supplier, thé probes were aufocléved
(121°C, 1 hr) while short-circuited as a .conditiohing step before use.
They were calibrated in pure water saturated at 30°C and 1.0 étmosphere'
total pressure with various 6xygen-nitrqgeh'mixture's of kx%owh composi- |
t.ion. The externai potential drép 'ac':vxv'oss‘ the revsirstor(s) was found to be
linearly'proport'ionai to‘the solution dxygen tension over the range zero
té 0.21 atm. | |

i) Membrane Oxygen Permeability ( KM )

The membrane's permeability to okygen, defined by Eq. (2.51),
was measured in'steédy;state by the application of Eq. (2.52), using air-
saturated distilled water at 30°C.

For a méasuréd membrane_afea of 0.203 cmz_normal to thé
direction of oxygen flux, and using the nominal thicbkvness_ of 0;005_08 cm,

-12, gmole Oz/cm- sec-atm.

the permeability was found to be 2.17(10
For similar material at the same témperature, Aiba et al. (57) obtained

a KM, _Of 1.80(1'0-12) gmolg Oz/cm-sec-atm.
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The permeaj.bility..of the membrane decreases as thé-probe
ages-;- A,dec_li‘ne of about 5 percent was observed over one. 6-month -
-p'eriod. o | |

ii) Membrane Effecti{re Diffusivitkyv( DM )

The :effectivev oxygen diffusivity was rneasu.red éhortl'y after
first éommiésioning the "pr.obe by 1l13.in.g th‘e_ step 'chang'e in oxygen tension -
procedﬁfe given by Aiba g_tv_a_a_l. (57). In this procedure, an érithmetic
plpt of Et versus t is r'n:«.a,de‘. For the éase of a‘s_tep change from a .
deoxygenated to‘a completely o.xyvgenat'ed (with respéct to air) _aqﬁeous . |

phase, the area under the curve is defined as
. 0 oo .
: - 9, E,j Etdt ,

where t_. is the time fdllowing the ste'p' Change at which E, reaches its

final value of E .-q

¢ is obtained by graphical integration, and the

effectiire diffusivity can then be calculated from

Dy LZEw/[b(Emtw - qt)] :

Step-changés._in both directions were made in duplicéte, .the
ché;nge in probe _éxternél millivoltage being fneésured on fhe high-'spleed
charﬂt recorder. .A.n éXarﬁple of one é_et of data is given in Appendix -III. 4.
The results ‘o_f all four det'e_rminations agree& to within 10 percent,
giving an average\ralue of the effective diffusiyity of 1 .68(1 O-f.7) cfrl_z/sec,

in general agreement with previously reported values (57).
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The particular prob‘e tested had a fir‘st ti_rné 'co'nsté.nt (1/e) of

9.70 sec, With a 90 pe'rc'entv respénse_ti}né of 4‘8isec.':b
b) Sulphite Oxidation
i) Exit Gas Concentration
| "As the re;'é.ctor was vented to the atmospher'e tvhrough open

ports in the top head plate, a flow of exit gas cénfined in a pipe and having
sufficient linear velocity to 'ensu_re'_that .tr#ﬁsport through an oxygen
probe niémbré.nevwas the contro-llingiresistancé wasg not available. A
Vélocity_criterién has been givén by Aiba and Huang (81). Therefore,
the oi:nygen partial presbsu‘re of the'gas'.leav:ing' the (‘iisprell‘sion,v Py o
‘was deternﬁned by Orsat analysis. | The partial pre_s_sufe so determined
was in excellent a'greement with the va.lue‘calqulatéd from a gas phase
material balance,vr using the experimentally-determined absorption rate
(see Appendix IV.12).

ii) Su_lphite Ion C‘oncentr;ation

- The sulphite ion concentration was determined by standard

’Iiodometric techniques (82). 2-ml sainple_s of the aqueous phase were
taken ffom the-di‘spersi'on with a hypodermic syrir_ige and transferred td
a sealed serum bottle containing an excessv(40 m1l) of 0.400N iodine
reagent uﬁder a nitrogen afmosphere wherein pa;‘t of the iodine was

reduced according to the reaction

SO, +1

‘ = + -
3 *+1+H,0 SO, +2H +2I .

2 4
The unreacted iodine was back-titrated with 0.100N sodium

thiosulphate, using a starch indicator:
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I, +2S,0

2 203 —=20 +5§

O

4% -

Fihally, the sulphite ion concentration was calculated as
L 'gmo_le‘SO3'=/1'itr'e = 1.0 - 0.025(ml 0.100N Thio. added).

-~ Sﬁiphite concen.tr.atidns were p.lo'ttved»v_el"_s»us- time, giving a
straight line as lbng as the conce’r‘itr'ation of sulphife wa.s"gréater than
0.05M. | ' Thé value of A[SO;]/At was dete.r'rnined from the slope.

| "I"h'e-s.toichiometr'y of the. reaction of sullphite with 6xygen,
Eq (2.37), leads to
Ryg = K£43(C,«: - C4p)

= - 1/2(a[50,”1/at). (347
- We assume that the unmeasurable Heﬁry's law coefficient for
oxyg_én' in the reactive sodium sulphite solution is the same as in non-
reactivé sodium sulphate of identical concentration. It is commonly
assumed that the reaction proceeds with sufficient velocity such that

C,, = 0. Using the well -mixed dispersed-gas assumption in addition

4B

to the foregoing, Eq. (3.17) may be solved for K; ,a . Incorpérating

L4

the numerical value of H = , the result is
i 504 :

K 2 = - (0.184/p, ,)(A[SO,7]/At. O (3a8)

. {. ' = ’ S . )
wherein [_SO3 ] is expressed as molarity, the other symbols having

the normal units used thrdughout this work.
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c) Carbon Dioxide Absorption-with-Reaction
i) Gas Phase Analysié
The carbon dioxidé content of the gaseous stréafhs was -
determinéd éhromatographically, using thermél conductivity detection.
‘The column used was 80/100 me.sh Poropék Qin a 1/8-in.
o.d. X 6-ft..vlon_g s‘tainles.s steel fube. The carrier g‘as was helium
(Grade A): -

o 'I.‘zhe ‘chroma;togra;ph operatihg conditions‘ wére: column
temperature, 35°C; detector tempe’ratur.e;, 42°C; carrier gas flow rate,
30 ml/min. . Céfnponer;t elution orvder was airv/ni’trogen, carbon dioxide,
“and, finally, water vapour. | |

The chz‘omatogréph was equipped with a disc integrator.
Carbo.‘n dioxide. - nifrogen mixtures of known convflp‘.o‘sition were used
as calibration Vstandards.. The peak area - c.:oncebnt‘ration relationship
was lir_xear over :t'h'e range of interest (0.0001 to 0.10 mole fréction car-
bon dioxide) |

" i) Liquid Phase Analaysis

Approximately 12 ml of sarhple was taken Witﬁ a hypodermic
syringe and transferred to a sealed serum bottle ) 5 ml were later
pipetted from the bottle into a Béak'er c’oﬁt,é.ihing carbon-dioxide-free
distilled water. The resulting solution was then titrated with standard
HC1 u.s-ing a ‘pH meter t§ endpoints of 8.30 and 370 pH, the férmer
corresponding to.neut'ralization of all _thev hydroxide plus one-half the
carbonéte, and the l.att"e'r corresponding to .complete neutralization of
both spécies. ’I*hé titrations were done in duplicate, the average result

being used in the subsequent calculations.
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i‘he sod1um sulphate and potassﬁm chlor1de contents of the
0 1M NaZSO4 + KOH- K2C03 and the 0.135M KCl + KOH - KZCO solutmné
studied consumed 0.18 and 0.10 ml of 0. 1183N HC1, respectwely, in the
pH range 3.7 to 8.3 . These blanks’ were subtracted from the gross
volufne‘ of’ a;ci;i titre in this range. The grosvs volume varied frofn about
3 rnlvto'._v7 ml over :the r_uvns.'v |

Deno#i_n'gv Ty .as the volume of 0;1183N HCI1 titrated to pH -

8.3, and .T., as the net total volume of acid titrated to pH 3.7, the

2

species molarities are calculated according to
Molarity KOH = 0.02366(2T, - T,), ~  (3.19)

 Molarity K,CO, = 0.02366(T, -

,CO3 (3.20)

Ta)

' :‘Equations' (3.19) and_(3.v20) are simply d‘e’riv.edvfrom the
stéichiémetry‘bf the two-step neutralization.
5. :Ev.aluation of Phyé_ical énd Chemical Constants
a) Henry's Law Coefficient (H)

.v Oxygen and carbon dioxide'.solubilifies'at the gas-liquid intef-
face fbr thé electrolyté solutions were calculated from their soiubilities
in pui'v’e. water at 3'0"»C> (83), ‘using» »th'e method of van Krevelen and
Hoftbivjz‘er_. (84), by which the squbility'df gases in a solution of a single
electrolyte can be pre'dict-ed to _withAin 10 percent. For the mixed elec-
trailyft‘é. solutions, the method was modified incorporating the mixing rule
: suggeéted by Danckwerts and Sharma (‘64), thve"accuracy. of which has not

been expei'imentally evaluated. For absorption with reaction in the
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fast or near-fast reaction regime, 'Eq. (2.101) shows fhat avi(v) percent
error on ij'_results in the same error in the calculated value of a .
b) Molecular Diffusivities ( DLk )

.The aqueous phé\é'e dissolved gas diffusivities were estimated
from the data of Ratcliff aﬁd HoldCroft for carbon dioxide (85), and the
Wilke-Chahg correlation (8._6).f .For oxygen, .theb réfe..rence diffusivity
was taken as 2.41(10-.5) cmz/sec.at 25°C (8 7). | |

) CO, - OH™ Reaction Velocity Constant ( k, )

2
- The second-order reaction velocity constant for the reaction

described by Eq. (2.107) _isrdependen't upon the species of hydroxyl base,
the species of non-reactive electr'olyt:e(s) present, and upon the solution
“ionic strength, I‘T . The intgraction of these parameters.and its effect
upoﬁ the magnitude of k2 has not been fully evaluated to date, but a

. reasonable estimate of the Valﬁé of k2 can be obtained by interpolation
of the data of Pinsent et al. (114) and Nijsing et al. (70).

For the reaction of CO, with potassium hydroxide in the

2

test solutions, the value of k2' was calculated from

k, = 12.4(10°) exp (0.392T) , o (a21)

where I‘YT is the total ionic strength defined as
L. =1/2 Z z.2c., N (3.22)
. T : - ) )
J :
where 2 is the charge on the ionic species, and Cj is the concentra-

tion expressed as g-ion/litre.
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For the highest ionic strength solution examined, namely

2SO4 + KOH - K,CO, having an average I of 0.418 g-ion/

litre, Eq. (3.21). shows that k2 has a value 17.8 percent greater than

0.11M Na

at infinite dilution. For the calculation of a from Eq. (2.119), a 20 )
per'cent error in thé ésfcimatéd valué of ké vwoul.d result in'a 10 percent
error in a .
6. R’a{nge. of Pérér%mtefs Iﬁvéstigated |
a) Solufibn Types and Ionic Strengths

' .'-]’_?;or oxygen transfer from air, the physical abéorption charac-
teristics of the.following aqueous .solutio‘n'a were studied: (1) 0.125,
0.250, 0.375, and 0.500M sodium sulphate with 4(10">)M cupric sulphate;
(ii) é.ﬁ:eiectrolyte' so.iu’tibn used By Champagant (3) as a source of basal
miner.al"s.alts in the_production.of biomass from hydrocarbon substrate,
designated here as Medium A'-i and co‘nsi.st'ing of 1.6 g K,HPO,, 0.48
Cl, 0.02 g NaCl (and 0.03 g HgI2 -- a biocide

g MgSO4-7H O, 4.6 g NH

2 4
to prevent microbial growth in the solution) per litre of distilled water; '
(iii) 0.11 and_O;Z 2M KCl, and (iv) distilled water. Pertinent physico-
chemicai properties of ’t‘hesAe solutions are given in Appendix III. 3. Ionic
étrength_s ranged from zero to 1.516 g:-i,on/litre.

The mass transfer of oxygen from air with jc;hegnical feaction’
was étudied with the suiphite-oxivdation system used by Coopef,
Fernsti‘om, and Miller (11). Initial sulphite ion conéentration was

'O.SOM, and the reaction was. catalysed by cupric ion, 4(10-3)M.'
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Thg behaviour of KL4a oKy, and a evaluated by the
concurrent oxygen desorptidn, carbon dioxide absorption-with-reaction
L+ 2CO3 , average FT = 0,.0965;
co3. average I, = 0.224, and (iii) 0.41M

technique were studied in (1) KOH + 'K
(i) 0.435M KC1 + KOH-K,
C03, é\;erage FT = 0.418. The latter two solutions

NaZSO4 2

+ KOH-K
have approximately the same ionic strengths as their counterparts studied
solely for oxygen transfer from air, namely 0.22M KCl and 0.125M

Na.SO . + 4(10™>)M Cuso

2774 4
b) Agita,tion - Aeration Parameters
The operating parameters Weré varied over the follbwing'
ranges: ifnpeller rotational speed, 400 to 2200 rpm; 'power input to
the dispersion per unit volume of clear liquid, 40 to 22,40.0. ft-lbf/fhin-ft?’,
0.00 12 to 0.68 hp/:ft3 or 0.16 to 90.8 hp/iOOO gal.; inlet gas rate 0.5 to |

2.0 VVM or superficial gas velocity 0.00375 to 0.0150 ft/sec.
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. RESULTS OF EXPERIMENTS
1. AOverall Volumetric Mass Transfer Coeff1C1ent for Oxygen Without
Chem1ca1 Reactlon (KL4a)
a) Distilled Wa_ter (FT = 0;00 g-ion/lifre)

.On.ce‘—distilléd ’wat-:er‘ was obtained from the' in-house distri-'
bution syatem The interfacial tension with respect to air was measur‘ed
by the DuNouy r1ng tensmmeter method and was found to have a value -
of 71‘.9 dyne_s'/cm at 25°C, in close agreement ,with the reported value
of 71.97 dynes/cm (83).

" The value 'vof K, 42 at a given agitation - aeration rate ‘was
determined éolely by. the SBST, ‘unst.:eady-state procedure. For the most
1-:ar.t,.' oxy'gen' frorh air waé- transiently absorbed;-' sofne desofption runs
were made and the results of these agreed well with absorption méa-

_ surements Iati t:he same "é.gitation-v-ave‘ra‘tibr‘x coﬁdition. It was not possible
~to use the CFST, steady- state fnethod of evaluatmg KL4a in distilled
water since the aqueous feed_ stream picked up sufficient surface-active
' tra_ce'contaminahts from fhe f‘ee'd tank and/or tubihg such that repro-
ducible results could not be "obtained.' |

KL4a . resuits for distilled water are correlated with agitation |
power input per unit liquid volume of the dispersion ’ /V ) on Fig.
(4.1), the value of KL4a bemg computed from the LSQVMT computer
fitting.pro"gramme. The data are tabulated in Appendix IV.1. 'PG/VL

has been'expressed in units of ft—lbf/min-ft3 on all graphical correlations

to facilitate corhpa-rison with previous work, e.g. (11).
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Figure (4.1) shows that the KL4a - (PG/VL)n'relationship is
 linear over tl'ie power',in'put' range studied. From.cross plots o‘f the data
obtain_edat different aeration rates, KL4a was found to correlate linearly
with '-e;i%i)erficial gas velocity expressed as (vS)m. Further; there appears
 to be no effect of vg on the value of n.’ | |

A_ | KL4a' is plotted against thejimpeller rotational speed, N,
on Fig (4.2). Unlike th‘e correlation .withk P' /V s the K 4a 'versus ‘N.
behav1our is' not constant over the entire range of agitation rate, and,
when correlated in this manner, Vg has a pronounced effect on the slope v
of the-lines at values of N greater than 1200.

'.By linear 1east-sduare’s fitting of the data, for distilled water

KL4a varies according to | | | |

0.35 -3

Ay o= 6:620107 )@ /v )0 * +(1.59)(107).  (4.1)

(K
' 2"

(vg)
" The fractional ga‘s holdup at a superf_.icial g'aevel_ocity of
0.0i 50 ft/sec was measure’d manometr,ically and calculated from Eq
(3;1 5). As a ch.eck on the rnanometric' method (u/‘hich incorporates a
correct_ion factor for dynamic pressure effects), the initially ungassed
tank '\x'rasv'conipletely filled with water (initial volume 5180 c~m3);_ upon
sparging the tank, the gas holdup displaced an equivalent amount of
water through an opening in the top head plate, the displ-aced water being
collected in a graduated cylinder. The results of the manometric and
displacerne'nt measurements are compared in Appendix IV.2. ‘The holdup
.values computed from the liquid displacements are generally less' than
the values calculated from the manometnc measurements Visually, it

was noted that the holdup was not uniformly distributed over the helght
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of tlle _tanlc., being g'reater in the bottom half (impeller reglon) where the
manorrleter pvro‘be__ was located than .in the top half; thds , 'it‘ is reasonable
v to expect that the displacement rnethod 'w}»li'ch measures an average holdup
in the total tank contents will result in lovtrer holdup values than the
manometer: method ychich, 1n this case.,' reflected the greater holdup in . .
the bottom region 'of the tank |

The valués of H .deterrnine.d from the manometer readings
correlate well with (P /V ) ,m agreement with the resgults of Calderbank
(10) in tanks of 1dent1cal geometric ratios. |

b) 0 10M KCl (F =0.10 g- 1on/11tre)

'. KL4a behav1our in 0.10M reagent- grade KCl in d1st111ed water
was‘det_e_rmine_d at two aeration rates by using' the'CFST., steady-state
‘ method whereby KL4a 1s calculated from Eq. (2.35) in conjunction with
Eq. (2.‘5'_6). The experunental parameters are tabulated in Appendix IV.3;I
K ,a correlated lavell with PG/VL , as shown on Fig. (4.3.). o

L4

In this :solution,‘ the KL4a - (pG/VL)n 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 d1fferent rates, it is tentatwely concluded that m is 0. 62 in-this

vsystem, such- that overal the K 4a behavmur may be descrxbe_d by

10.63 0.62

(K x .(PG/VL) (vg) (4.2)

L4a)0 jiad KC1

Plots of KL4a versus N for this system are non-linear.

’I‘heAvalue of KL4a “when correlated with N depends upon Vg but, in
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addition, the value“ of- vs affects the shape'of the KL;a - N relationship
at va.lues of N greater than 1200 rpm | |
’ The aeratlon rate has a greater effect upon K a. in this
solutlon than in any of the others which were tested in th1s study, the
value of the vS exponent m be1ng.‘0.62 in some 50 percent greater
than its value in other solutions or in water. The reason for thls
anornaly is not known ' _
,C) MedlumA 1 (F ‘v.0.136 g-ion/litre)
i) CFST, Steady-St'ate Measurement

The K. ,a a behaviour of this basal mineral salt medium was

L4

determmed over the entire range of aeration rates used in th1s study
‘The experunental da.ta are tabulated in Appemhx IV. 4, while

the correlatmn with P /V' is shown on Fig. (4.4). Except at the

extreme upper end of the power 1nput range, the correlatmn is 11near in

(P /V ) L4a is dependent upon (vs)m‘ throughout, such that

) L -3 ©0.71, ,0.43

N (K )Med A © 3.29(10 )(PG/VL) (vS) (4.3)
for values of (Pg /ﬁf 0. 71(vs)°'43 less than 60.3.

KL4a for this mixed electrolyte solution did. not correlate
well with impeller rotational speed, as shown on Fig. (4.5). The behav-' .
jour at each aeration rate exhibits a greater'degree of non-linearity as
compalred_to the PG/Vll' correlation. Again, the exact nature of the..
dependency of KL4a' upo'n N bis, in 'turn, | dependent upon the partlcular

value of VS ,‘ whereas when correlated with P /V , the value of the '

agitation exponent n is independent of the value of_ vg -
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ii) SBST, 'Unsteady—State Meaéuremen:t‘

The -vérlidify of fiae_ tr'a.ns'ie‘n-t absofpti_o’n model, Eq. (2.75),
was“”t'ested at each of the four aeration rates over the e‘ntire agitation
power Tange. K; 42 values 'compﬁtéd from the LSQVMT computer
'prograrrime best-fit vélue of ;'_a.re vtab.ul‘ated in Appendix .IV. 5. The
' transiently-vdetéyrrnzine»d KL;a's are éompared to the stéady—state '
results .o'n _Fig. (4.6). |

On .Fig. (4.6), thé lines represent the .KL4; depende’ncies
upon PG/VL as determine._d by the CFST; steady-sta£e method (Fig.
4V.4), while the pointé aré the KL4a values detefmined 'fr.om the unsfeady-_
state procédure. The agreérrie.nt is éuite good, regardless of the sim-
plifying assumptions applied in the development of the transient model,
éxcept at the lower end of the power range where the impeller rofational
speed is less than 1006 rpm. At these low rpm's, it is likely that the
dispersed gas phase ié not Well-mixed; paf_ticularly in electrolyte solu-
tions Where the buBBle coalescence required fqr gas mixing is hindered
"(see furthe.r diséussion in Sect.io'n V.). As evxvpect_ed, ‘the deviation between
the steady-state and the unsteady-state results vis greater the smaller the
aeration rate where the transieht model assumptfqns ragarding the gas-
phase behaviour are less valid. _

d) 0.22M KCl (I, = 0.22 g-ion/litre)
-In this systeﬁ,; '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 K, ,a correlation with PG/V is shown on

L4 _ L
Fig. (4.7). Here again the general linearity of K| 43 with (PG/VL)T.1 |
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is clearly evident, as is the dep'endenéy of KL4a upon {rs . The value
of the aeration exponent 'm is not precisely defined since only two -
aeration rates were investigated. However', for the fange of parameters

investigated with this solution,

.(Kv

L L ioria=3 0.74,  .0.36
L4¥o.22mKc1 T 217040 )‘(PG/VL) o

vs) : (4.4)
As in 'fche previdué -systems,' ‘the K 42 correlation with N
is _nbn-l_ineéi' over the entire range of impeller rotational speed. In

L42 is directly proportional to N .

the region 600 < N < 1400, K
‘vHowe\.rér, 'at'h‘ighver agitatiorl.rétes, KL4a increases lxon‘-linearly with
v incr.e‘asing "N, the slope of the cur\;e becommg mcreasmgly positive.
e) Sod1um Sulphate - 0.004M Cupric Sulphate oolutmns .

_ The K. ,a behaviour of sodmm sulphate solutlons was in-

L4
vestxgated since they are a physmal absorptmn w1thout clhem1cal reaction
analog of t_he sulph1te oxidation system. A range of sulphate concentra-
tions.wés testedl,_v"namely: 0.125, 0.-2'50, 0.375, a.nd 0.500M ébdium
sulphaté, each of which contained 0.004M cupric sulphaté (the sulphite
ox1dat1on catalyst). The total ionic strength of the _splutions ranged
from 0. 391 to 1. 516 g- 1on/11tre

In a separate series of séreening experiments, it was vdet.er‘-
mined that the .vvalue of KL4

was dependent upon the concentration of electrolyte in the solution when

a at a fixed agitation-aeration rate condition

th_é sodium sulphate concentration was less than about 0.1 M. The results
of one such investigation are vshown on .Fig ; (4.8); It was concluded that

the value of 'KL4a reached an upper limit which was independent of the
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'electrolyte__ concentration when the latter exceeded 0.1M. Therefore,
the majority of the experimental determination of -KL'4a were made in

0.125M Na_SO, - 0.004M CuSO, solution, with the behaviour of the

2774 : 4
three other sulphate convcentrationsolutions being studied less intensively.

i) CFST, Steady-State Measurements with 0.125M NaZSO4
--0.004M CuSO : ‘

Exper1menta1 results for th1s system are tabulated in
Appendlx IvV.7. | |

- The correlation .,of KL4a with PG/VVL is given onA Fig. (4.9).
-The c_orre’lation is lihear with respect to (PG'/VL)'n in the mid-power
range, and _exhibits non-linearities at both._the low and hi.g'h ends of the
power range. ' | | .

v At agltatmn power inputs greater than 7000 ft- lbf/mm ft3

the behavmur exh1b1ted on F1g (4.9) indicates that there is little or
no effect of VS upon K 4a if v 'Via'greater'than or equal to |

S

0.0075 ft/sec.

For power mputs in the range of linear KL4a versus (PG/VL)

behaviour
. -3 0.90 | 0.39
®re*o.2sms0,= T 0725110 WBG/V )" vg) ™ (4.5)
| o 0.90 0.3 '
for values of (PG/_VL) (vg) ? less than 238.

Unlike the other solutions tested (excepting 0.22M KCl),

when K. ,a for 0.125M sulphate is correlated with impeller rotational

L4
speed the correlatmn does not appear to be affected by the aeratmn
rate, as shown on Fig. (4.10). The correlatlon of Fig. (4. 10) is 11near

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‘ MIKCI).

;1) SBST Unsteady State Measurement

~ All four concentratmns of sulphate solut1on--0 125M, 0. 250M

0.3:7SVM, 0.500M, each with 0.004M cupric sulphate--were studied by
using the transient abso‘rption technique. The cornputer-calculated're- :
"~ sults for the four solut1ons are tabulated in Appendlces 1v.8, IV, 9,
Iv. 10, and IV. 11, '

The transiently-determined values ot' KL4a are compared
to the eteady-state correlations on Figs. (4.11), (4. 12), (4.13), and
. (4.14). As tound for Medium’A-i (Fig. _4.6), the agreement at‘each
.value of the aeratlon rate appears to be reasonably good, except at the -
low end of the power input range where perfect gas mixing in the dis-
persion is niot assured. F_rom.Figs.’. (4"“) to(4.14), inclnsively, it is
evident that the value of 'KL4a at a given agitation - aeration rate is
independe'nt of the sulphate concentration over the range 0.125 to 0.500M,
in agreement with thé results of the prelimi_nary screening tests |

(Fig. 4.8).

2. Overall Volumetric Mass Transfer Coeff1c1ent for Oxygen with
Chemical Reactlon (K L4 a)

K;;‘}a results for the absorption with chemical reaction of oxygen
from air 1n the 0.50M sulphite' oxidat'ion:vsAystem are tabulated in Appendix
V. 12. | | - | )

a w1th IsG/VL is shown on Fig. (4.15).

- g . r
The correlatron of KL4

The behaviour_ of K. a is avna‘logou's to that of KL4a in sodium sulphate °

L4
(Fig. 4.9) in that the slopes of the lines in the 1inear regions are identical
(n = 0 90 in both cases), the aerat1on rate dependency is almost identical

(m = 0.38 for sulphite, 0 39 for sulphate), and there is a 31m1lar dev1at1on



-148-

- v%$=0.00375 = '
o3l @ 0:-125MY | | 0@
= T oozsomMl ;04
. A 0.375M [ cy's0O
o
R
-
'02 — -~
- 1 . 1
102 o 104
Ry /VL (ft-1by/min-£47)
XBL 714-3229
' ' f‘ig.-4.11. Comparisen ofe KL4# vVal.ues in.0.125M Na3804

+ 0.004M CuSO4 Determined by Unsteady-State
Probe Response (Data Points) and. Steady -State
Measurement (Lme) . :



-149-

" V= 0.00750 |

| e0.125M

103+ o0.250M |
| a0.375Mm} 0:004M

= 0 0.500M) €U S0,

-
v
_ -
x‘.
- ,
IO
102
Fﬁg.34.12.

L v L
| 103 - 104
P./V, (ft-lb /mm ft3)

XBL714-3226

Cdmparison’ of Ky,4a Values in NapSO4

~ 4+ 0,004M CuSOg4 eterrnmed by Unsteady- State

Probe Response (Data Points) and Steady-State
Measurement (Line).



-150-.

Vs=001125 |

-IO3-'-__,; 8:'22550M_\. o -
T 203 (e &
= - J /
£ 7/
2
< 10%}- T

0F 1o o 104
R/V. (ft-1bg/min-ft3)

XBL T1k-3219

Fig. 4.13. Comparison of Ky 42 Values in Na;SOy4 _
: + 0.004M CuSO4 Determined by Unsteady-State
Probe Response (Data Points) and Steady-State
Measurement (Line). o



({\hr" )

‘KL4Q ‘

-151-

T T i]|1rl| T ,’]v[[_T” T

| Vg =0.0I50 ft/sec : o ]
O 0.125M Na2 S04 -
| O 0.250M NapSOq| ...
10— A 0.375M NapSO4 [ O004M CuSOs —
C O 0.500M Na3 S04 | .
B
| o
022 ©
_ Lot il N
loz ' |03 : |04
Pg/VL (tt-1be/min. £13)
. v XBL?_II-2578

Fig. 4.14. Comparison of Kj4a Values in NaySOy4
: ~ + 0.004M CuSOy4 Determined by Unsteady-State
Probe Response (Data Points) and Steady-State

Measurement (Line). _ '



-152-

Vs
® 0.00375
v 00075
B 001125
A 00150
~ 10°F | |
|
£
o /
= v .
x ®

, S _ i
102 - i0® - 10¢
Fs /VL  (ft-1b, / min-ft3)

XBL714-3224

Fig. 4.15. Overall Volumetric Mass Transfer Coefficient for

Oxygen with Chemical Reaction in 0.50M NaZSO3
+ 0.004M CuSO4.



-153-

from linearity at the high end of the agitation power range. However,
at the same agitation power and rate of aeration, I{E4a in the sulphite
solution is greater than KL4a in sulphate solution by a factor of 2.1.

In the sulphite oxidation system, for the stirred tank used in this

r

~ study, the KL4a - dependency upon the agitation and_aération parameters
is g'iv.en by ‘
T . eniinc3 ,0.90, ,0.38
KL4§ = 1.52(10 WPL/V ) ,(VS) , (4.6).
" for values of (PG./VL)O'go(VS)_O'38 less than 412.

r
L4

linear relationships for values of N greater than 1000 rpm, as shown

Correlation of K ,a with impeller rotational speed resulted in

r
L4

of the aeration rate at low values of Vg but appears to become indepen-

on Fig. (4.16). However, the K, ,a - N relationship is not independent

dent of v Wh_en-thé superficial velocity reaches 0.01125 ft/sec or greater.

S
3. Comparisoh of Qxygen Overall Volumetric Mass Tr‘ansfer Coefficients
w . ' r y
A comparison of the KL4a and KL4a. dependencu}s upon PG/VL
for some of the solutions tested at superficial gas velocities of 0.00375
and 0.0150 ft/seé is gi-ven on Figs. (4.-1 7) and (4.18), respectively.

At all aeration rates the K, ,a values for purely physical absorp-

L4
tion of oxygen in the non-reactive evll‘ectrolyfe solutions examined are
appreciably greater than KL4a values in distilled water and aré less
than Ki4a values obtained by the éulphi’ce oxidation method. The

differehces are most Ipronounced at values of PG/VL greater than

5000 ftAlbf/min-£t3.
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At low aei‘ation rates, but at rélatiVely high power input, as shown

on Fig. (4.17), KL4a values in elecfrplyte solutions appear to be some-

what gre’éter,' the greater the concentration of the electrolyte. Liftle,
or no dependency upon the electrolyte concentration is evident at power
inputs less than 1000 ft-lb/min-ft".

At higher aeration rates, as shown on Fig. (4.18), the difference

between the K, 42's of the different concentration electrolyte solutions

i sr much reduced. ._ KL’4a values in 0.1M Medignﬁ A_-1 and 0.129M sodium
sulphate - cupric sulphate are almost idéntical to within e'xperiment'al
e'rrof";at a power inpﬁt gréat.'er than 10,000 ft-lbf/mih—ft3, whereas at

the lOwer'aerati.on‘rate of Fig. (4.17), the difference is aboﬁt three tixﬁes
'the maxunum estimated experimental efroi‘ for the CFST, s;ceady—

state. rf1ethod7 | |

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 generval,. variés onlyb slightly
with solution composition and ionic strength; except for 0.10M KCl,

0.35 < m < 0.43. In0.40MKCl, m was found to have a significantly
anomalous value. of 0.62. Howe'ver,r'the data suggest that there is a

general trend of increasing m with increasing ionic strength in the

' range 0 < I’T < 0.40, as shown on Fig. (4.19).

On Tthe other hand, Table 4.1 shows that there is a consistent trend
of increas'i'ng value of the agitation exponent n with inc.rea‘sing solution
ionic strength regardless of its chemical composition. As shown on

Fig. (4.19), n correlates with total ionic stréngt_h, ihéreasing uniformly
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Table 4.1. Variation of Agztatmn and Aeration Exponents w1th Solution

Distilled Water -

. Composu;mn
 Total
electrolyte
concentration T -
. (gmole/  (g-ion/ _
_Solution litre) litre) n m
Na,SO, + c'uSO4‘_a) 0.504 1.516 1 0.90  0.38
Naz.so4+_Cuso4(a)~  0.504 1.516 - 0.90. 0.39
0.379 1.141 0.90 0.39
10.254 0.766 0.90  0.39
' 0.41M Na.SO . + KOH-K.CO. 0. 418(b) (d) (c)
#2°%4 " 7 2773 |
Naz'so4,+’Cuso'4(va) 0.129 0.394-  0.90 0.39
0.435M KCI1 + KOH-K,CO, 0221® 070 (o)
KCl 0.220 0220  0.71  0.36
Medium A-1 0.100 0.136 0.71  0.43
Kl 0.100 0.100 0.63  0.62
KOH-K,CO, 0.0965") 055  (¢)
0.000 0.000 0.40  0.35

(@)4107%) M cuso,.
(b )Average of all runs.
(c )Not determined.

(d)o 90 at P, /v < 2000; 0. 60'at P /v > 3000.
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in the range 0 s r,

o < 0.4, and reaches a limiting value of 0.90 for

‘T > 0.4.
all T 0.4 |
The relationship between n and FT is analagous to the type of
surface adsorptmn behav1our descrlbed by a Langmulr adsorptlon

1sotherm (88) The variation of n w1th ionic strength, as illustrated N

on F1g (4. 19), is given by
n= 0L-4Q“+({)'.862 r /(0274 +T ) . 4

4. .Concurnent Oxjgen Desorption, Carbon Dioxide Absorption-with—Reacti-on
Expenmental tests of this concurrent absorptlon - desorption
technlque could only be made at the hlghest gas sparging rate poss1b1e
to measure on the rotameter, i.e., at a superf1c1a1 gas velocity of 0.04150
ft/sec. At the three lower sparging rates used before in the K 42 o°r
K£4a v'determmatlons, the degree‘ of carbon dioxide absorptmn from the
dilute inleti-‘gas was too._great,‘ particularly at high agitation rates,
resulting in't_he exit gas carbon dio:iide mole fraction becoming too
small'for accurate chromatographic analysis. Therefore, values of the
"aeration" exponent m w-efre‘ not determined for the solutions investigated.
'a) .‘KOH'- - cho3 Soiution_ (Average I', = 0.0965 g-ion/litre)

" The method was first tested experimentally in dilute solutions v
of‘ potassium hydroxide and potassium carbonate, the latter being
produced by the reactlon with carbon dioxide. The transiently- determmed
values of K 4a are tabulated in Appendix IV.13(A), while concurrently-
'measures values of a, HG , and the calculated values of kL4 ’, and

d

, are tabulated in Appendix IV. 13(B)
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Figure (4.20), shows data points and éorreiating lines for

K a, and k as functions of PG/VL - Individual k; , Ppoints

L4*’ L4 L
were calculated from the corresponding paired values of KL4a and a ,
by Eq. (2.1.22)_. ‘The liné repreéentixig the overall 'avera;ge behaviour

of kL‘; Qas computed frbm thé léagt-quares fittedv lines for K; 42 .
"and a. The resﬂt cléarly. show that for mass transfer of oxygen with-
out reaction the individuél parameters kL4 and a have distinctl'y, |
different dependencies _upoﬂ the‘agitation power per unit volume. There
is a definite trend of de'cﬁreasing k; , with increasing PG/VL in the

electrolyte solution, such that over most of the power range

k , @ ‘(PG/V'IJ)'O'34 | (4.8)
.The‘decreaée in kL4 with increasing PCT/V‘L 'accompahies
a 'decreasé in average bubble diameter from 0.23 to 0.034 cm, as shown
on'Fig.‘-(4._"21). The correlating line for db was calculated from the
lines for a and HG , vwhile' the individual d’b ‘data points are calculated
from paired values of a and HG , using Eq. (3.16). |

b) 0.435M KCl+KOH -K,CO, (Average ['}, = 0.221 g-ion/litre)

2
In order to detérrﬁine fhe kL4 behaviour in non-reactive

’ 0.22M KCI solution, a reactive (with respecf to carbon dioxidé) ané.log
solution was prepared by reducing the éoncentration of KCl to 0.135M

and adjusting the initial KOH and K CO3 concentrations such that, on the

2

average, the initial ionic strength of the reactive solution was 0.221

g-ion/litre as compared to 0.22 g-ion/litre for unreactive 0.22M KCI.
This con’sistehcy of ionic strength ensured that _KL4a di_fferenée's



-162-=

.:“ o ] i T :
' ' -
£1000 100} vs=00150 ' {o.10
S | Avg I'1=00965
v T oL A
- S
c (&
.
2 °
= o
® £
O . pm
o "<>3 o
2100 —10F 0.0l
s 5
g |
E S
— S
o B
0 " - —
§ 8
10 & | , 0.00|
= 103 S0
Pg/V, ft-1bs/min-ft3
| - XBL7I1-2579

.Fig. _4.20. Oxygen Mass Transfer Coefficients and Specific

Interfacial Area in KOH K2C03 Solutlon

- Liquid phase coefficient k4(cm/sec)



-163-

- —— —10.0

Interfacial area per unit volume a (cm™)

00—

"vg=0.0150 ft/sec

| Avg Ty =0.0965 ]
1o+ —1.0

1= —o.1
ol 1 0.0

o 108 B (o

Ps/V.  ft-lbg/min-ft>

XBL711-2580

- Fig. .4.2.1. Specific Interfacial Area, Gas Fractional Holdup, .
: and Average Bubble Diameter in KOH - KZCO3 :
Solution. ’ :

Fractional gas holdup Hg or bubble equiv. diam. d,,{cm)



_164_

béfweén the.nop-_reactiire ahd the reactive (with- carbon dioxide) KC1
solutions would be slight; significantly différent KL4? dependencies
upon PG/VL can result from small changes in the ionic strength in |
the vicinity of 0.22 g—ion/liti'e, as illustrated on Fig. (4.19).

. KL4a values détei‘fnined'frdm the tr:ansient desoprtion model,
Eq. '(2.83), are tabulated in Appendix IV.14(A).V Concurréntly measured
values of ai. and HG .rand calculated values of kL4 and db are listed
" in Appendix IV.14(B). - |

The K, ,a correlation with P./V, shown on Fig. (4.22) for

L4
" this reactive solution is in close ag'r_eement with the K'L4a ‘correlation
for 0.22M KCl1 determined from Steady—sté.te experiments and given
previously on Fig. (4.7).‘. The transiently-determined valﬁes are sérﬁe- _
‘what greater at the low end of the deer raﬁge--the same phenoménoh :
‘as noted before on F_ig. (4.6) and Figs. (4.1_1) to (4.14), inclusive--and
slﬂig.htly lowér at the Ahigh end. |

The kL4 data points and correlating line v'on Fig. (4.22).w¢re
detei‘mir;ed ih the same manner as for Fig. (4.20) discussed previously. -
Here, téo, it is evident that the liquid phasé coefficient for oxygen mas;
transfgr without reaction decreases in value with increasing PG/VL .

- The rate of decrease in k does not appear to be uniform over the

L4
entire power range> investigated; the .kL4 data points on Fig. (4.22)
suggest that there may be a plateau-like region in the range
2500 < P, /V, < 8000 over which ky , is independent of P./Vy, -

The average bubble diameter decreases concurrently with kL4

as sho_wh on Fig. v.(4.23), going from 0.142 tvo">0.0"23 cm. ,Individﬁal data
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pointé*an_d the éorrelating line .fepvres_e‘nting thé overall behaviour of:
db‘ we.re lécated-by the proéedure discussed in reference to Fig. (4.21).-.
' . Af fhe minimum bubble diameter of 0.023 cm, the correspond-
ing 'kLé e 0.0103 cm/sec ‘This value of k, , is 'é.b.oﬁt seven ti'mes.
greater_thé,n that for a stagnant spheré of tﬁe same diameter surroundéd
by an infinite fluid '(sherw’ood number of 2.0). |

| 2SO + KOH - K2CO3 '(Ayerage F‘T = 0..418 g-ilo'n/lvitre)

 ¢) 0.41M Na
' This solutibn’ is ..a_ carbo_h dioxide reactive analog of 0.125M

Na,SO, - 0.004M CuSO, (I'y = 0.391). The transiently-determined K, 2
yaiuéé aré{list.ed‘_in Appendix IV.15(A), with gorresbponding»valués of
kLb4"‘ a, ‘-HG , and ab givgn in Appendix IV. 15(B).

o , The. KL4a r_esulfs are shown on F1g (4.24) and are in general
agreement with ;he behavio_ur of 0.129M N-aZSO4 - CuSO4 sol_i_:.tion at this
superficial gas velocity of 0.0150 ft/sec, as shown on Fig_. (4.9). Both
CdrfelatiO'ns have a stréight-line pbrtion' of slope 0.9‘0'.'1n .the region

 600 < PG/VL < 2500, with deéreasin-g slope as the agitation power is
increased aBove this level; for the reactive (with carbon dioxide) sulphafe
solufiéh,_ n has a value of 0.60 for PG/VL > 3006 ft—lbf./min—ft?’. |
T.he individual K; ,a data pvcv)ints for the reactive 0.41M Na2504 + KOH

- KZCO3 solution agree well wifh the Ky ,a correlation for the ,Anon-

. reactive 0.129M NaZVSO4 - Cu$04 solution-.v' sugge sting .th'af the addition

of a relatively small concentration of KOH anc_iv,KZC'O3 to achi_evve carbon
dioxide i’eactiqh 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 individual I{L 4 data points and the a\;e‘rége behaviour
qo_'ri_rela.ting_‘ line on Fig. _(4;24) were'loc.a't_éd in the same‘:nlanner as for
Fig. (4.20). In tﬁis solution, 'ka4 remains nearly-constapt as PG/YL
>-vin¢réas'es ffom‘400 to 1000 'ftv-lbf/‘min"—ftz’._, and then 'markedly decreaseg
with iﬁ@i‘easing PG/VL in an apparently uniform manner. For
‘PGZ/_VI‘J > 1500, k; , varies as |

-0.425 ' o
_,.kIA (Pg, /v )" » (4.9)

‘The average bubble diameter behavmur para.llels that of kL 4’
as shown onFig. (4.25). The specific interfacial area in the 0.11 M
= 0.418), is only about 10 percent

Na,S0, + KOH - K,CO, (average T

4 T

greater than that in 0.135 MKC] + KOH - K,CO, (average I'}, = 0.221), re-

2
| flecting tthet fact that there is 1itt.1e diffei'ence in the absolute values of K, ,
~at this lughest gas spargmg rate as shown on Fig. (4.18).

d) Effect of Varymg Ionic Strength on Results

As prevmusly discussed, the concurrent oxygen desorptwn,
cai'ibon dioxide chemical ébsorption technique as applied here results in
a pseudo-steady state process wherein the carbonate ion concentration
and, hence, the ionic strength increases with t"ime. The percentage
increase in II‘T during a particulaxf"run depends upon the rate of carbon
/dioxide absorption-with;reacti'on, the rate of addition of concentrated
KOI—I for pH control (which depénds on the:molarity of this feeci stream),
and ﬁpén the ionic strength contribution of any non-reactive salts present.

The incréase‘ in F'I‘ is greatest in the KOH - K,CO; solution
as these two componénts are fhe only electrovlytes present which cbntri-

bute ionic strength. Each mole of carbonate. produced from the
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stoichiométri‘é amount . of hy‘vd_zfoxide _in;c‘fea.ge_s the i'on.i_c_';st.rehgth,contri-v
" bution of that afnéu'nt of solute by 50 percent, _cb'ﬁsidering Eq. (3>.22) in
conjunction vwith Eq. | (2'.'114)‘. (l)»n:#he other.hé;nd_, in 0_.1.1M N.'a,ZSO4 .
+ KOH -K2C03 for example, the-gi‘eatest‘contr’ibution to FT comes
- from the sodium sulphate, and _the conversion of hydi‘o_xide to carbonate
 has much ‘less effect on the time ?ariancé in ionic str'iength. |

| The increase in carbonate ion .com::e.ntratiqn during a run can
be calculated from ; ﬁlatetial balancle difféfenti_al equatidn, which upoh :
integration results in |

[coy7], = [€O,7] + 10°RY, /D)1 - exp(-Be)] (4.40)

where D in.this case is the dilution rate with reépgct to the feéd.of.
is the volumetric ‘rate' of

concentrated KOH added on.pH .co'nirol,v R:/'3
chemical absorption of carbon dioxide, and thé concentrations-are ex-
pressed as’ gmole/.litbre‘. | | .

Equation (4.10) .shows'that'the'raté of increase in ', ~ is most
pronounced in the initial time portion of é.-run. Deéreasing the concen-
tration of KOH in the pH-control feed stream would result in a decrease

in D ata given RY

— th'exfeby reducing the rate of increase in FT .
However, if D becomes a sigﬁific‘ant qﬁanﬁify, 'thei oxygen deso'rptiqn
process can then no 1onge1; be consider'éd to be a siemi;ba-’cch one, .a"nd
Eq. (2.83) would not be applica‘bie, a more-cdmplicated model being
requiréd to describe the process. |

In pfactice, oxygen desorption data for the evaluation of VKL4a

where taken over a 50 to 90 second time p.eriod. following the step change
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in ..inle.t 'gae oornposifion, the actual time interval de.pending upon the rate
of 0xygen de‘sorption_. Carbon dioxide abéorption;With-feaction instan-
tane-o'n_s point data for the evaluation of a were taken after an elapsed
runtnneof 3to 6 nlinutes; ‘t.h'e actual‘ sampling 't.ime interval varying_
with the'ra’_ce of c.arbvon dioxide chemical absorption, smaller time inter -
vais being ue'ed at the highei agitation‘rates. |
Because of the trans1ent increase in ionic strength the phys1-—
cochem1ca1 propert1es of the aqueous phase at the ‘time of KL4 mea’”-
surementvand at the t1me of meas‘urmg a were not str1ctly identical.
'As ‘a, in general, increases with 1ncreas1ng 1on1c strength the value,e.
of kL_4 ~computed fr.om Eq. (2.122) which assumes constancy of a,
are, fherefOre., poseibly s‘or’newh'at'low. In the case of the KOH K2C03
: solut1on, at hlgh agltatlon rates (h1gh carbon d1ox1de absorptmn w1th- |
reactlon rates) the ionic strength typlcally mcreased about 30 percent
over a 3to 4 minute tlme 1nterval (e. g , mcreasmg from an 1n1t1a1
value of,, say, 0.08 to a final value of 0 105 g- 1on/11tre) at low agitation

rates, the increase in I'_ - over the same time period amounted to less

T _
than 10 percent. For the 0.11M Na SO + KOH - K CO3 solution, the

2774 2
in‘crease.in F-T at h1gh agitation ratea was only about 12 to 15 percent
in 3'to 4 iminutes, and atv the.lower end of the agitation rate range was
on the o.rder of 3 to'5 percent. A definitive i'nvestigation of the effect of
ionic stre'ngfh on a .'. was not .done as part of.t'his.investigati.on. However,
-'compari'son of ftne area data on Figs. (4.20), (4.22), and '(4,24)‘ indicates
“that -a Vincrea.se's about 20 to 30 percent with an increase in FT from

10.09 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
de’sbi‘p_tion and the’ later-time measured a ,. and hence the error from

_this source in the calculated value of kL4 for 0.135M KC1 + KOH - K2C03

_SO4 + KOH -.K_ CO, solutions, amounts to less .than 5

2 2773

percent over the entire agitation range.

and 0.11M Na

o | | A few CFS‘TR runs were médé with KOH - K2C03 solutions of
éverage FT equal to _0.9886 in érder to e\}alﬁate K420 2 and kL4‘
in steady-‘vstate-. The resﬁlté are’ cdmpafed.to those obtained from tran-
gsient oxygeh desoi‘ption with pseudo-steady state ‘carb.on dioxide
absorption-with reaction runs in 0.0965 T';. (average) KOH - K,CO,

-at the same agitation rates in Table 4.2.

5. Generalized C.orrelation for KLa'

KhoWledge of the variation bf the agitatidn power exponentr (n) with
solution ionic strength as given by Eq.v (4.7) and illustrated on Fig. (4.19)
dde»éﬁot, by itself, enab_lg KL4a' to _be éfedicted a priori for a parti-
cular electrolyte solution which is agitated and aerated at prescribed
rates. To predict the oxygen mass transfer ca?abilities under these
circumstances, it is desirable tb have a generalized empirical correla-
tion :éléting .KLa_ to the a.git;tion .and sparging ratég, as well as to the
pertinenf physiép_cherhical properfiés'of the. solution, namély, iénic
stréngth', interfacial tension, viscosity, diffusion cdefficient, .apd
density.

The aque.ous—pha.s'e viséosity, density, .arid diffusivity and the inter-
facial tension of th.e various solutions investigated in fhié s'_tudy for the

most part did not differ from the corresponding values in water by more
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Table 4.2. Concurrent Oxygen Desbrption, Carbon Dioxide Absorption-
' With-Reaction: Comparison of Steady-State and Unsteady-
~ State/Pseudo-Steady State Methods

Agitation rate Kp,43 (sec-1) a (cm-1) k 4('cm/sec) '

' N (al)‘ (b) (a) (b) . (b (b)
900 0.0747 0.0820 3.44 3.0 0.0228  0.027
'1000,' ~0.0907 0.0944 4.75 5.23  0.0191 0.0180
1300  0.467 0.464  11.6  10.5  0.0144  0.0156

1600 0.248  0.253 18.4  19.0  0.0437  0.0133

(a) CFST, -steady-state'method. _
(b) Unsteady-state Oz desorption, pseudo-steady state CO2 absorption-
- with-reaction.

than 15 percent. .The'refo;'e, any effects upovrit KL4a or K£4a behaviour "
due to th'es»evphys'ico.chenvlical parameter.sbannot be meaningfully deter-
rhi‘ned from the experimentai results.: Thé effect of these pa'rti.cular
parvam’eter‘s upon KL4a must, therefore, be'_obtained from the result;
of §the_ré. 1n systems wherein these proi)ertiés were varied over a signi—
ficantly wide range of v'alti.es. v

‘Fo‘v'r non-electrolyte solutions or for puré liquids, combining fhe
results of C‘alderbau»ﬂ; for ‘a (10) vﬁth his resulfs for kL (‘9‘) or.with
the kL _correlatioﬂ of Calderbank and Moo-Young (16) obtained in stivrred

. tanks having geometric ratios identical to those for the tank used in our

¥ work shows for "small" bubbles (db < 0.2 cm) that

kpa (pL)O'Z(Ap)1/3(DL)2/7/(010'60(ML)1/3» : (411)

T
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where‘ Ap ié the density dif_fe’,rehce betwéen the liquid and dispersed
-gas phaéés. | |

'Usbling the close apﬁrqximation thatuAp ~ Py ,v Eq. (4.11) may be
wriften as ‘ | ‘

1/3

Ka e (p) 3D 23000 W) = s, )

whereby the physical property factor £ is defined.

Weéterte_rp et al. (412) introduced physical property factors into

r.
L4

pure carbon dioxide absorption-with-reaction in viscous sodium hydroxide

their correlation for K. ,a in sodium sulphite. Experimentally, for
solutio'ns_containing varying amounts of glycerol such that My, wés varied
by one ‘o'rd.er of magnitude, they found that ',what they considered to be a
(see discussion in Seétion V. 4) varied directly with viscosity. Using, in
addition, the empirical result of Vermeulen et al. (101) which predicts
that a varies inversely with o for gas dis'p>ersbions in non-electrolytic
liquids, and the theoreti_cal.considerations' of Hinz_e (142) concerning the
-effects of 0 and PL upon a , W.esterterp_e_t,ﬂ. correlated sulphite

oxidation data obtained in various size tanks on the basis of

T

Kia

0.50
a « ML(pLDT/G) DI(N - NO) , (4.13)

in which K;_A is unaffected by viscosity, density, and interfacial
tension. However, as their é'ulphite soluitons were all of one fixed con-

‘centration, , and O were not, in fact, variables, and variation

Ll P IPL
in the values of the data points reflected only variations in tank diameter

(Dp). impeller ‘di‘arrieter’(DI), and N .
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‘Equation (4.13) is in genéral #greement with Eq (4'.‘12) as far as
the effe¢t's of density and ihterfacial tension afe concerﬁed. However,
the two equations ére in disagreemenf, with respect to the effect of vis-
L? decreases with increasing p
‘while Eq. (4.13) predicts the opposite behaviouf.'

cosity, Eq. (4.12) predicting that K

The dependency of kL;.v upon u ,. p , D, ., an’d. 0 determined
from the works of Calderbarﬁ_c_(iO)- and Calderbank _aﬁ;d Mdo-Young (16),
namely Eq. "(4_.'12)', wés 'adoptéd for use ink‘the devélopmént of the gen-
éraiized éorre.lation. Equation (4.12) has been exPerimét_xtally tested
over a wider fan‘ge of values of these va,ria'lvnles than has Eq. (4.13) based
oﬁ the work of Wester.terp‘ et al. It is t'hereby. assumed tha.,‘t‘th;e empirical
or éemi-emﬁirical"va,lués of the exponents in Eq. (4.12), which were
obtained by vary_ing.the' ph?éical properties of non-electrolyte éolﬁtions,
are direéfly applicable to solutions of elebc't.:rvvolyte‘s.
o To develope a geheralized correlafion in a form useful for bredict-

ing K,a or K'a values for other sj)aringly-s_oluble gases in addition .

L L

to oxygen, it was assumed thét, in general,
_ \n, .m ' -
6“’*PG/VL)(VS’ £, | (4.14)

where € dgnotes either KLa orb Kia/cb , and the proportionalityv
: con’stant'uk is ;ssumed to be a function of;ioni_c strength.

Rétél_iff and Holdcroft (85) étudied th’t‘a eff'ect of visc‘osity ‘upon
diffusivity, Spécificélly in eiect:olyte solutions of the same general
solute concentration range uréed here. Using c‘arzbon dioxide as the dif-

fusing solute at 25°C, the results of their study showed that -
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Dy = Dy (/i) (4.15)

where subScript w denotes the value in water. .Diffusivities predicted
from Eq. (4.15) agreed with the1r expenmental measurements to within
4 percent. As sumlng that Eq (4 15) also descrlbes the var1at1on of
oxyg.en: diffusivity w1th electrolyte solution viscosity, values of DL4 for
the solutmns tested in our work were calculated by using the reference
Vlf 4 and expenmentally -determined pw/ "LL data of Appendix III 3.

. Electrolyte solution v1sc081t1es relat1ve to that of water at 30°C were
measured by us1ng an Ostwald capillary v1sc.ometer

Values of § for the systems which were studled the most
" intensively are shown on Table 4.3. The pertinent phys1ca1 property
‘data for these solutions are given in Appendi::c II1.3.

The o'rigbin'al correlating equations for these systems--
Eqgs. (4_.1‘)’, (.4-.3), (4_:.4); (4..5), and (4.6)--did not include the physical
property factor £ as incorporated in the .gerleralized correlation given
by Eq. (4.14). The values of A given in Table 4.3 were therefore ,.
calculated by dividing the proportionality consl:a.nts of Eqs. (4.1) and
'(4.,3_) to (4.6), inclusive, by the corresponding values of £.

As shown on Fig. (4.26), .)\ decreases uniformly with in-
_ crea__si_ng I‘T until a lower limiting value of 2.10 is reac}led at an ionic
streng’ch of O..40 g—ion/lit_re (the same value of FT~at which n reaches
.a.n upper limiting value as ‘shown on Fig.. 4.19). In the region =
0< I‘.T\<_-0.40, t}le-correlating line of Fig. (4.26) _follows a L.a,ngmuil'
adsorption type o:f beha’vlor. The overall behavior of N with respe-ct'

“to FT is well described by
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Table 4.3.. Values of ¢ and A\ (Eq. 4.14) for éxp_erimental

Solutions.
4
Aqueous phase £X10 A
Water 7 3551 18,9
Medium A-1 = - | 3.49 9.4
0.22M KCl ’ _ . 3.49 6.21
- 0.125M Na,SO, + 0.004M CuSO, 3.46 2.09
0.250M Na,SO, + 0.004M CuSO, 3.45 2.6
0.500M Na,SO, + 0.004M CuSO, /3.08 - 2.35
0.500M Na,SO; + 0.004M CuSO, 2.96 2.45
N = 18.9 - 28.7T'/(0.276+ Y, (4.16)
' wheré
o= ' £ 0.40 ,
r r., 0s=Tg 0

o - (4.47)
' = 040, I[q > 040,

The gené'ralized_ correlation in the form of Eq; (4’;14)'13 shown -

on Fig. (4.27) for seven of the systems.inve.stigat'ed. For sulphite oxi-

dation, the value of '¢4 defined as the ratio of K;:Aa. ‘in the sulphite
solution to K; 42 in 0.125 to 0.500M Na,SO, + 0.004M CuSO, solutions

is 2.1, as obtained by dividing Eq. (4.6) by Eq. (4.5), neglecting the-
minor difference vbét-weeri the two aeration exponents.. For the solutions
‘used in conjunction with the concurrent measurement technique for’

separately evaluating k and a , the value of the aeration exponent

L4 v
" was not determined experimentally. For inclusion in the generalized
correlation, the carbon-dioxide reactive soluti_.oné' were assumed to have

the same value of m as their corresponding non-reactive analogs.
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| That is, the values of m in 0.435M KCl + KOH - K,CO, and 0.11M

N::IL'ZS(-)4 + KOH - K2C03 were taken as being 0.36 and 0.39, respectively. -
Thé linear portion ofthe,'co'rrelating line of Fig. (4.27) has a siope
_of unity in accordance wifh the p.rediction.o.f Eq'. (4.14). For values of
the two cofrelating para.xne't'ers varyin’g by n’eé.riy three orders c;f ma'gn'i-
tude, the vast fnajority of the.data'poir.xts agree with the cérre],ating line
to within 15 percept. The correiating line de\.riates from 1ineérity at |
abéissa values greater than 2000. This deviation'reﬂe.cts the declining
réte of increase in KL4a and Ki‘}av with increasing PG/VL which -
4 + 0.004M CuSO4 and sulphite

~ was observed with both the 0.425M Na,SO
. oxidation solutions at valueé of PG/VL greater than 6000 ft-lbf/mih-ft3,

as shown on Fi’gs."(4.9) and (4.15).- _
Data points fér KOH - K2C03 and-O 10M KC1 'solﬁtions are not

shown on Fig. (4.27) as they do not fit the correlation w1th1n 40 percent
The dlfflculty in minimizing the ionic strength increase in the KOH - KZCO3
solution over a run may have resulted in the data points for this system
not following the generalized correlation. 0.10M KC1 solution exhibited

an anomalousrvalue of . m as previously discussed,( and in addition the
'Valués of KL4a at given values of pG/VL and Vs are greater than
wéuld be anticipated with fespect to the othelf solutions tested, assuming v,
KL4a 'inpreases uniformly with increasing ionic strehgth at ionic
strengths less than 0.40.
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V. DISCUSSION OF RESULTS
1. Oxygen Probe Transient Response Models and Computer Evaluation
K, ,a : ' '
L4 4 » :
The LSQVMT éomputer programme for the evaluation of B which
best fit the experimental da_ta to the theoretical transient 'response behav-
iour of the dissolved oxygen probe--Eq. (2.75) for absorption and Eq.

.(2.._83) for de’sorpt’ion--resulted in values of KL4a which agreed well

* with the steady-state experimentai values of 'KL4a computed from Eq.

(2.'35).,_ at the same agitatioh and aeration rates. The close a.gree,ment_',
except at values of PG/VL less than about 1000 ft-lbf/min-ft3, is
illustrated on Fig. (4.6) and Figs. ('4.11) to’ (4.14), inclusive.

- However, feferring to Fig. (4.9) for 0.125M Na SO4 - 0.004M

2
’ 'CuSO4. it may be noted that there is not a great deal of difference between

the valﬁés of KL 42 obtaihed at a given agitation power input but with
varying aeration rate. Even at powef inpute greater than 1000 ft-lbf/
min—fts, it is év_ident from Figs. (4.11) to (4.14), inclusive, that thé
de’gre‘e of scatter of the transiently-determined KL4§‘ points about the

vst'eady-ttate correlation lines is of the same magnitude as the spread in
‘KI;AYa values at different aeration rates found on Fig. (4.9). At the

réléti?ely-high_ values of KL 42 exhibited by the sulphate solutions

whereiri’ I',. = 0.40 g-ion/litre, the oxyg.'en probe transient response

T

becomes less sensitive to differences in the aeration rate. Therefore,

L4

unsteady—sfate response method is inadequate for the precise determi-

in solutién’s of high» K. ,a potential, ‘it appear_s'that the oxygen pro-be

nation of the effect of vg upon KL4a y i.e., it is not sufficiently sensi-

tive to the effect of IVS such that the aeration exponent m may be

-
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acc‘:ur‘.ately e\}aluated‘..- Howéver; é,s the effect of Vg 'upon KL4a .
although being 'nﬁeasurable in steady-state, is small, the oxygen probé :
‘ transf.ent-résponse 'techniquev'of KL4a measﬁrefng'nf results in reason-
abl.y 'accu_r"atse values. of KL4a ‘vas lo’n'g as the well-mixed disperse gas
a‘ssumpt‘ion is met in practice. The lower l_irnit of applicability of the
_models a-p.pea:rs t.o occur at a vaiue of PG/VL in the viéinity'of 1000

ft—lbf/min-ft3 for electrolyte solutions and less than 300 ft—lbf/min-ft3

for distilled water.

2. Overall Volumetrié Mass ('I‘ransf‘er Coefficient for Oxygei'q (KL4a)
a) Water v |

Calderbank (9), for air dispersions in pure liquids including
water, measured KLa at 15°C in stirrea tanks having geometric ratios
identical to the one:used here; the power range .inv'estigaf.ed in his work
was 330 < PG/VL <3300, Ina previous work, 'Calde'rbank (10) mea-
sured a by opfical light écattering and found tha‘j: a varied as
(PG-/VL)O"4(VS)O°5; combining the results for KLa and a ,.‘ .kL was
found to be independent bf the agitatién powevr‘ input for both ''large"
(> 0.25 cm. diameter) and"'small” < 0.25 cm. diametér) bubble size
raﬁges,_ being dependent'.only on the component's liquid phase diffusivity.

9'5 . The results of the

. 0.4
; \'4 *
Hence,. KLa also varied as (PG/ L) (VS)
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 = O..35) as shown by Eq; (4.1).

Calderbank and Moo-Young (16) developed generalized correla-

tions for the agitation-rate independént behaviour of kL in dispersions,
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" the "la:geff'and ""small' bubbie size ranges having different dependencies .

" on the Schmidt and Raleigh numbers. Small bubble kL' was found to be

lje'sg than large bubble k, , as shown by Eqs. (5.5) and (5.6) in Section

L

V.7. Combining ”la_rge" bubble kL4' results (16) with the correlé,tion

for specific interfacial area (10) permits the. numerical evaluation of

5

K 4a' in air-water dispersions at 30°C. Using a diffusivity of 2.7'4(10- )

L
cm‘z/s'ec foerxvygen in water at 30°C, the .generalized correlation of

Ca’ldér-ban’k and Moo-Young (16) predicts the value of -kL 4 to be

0;04_89 cm/sec for ''large' bubbles. The specific area céfrelation of
Caldexbahk (10) predicts values of a ranging from 0.329 to 0.82 cm'1
over the range 300 € P_/V < 3000. The Calderbank:Calderbank-

Moo-Young combination of correlations results in

(e 2hy o = 0.50 (5.0)

_ -3 0.40
)2 13.7(10 )(;DG/VL) (vs)

L4*
The_ﬁropdrtio’na.lity constant in Eq (5.0) is slightly more than double -
that of E,q.' (4;.1) which correlates the water K, 4& Tesults of this
present study. However, over the range 0.00375 < Vg < 0.0150,

0.50 5

valués of (VS) in Eq. (5.0) are about 6n¢—hé.1f the values of (VS)O'3
in Eq. (4.1), ‘the h"et-‘ é_ffect'be.ing that values of KL4a computed from
Eqgs. (4.1) and (5.0) generally agree to within 10 percent at the same
agitation and aeration rates.

| | Using 12-blade turbine impeil_ers of DI/DT_ ratio §f 0.40 in
‘,.tanks .of various diafneters, Yoshida et g_l_. (14) rnea_surec_'jl KL4a in |
water a;tv 20°C by using only the simplified "gassi.ng-in'.' rﬁodel of Eq.

(2.16) to describe the overall transient phase behaviour. They found
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0.67

3p,.2)0 67 ) for values of NZ"DT2 grea,t.er

'that. KL4a varied asv (N DT ) | (v S
than'é.boﬁt 3(106) ftz/mins. They further found that the effect of tempera-
ture on KL4a in \%{ater to f:e ne.gligiblev; values of KL4a. determined at
20 and 40°C were reported to coincide over the entiré range of agitation
rates. o

b) _Electrolyte Solutions

Values of KL4a for the various ‘electrolyte solutions were

appreciébly greater than KL4é values obtained in distilled water, the "
magnitude of thevdifférence increasing with incréasing PG/VL . As
shbwﬁ by F1g (4.17) and Fig. (4.18), at 10,000 ft-lbf/nrxin-ft3 , KL4a
in non-reactive électroly‘te solutions has a value‘ on the order of 1200

1 (0.3'sec-1), while in pure water K ,a is only about 200 hr—1 '
(0.0556 sec‘-i), differing by a factor of about 6.‘ In many cases the '
extent.of microﬁial growth in miﬁeral salts media ﬁtﬂiiing dispersed
n-alkane Ias the carbon and energy source substrate is limited by the
_oxygen supply capability of the stirred tank. Cell product1v1ty estimates
based on a K L42 correlatxon for pure water would, therefore, be
erroneo'u‘sly.low by a wide ,margin.
a .in electrolyte solutions resu’lts‘in

L4

large values of the agitation power eicponent n as the ionic strength of

The higher valué of K

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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ffr‘brr.l"t'hose df water by less than 15 percent for the solutions tested
(Appendix IIL3). | |
o The vseparate effects of variétions in viscosity, :_density, and

interfacial ténsi'on obtained from direct expe:imentation- with electrolyte
solufioﬁs have not been well defined :'m the literature. However, for

| pﬁre* liquidé or ﬁon—elécfrolyte_ -solutions, the works of‘Caldgrbank (9,10)
" and Caidérb#nk 'andr'Moo»-Yoi).ng (16) indicate that K; 2 for dispérsed
bubblés of aiv'e,ragvev di_arheter less than 0.2 cm Variés'\as (pL)0'533(D’L)2/3/
00.6(}.(.1-‘)1/3“, as given b.y Eqgs. (5.10) and (5.1"1). It is not certain that |
the dépend.enc»y. of KL4a ﬁpon these parameferé is the same in glectrolyte
| éolutions, but as. a fii'st approximatioﬁ it appears that th_é increase in n
shown on Fig. (4.19) cannot be atti"'ibuted.‘to these factor's. 'to ahy s'ig;ﬁfi-
caﬁf'de'gree. It is known that the -additibn’éf small quantities of solutes
to_watéf may .a’ppreciabh:r decrease the'bubble size, even~thoughvother
phyéicochemicai properties remain essentially constént"(14,89). In .the_
caée of »e‘levét.rolyte so'ljl.itions, 'this_ phenomenon has been attributed to
eiec_.ti'-ical.véffect_s at the gas-liquid interface as discussed in Section V. 4;
repulaive foré‘e's gengi'ated by thé'/surfa'ce potentials hindel;'bubble‘ ‘

" coalescence, and the average equilibrium bubble size is tl.l.erefore
' smé,ller..- ‘Visual observation iﬁdiéatéd that upon a.dditiqn of inéreasing
améu_nts _of ionic vsolute, the averag‘e bubble diameter _decréased and the
disp'ers.e'd .ga'-s fractional holdup ‘increased. Thése obserx}ationsi_are in
7 quélitative agreement with the work of Calder‘ba_nk (1’0)', who measu_réd
the avei'age bubble diaméter of air disper.‘sions_ in solutions of sodiurﬁ

chloride,: sodium sulphate, and sodium phosphate. He found that when .
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the. ionic strengfﬁ exceeded 0.5 for sodiurn chlori.de', 075 for sodium
sulphate, and 0.6 g-idn/litfe for sodium phOSphatg, .the éverage bubble.
diameter reached a minimum limiting‘size which was about one ;half the
bubble diameter in pufe water at the same agitation”p'ower input.
Marrucci and Nico'&efno (89) studied.the éffect of electrolyte
concentration on nitrogen bgbble diameters in a Bubble column. They

found that d, decreased with increasing electrolyte concentration until

b
S a rmiﬁimurﬁ value was reached at which point ,db was unaffected by
furfher increases in electrolyte concentration; the minirﬁum bubble
diar_.neter"was'0.041 cm, regardless of thé nature of the elec.tr.olyfe.

The electrolyte éqncentratidn at which this lower db limit was reached
depended upon the chemical nature of the electrolyte used, ranging from
0.05M for AICL(T' = 0.3), 0.28M for KC1 (I' = 0.28), to 0.71M for KI

(T = 0.71). '

| In this present study, the agitation exponent n reaches an

upper limiting value of Ov.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 bf n

with I'. for bubble swarms in stirred tanks is in general agreement

T
‘with the values of PT 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' H_ ). It appears,. therefore, that

G
the variation in n with varying ionic strength primarily reflects varia-

tion in a , there perhaps being a secondary effect due to variation in

kL4 .
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'Microbiél processes for the i)roductio'n of singl_e-cell protein from
hydrocarbon substratés are -gen‘erally'conducted. in a ba,sél minéral salts
aqueous s'olut.ion of ionic sti‘e’hgth less than those which are commonly
used in soiuble shberate (e.g., glucose) media. T'he.se processes, and
other fermentations utilizing a medium of initial ionic' strength less
thaﬁ"OA g-idn/litre, if conducted .in a batch manner may experience an
appreciable dei)ietion of ionic strengt_h due to microbial _uptake of
eSsential.inorgaﬁic putrienté (ph(.)spha_tve,ssulphate, nitrogen), which, in
tulfn, :couid lead to éignifiéantly lower.values of KL4a as the growth .
process prbceeda. |
3. Sulphite Oxidation (K] 4a)

In this work, K, ,a for oiygen absorption in sodium sulphate and

L4

Ki 43,‘ f()r. ébsorpt_ion' wiih reaction in sodium sulphite soiutibns of identi-
ca'1>ionvic str'eﬁgths exﬁibit fhe same dépendency upon power input in the
range 300 SPG/VL‘S 4000, and Table 4.1 shows that the dependency
upon 'aefétioh rate is nearly _fhe samé in both cases. Ki4a/KL4a )

“however, is greater than 1.0, as pré(iicted by the theory':of ‘rna,ss.transfer
in the diffu.sionai-toffa.st intermediate reaction ‘régirrie, Eq. (2.116),
aésuming that thé valu'é of a is the same in both vsolutio‘-ns. Comparing
Figs. (4.9) and (4.15), the decline in K _,a in sulphate at high power

levels may be due to a decrease in KL4 as a minimum bubble d.iametér
is épproached; KIA » of course, depends as well on the kinetiés of the
reactidn,an'd is' less dependent on the hydrodynamics.

Defining an absorption coefficient for oxygen, »¢4,, in the diffusional-

to-fast reaction regime as
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fera (5.1)

_ LT - C2 ’ 1/2
p = kpylkpy [k +DL4_SO3:‘]

then, féi‘ 0.01 =< kL4 < 0.03, comparison of thé sul_phate and sulphit‘e.
overall volumetric ébefficiegt ‘results, assﬁming the ‘specific areas are
id‘e‘nticalvin both solutioﬂs, lgadé.to the conclusion that the‘ first-order
reaction velocity constant for sulphite oxidation has a possible range of
valﬁes vgivevn by ..

18 < k. . < 160 sec™t (5.2)

SO3“

Thevvalués given by Eq. (5.2) sétisfy the pséhdo-first order
' reaction criterion of Eq. (2.A97), bu.t'failr.to satisfy the fast-reaction
criterion of Eq. (2.95). Edu‘atién (5.2) is in general agreement with the
work of de Waal and Okesoﬁ (43), who obtained a value of 56 sec—1 at
- 30°C for cupric ion catalysed sulphite oxidation . |

Mass transfer coefficients obt.ained by the sulphite oxdiation method
are normally measured at ionic sfrengths greater than ‘1_.5' g-idn/litre,
a-pd in addition are greater than KL4a values for purely physical absorp-
tion under otherwise identical conditions. 'fherefore, application of
.sulphite oxidation résults to microbial processes c’bnducted in media of
lower ionic strength and in which the abs.ovrption is not accompanied by
a homogeneous reaction in the liquid phaée may not be valid.

In the only other work in which comparison of sulp‘hate and -éupric
ion cata.ly;ed sulphite oxygen mass traﬁsfer behaviour was made in the

same tank, Yoshida et al. (14) found the value of K£4a in 0.125M
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enlphitge ‘absorpfion-\vith~reac£ion to be the same as ‘KL4a. for absorption
only in sulphate solution of the same concentratmn at the same ag1tat1on
rate. They concluded that the 8u1ph1te oxidation system is rate controlled
by the rate of phys1ca1 absorption of oxygen However, these results are
not in agreement with. the theory of mss transfer with chemical reaction,
énggeeﬁng that perhaps their sulpln_ite .solut‘ion was, in fo,ct, less reactive
toWarde oxvgen than is normally the case. N

Coooer, 'Fernstrom, v'end Miller (11)_meaelured.- in effect, »K(r}4a
~at 20°C. by means of ‘sul-phi‘te oxidatlon, u‘sing 'vened diso bim.pe‘llers of
DV/D . ratio 0.40 to 0.41’to .disperse.the gas at P‘ /V < 3600 in a
series of tanks rang1ng in capac1ty from 0.104 ft to 2.33 ft . |

For compamson w1th our resu.lts, it is necessary to convert KG4
values at 20°C to the corresponding KL4a at .30°C_. Sulphite ‘ox1d_at1on‘s '
are usually represented by the diffusional-to-fast reaction regime model
of Eq. (2.100), but the tempereture dependency of the absorption rate
given by this model can only be evaluated if values of both k and

=k BB _are separately known. Since such is not the case for the work

1 2
of.Cooper t al. , a simplifying a,s’éumption was introduced, namely that

~ the diffusional regime model of Eq. (2.92) could be used to evaluate the.
I ) ro ~
» ternperature change effect; thus, we cons1de1_'ed that KL4 kL4 KL4'

’l‘he temperature variation of k for small, rigid, Vspherical gas

L4
bubbles was then obtained by combining the fact that kL4 varies as
/3 . ) . -0.637 . _r
DL4)2 (16) and that -DL4 , in turn, varies as (HL) (85). KL43

values _a.f 20°C were obtained from the corresponding Ké‘la values

using the appr‘oxirnvate relationship
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~ r
Kp 42 % (Kg2H

where the Henfy's law coefficient H was assumed to have the same value
as 1n sodium sulphéfe vsolutio‘jh of the s.ame ionic str’en“gth.» |

The temperature-corrected ébaorption rate coefficient data of
Cooper et al. were then fui'ther cofrected for the effect of oxygen partiéi
pres“sure dr‘iving.force. Cooper et al. Baéed their éalculations on the
logarithmic mean gaé mole fraction rather than on the exit gas mole
fraction of oxygen which subsequently has been showh to be the éorrect
‘drivi_'ng force when the dispersed gas phase is well mixed (29).

The sﬁlphite oxidation K] ,a values of this pfésent study agree

L4

remarkably well with the corrected results of Cooper et _ai. 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

Ki4a values obtained from Fig. () and Fig. (4.15). However, the
results of our work do not agree with Cooper et g__l__."s conclusion that
r 0.95, ,0.67 |
KL4a varies as (PG/VL) )

aeration exponent.

, the main difference being in the

(vs

r
Cooper et al. found that KG4

over the range of tank diameters inveétigéted (6 to 17.3 in.).

a was independent of the tank size

Augenstem and Wang (110) conducted cupric ion catalysed
sulphite ox1dat10ns (0.5M sulphite, 0 001M cupr1c ion) at 30°C in a
3-litre tank’ equipped with a turb;ne-ty‘pe impeller of DI/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/minv-.ft3). The

: . r
aeration rate was varied from 0.33 to 4.0 VVM. KL4a values ranging
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from 230 to 6500 hr-iiwer'e obtained; these values agree well with those
found in this work, which ranged from 60 to 4900 hr-1 over a smaller

range of power. At power inputs less than 10,000 ft-lbf/min-ft3,'

0.85

r . ‘ . v
a varied as »(P.G/VL) ; above

Augenstein and Wang found that K4
this level of agitation power, they found that KL4a dependency upon

r . . 0.57 . o L.
42 varying as (PG/VL) . A similar
r .

decreapé in the rate of increase of KL4a with increasing PG/VL was

PG/VL \yas' reduced, K

exceeded about 6000 ft-1b,/min-ft".
2

noted in our work once pG_/YL

A_ugeh_.gtein and Wang's results showed that K; _

. 0.
42 varied as (VS)
at gas flow rates up to 0.011 ft/sec; at higher superficial gas velocities,

r : :
K, ,a was independent of v

Westerterp, van Dierendonck, and de Kraa (12) investigated
the behavi‘ou-r of copper-catalysed sulphite oxidation (0.79M) at 30°C,
uéing superficial air velocities at least doﬁble the maximum use.d in this
work. D:éf_ining N'0 . as a critical (min_imum) agit#fion rate, KII:Aa in
,théir éystem varied as (N - NO)DI ,'béing completely indepepdent of the

aeration rate when N>N_, an observation unique to their work and that

0
7%, of Friedman and Lightfdot"(90). Westerterp et al. cvcvmclude that K£4a
or .z_il.'}:" in stifr_e'd' tanks depends on aeration rate only if the experiments
ar'ej;‘.done, at very low ipm (N< NO) where agitation rate has no effect, or
if 't_lljiievvlog mean partial‘pressure driving force is used instead of the exit
gds partial pressure'. However, Westerterp's criterion indicates that
NO = 950.rp'm for the stirréd tank used in this» work, and a meaéurable
depepdéncy of KL4a or K;_Aa upon vg. at N>NO vwas» found for all
solutioné 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 w1th N as well as’ PG/VL LIt appears,
then, that mass transfer rate may be generally 1ndependent of gas sparg-
ing rate -only at relatively hlgh superfzcy.al gas veloc1t1es, greater than
those norrnally used in subvmerged‘ fermentatio.n p.rocesses, for exa.rtlple.
' Robinson ".(91) in discussing the implications of the results of
Westerterp et al. (12) consivde’res:that at impeller rotational speede less
than N0 the gas rate affects KLa due to an increase in a and an in-
crea;.‘se in interphase turbulence with increaeing vg - At irhp_eller speeds
greater than NO ,» the specific area is postulated to be independent of tne
gas sparging rate because the disper‘sed gas circulation rates are much
greater than the gas eupply rate. Therefore, bubblee will rernaln in
contact with the liquid for long periods before escapingthe circulation
pattern and rising to the surface. The cllance 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 spergin‘g rate.

4, Spec1f1c Interfacial Area (a)

Values of a measured in th1s work by dllute carbon dioxide absorp-
tion with reaction in electrolyte solutions containing hydrOXyl ion are
greater than tne values obtained by other workers at lower agitation rates,
in non-electrolyte eolntions, or with pure rea.ctive gases. With pure
‘gases, »of course, the degree of absorptmn is much greater, resulting in
apprec1able bubble shrmkage during the gas-11qu1d contact time and sub-.
sequent,reductlon in a . In non- electrolyte solut1ons, as will be d1s-

cussed in detail later, the rate of gas bubble coalescence is greater
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resultmg in large values vof db » and hence smaller values of a at
constant HG o
| In th1s work at constant P /V , a appears to increaee frac-
tionally w1t}_1 increasing 1on1_c. strength in t_he range of 0.09 < I‘T < 0.40-
Generally, a varied from about 1.0 to 45 cm™! over the agitation power
rahge'i.xivestigated. The dependency of a upon PG/VL increased some-
what with .in.creasing ibnic ‘strength of ttxevliquid‘ solution. For KOH - KZCO3
solution, a varied as (p /v 0-89 ; in 0.135M"KC1 + KOH - K2c03,

1.06

, and for 0.11M Na,SO, + KOH - K,CO

a was proportmnal to- (P /V ) ,€03

a was dependent upon (P /V )1 01

| In contrast to the results of this ‘invesitigatiofn in _-electrolytic solutions, -
‘Ca'lder'be‘n'k (10) 'reporte'd an optically-measured maximum integral a of
about 1.1 crn".1 for air disperstons in pure—non-electrolytic liquids at
15°C in these non- electrolytes, a varied as (P /V )0 40 and was
dependent upon the 1nterfac1a1 tens1on, varying as (1/0) 6. Yoshida
and Mu1ra (72) at 60 € N < 400 measured a by d11ute carbon dioxide
absorption and reaction in sodium hydrox1de solutmns at 20°C and reported
a maximum a of 0.8 cm 1. »In their work, a var;ed as N1 1 , or
approx1mately as (P /V ) for the turbine 1mpe11er used.

. Weste_rterp et gl,. (12) investigated both the cupric -ilon and the
cobaltous ion catalyéed sdlphite‘ oxidation absorption with reaction, .using
air, in several stirred tanks of different size add with turbine impellers
of v'arytng DI/DT ratios. They compared thev 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 .wo,rk' Thevy then ';ieduced that the first—or‘dexv' reéétion rate
constant for the 'cu_.p.ric-c.at_a'l)'r.sed-oxidation waé‘9,v800v éec_i, based on

a rafeI coﬁstan’c of 37, 000 'zaec,“1 for the cobaltous system which was |
measured in a separate laminai‘_liquid je.t‘experim.ent. If, in fact, the
cupric-;catalysed ki"nertAic'cv;onatént were 9, 8.00 sec-i, the ab.sorptiori with
réaétion would have pfoceeded in the fas_t-feaction regime where the
rn_ass'transfer rate is indepe't.ldent. of kL4 » and Westerterp et al.'s
conclusion that the absorption rate dependency.r uporv1. N reflected only
the ‘variation in a with N"would be valid. However, as discussed by
Linek and Myérhoferova (45), -in célculating the vaiue of the kinetic
constant for the éupric-cétalysed oxidation reac_:tion, Westerterp et ‘gl.
compared the cobaltous and cupric.-cétalys_éd abso:ption_ rate results
using an expression analogous to Eq. (2.101), that is, they assumed

a Erio_lfi that the cupric-catalysed reaction proceeded in the fast-reaction
regime. vLinek and Myerhoferova (45)'als<; point out that some recent
studies (92, 93)_ have found that the cobaltous-catalysed reaction is second
6rder in oxygen. Therefore, a comparison of cobalt and copper-catalysed
absorption rates on the basis of a first-o;‘der kinetic model being appli-
cable to both types vo‘f solutions could 1"esu1t in an erroneous evaluation
of the kinetic constant for the cupric-’catélyséd reaction. Westerterp.

et al.'s Qalue éf the first-order _kinefic constant for the cupric-catalysed
reactién is two orders of magnitude- greater than the value deduced in
this work, Eq (5.2), and fhé 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 -_cafalysed 0,7_93M sulphite at an impeller rotational speed of 1300
rpm;' this is about 50 to 60 percent of the values of a determined in
0.14M N::\ZSO.4 + KOH - KZ

Westerterp et al. reported that specific interfacial areas in a pure carbon

CO, (I’ = 0.418) at the same N . In addition,

dioxidc - concentrated sodium hydroxide system were identical to those
in the cupric ion cafaleed sul»phi‘tel oxidation system using air. As pre-
V\'ric'us'l.y discussed in Secfion I1. 5(d)(ii), such agreement woﬁld not gén-
erally be anticipated In this present study, pure carbon dioxide was
sparged 1nto 0.5M sodmm hydromde at 1000 rpm; the absorptmn -with-
reactxon rate was 80 great. that few, 1f any, bubbles were observed to
leave the dlspersmn at the free 11qu1d surface. The interfacial area
under these cond1t1ons wasg. only about one -twent1eth the value obtained
with 10 percent carbon dioxide absorption with rea_ction in 0.06M
potassium hydroxide at the same agitation fate.

Using s'odi.um.hydroxide solutions with added glycerine having
viscdsifies cp to ten times that of pure water, We‘sterterp et al. (12)
obta'.ined,values of a upto 23 cm“‘1 in stirred-tank disf)ersions.’ The
effect of the added glycerine oc'thé kinetics of the carbon dioxide -
hyd'rox‘ide reaction, if any, was not considered. The increé’.se in a
wasg a_pp,ar_entlyv due solely to the effect of viscosity, "

| _B'ase<.i_. on the quesfionable premise that the cupric ion catalysed
sulphite oxidation system studied by We‘sterte-rpig_t_:a_l.-- (12) was operating
in the‘fast;reaction'rcgifne, the results of the study Werc used by

Westerterp to develope a generalized correlation for predicting a in
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stirred-tank gas.absorbers in terms of the liquid volume f\réction, liquid
depth, liquid density, the interfacial tenéion; the tank diameter, and the
impeller rotational épeed (94). Aécdrding-to Westextérp, a is directly
proportional to N forv ' Nv>N6' . 'In constrast'to thé results of Westerterp,
for the three solutions stﬁdied in~this work, the interfacial areé deter - |
mined_..frAm the rate of ébsei‘ption-'with—rea',ctvion of dilute carbon dioxide
.are not found to be directly proportio’nai to N over most of thé agita'tion
rate raﬁgé ihvestigated. Only one solution,‘the' KOH - K,CO, (average
FT': ,0'0965)' 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 absorptioh with reaction
of pure oxygen in cobaltous-catalysed sodiufn éulphite solution usiﬁg a
stirred tank with a _6-blade turbine impeller hav:ing a DI/DT ratio .of
0.345. Over a range. of irhf)eller rotational speeds. 250 € N =< 550, they
obtained values of a ranging from 0.24 to 2.24,cm-1._ The interfacial
_a;reaé are less than those’_that would be oBtained usving air due to the
greater degree of bubbie shrinkage with pure oxygen. |

In pufe liquids having interfacial surface tens_ion-s less than that of
water, or inAviscous aqueous solutiqns (e.g., »glycerol-«water .mixtul_'es)_
"values of a are significantly gr;eater than the specific area obtained in
vpure water under otherwise identical c.dbnditions. In these cases, the
increase in a qo.uld be correlated directly with the differences in inter-
facial tension and_/orvdensity and viscosity (10,12). In relatively dilute
aqueous solutions of électrolytes such as those used in this work, the

interfacial tensions, and solution viscosities and densities do not, in
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gen_eral.‘ vary appreéiably from their valués ‘in p.u'.'r'_e water, and fhe large

inci;'é'ajse in speéific intei‘fécial area caﬁﬁot, therefore, be attributed

to these fa;:tors 'td any significant degree.

 As far as the effect of interfacial tension is concerned, theory

- and eJ.:perivmerntal work indi;:-ate that, in general, the addition of an elec-

trolyte' to watei';. at cthentratiéxis greater than a ceftain minimum,

' iric_r,eé;égs thé ) s'urf_acé tension of the solution ov.er that of the pure solvent.
For vexam'ple; the work of j’onés and Ray (95) show.é th#f at low con-
éentratibh_s of inorgarﬁc solu’;e surface teﬁsion first decreases slightly
W.ithv‘in'}:r'.ea!sing sbi'ute_ c'oncentr.ation, reé.che_s. a minimum at a solute
concentration of about 0.01M, and then increases with further increases’ "

, in sqlute céncentration. Such ions are, therefore, said to be surface
inactive. |

' b:ést—Han_sen has recently reviewed the staté -of knowle(ige about
ionic -effécfs at phase interfaces (éb). In most aqueous solutions, ah
electric ipot_ential exists at the interface. dﬁe t§ either the water dipole
oriént;tibn alone or, in addition, td.the» preferéntial a;dsorptién of ior;s;
Ioh hjd_ra;ionimay affect _the surface étrﬁcture of water, some ions are
st:uctufe bvreakers, while others serve to promote vw;ater structure.
How, ah& under_‘ what conditions these effects are opef’ative‘ is. n.oti 'cleé,rly
understood at pfesent, and ﬂo general theory exists whereby ithve effect
of ionic solutes on interfacial stability in dispersions can be quantitatively
predi‘ct.ed.

Ars p_reviously mehtion in Section V Z(b), Marrucci and Nicodemo
(89) fo‘un'd'that gas bubble diameters> decreased with inc:easing 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. The‘y attribﬁted the
decrease in gas._bubble diameter to a decrease in the bubble coalescence
rate .vs}hi'ch., in turn, §vas due f»o an increase .in repulsive'.:electricél effects
at the g‘as—liq\iid interface as e‘leétrolyte cdncentrafi_on increased.
Mal_',‘ruécvi and Nico‘demo_pc_)st‘ulate,’ that when tv}o or more kinds of ions

are pr'e‘sex:xt'i'n solution, th‘ey( will have different intérface-to-bulk solu-
tion cdnéentraf’ion difference’_s‘, resulting in the generation of a suvrface
potehtial difference. This postul_attion follows from a thermodynamic

" relationship of Gibbs, namely
{ = - (a/RT)(do/da) , - (5.3)

whe.re §, i_s the surface excess concentration.

Equa-tibn (5v.3‘) shows,thatv for eiectrolyte splutions above a minimum
co_ncentifation, the surfaqé. excess molar 'concen'tratio‘nA of an ionic épecies
is negative, since do/da is positive; thgt is, ions are generally less
concentrated at the interface than in the bulk s‘ol’ution. For bi-ionic
electrolytes wherein the ion species have common ifalence, Marrucci
. and Nicodemo assumed that a éurface i)otential,_ A, woqld be generated

in proportion to § such that
A 0.5 2C(de/dC)/[1/(1+dlny/dInC] . (5.4)

Equation (5.4) 'predic.ts that polyvalent electrolytes (z>1) are more
effective than univalent electrolytes in hinderi_ng' bul.:)ble‘ coalescence.

Thé results of Marrucci and Nicodemo “(89) for electrolytes having
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1

éommoﬁ ioh valencies showed that the éverage bubble diameter decreased
with inﬁreésing A, .reéchivng the,asymp’toﬁc’ minimﬁfn diameter at valﬁes
of the right-hand side of Eq. (5.4) in excess of about 0.3 dynes/cm.
However, Eq. (5.4‘) aldné_ did not account for the observed 'beﬂaviour as
there was a residual dépendency upon the nat_ure'of the electrolyte,
resuiting in deviétions of up to 50 percent from the vavrerrage—behaviour.
curve. |

Rgith and Beek reéently éompared dispersed gas bubble coalescence
rates in water and 0.793M sodium sulphife in aisti‘rred-tank gas absorber
(97). The kcoalescénce freduehc’f in the sulphite solution was on the order
of.1_0 times smaller that that in water, particuiarly‘ at impeller speeds
below 900 rpm. Bubble se_gx"élgation in the ele;:trolyte svolution wa s
signifi.canti(i. e., less fhan 16 coaleécencés per bubble during its mean |
residen_ce'timé) :untilv the irhpeller :rotational speed ekceéded 1000 rpm.
-The hiéhér coalescence fates in w,at.er ]..ea‘d fo the conclusion that the
‘gas dig'pérsidn was perfectly mixed if N > 480 for 'watér, but that perfect
gas mixing was not obtained m suiphite until N = 800 rpm. |

HdWarth stucj_.ied liquid cir,oplet cvoalescence rates in a stirred tank
using benzene-carbon tetrachloride dispersed in water or in dilute
aqueo‘u_sf' e.lectrolyte.- séiutions (98). The coalescence vrates were deter-
' ming by using avlig_ht transmission method tov follow fhe change in mean’
drop di‘arﬁéter when fhe impelle_r rotational speed wa-s changed from one
value to another. In'water, for 110 < N < 360, 'fhe c_:pal’es-cenvce frequ.ency‘
.atrvz'_a dispersed phase ‘v‘olume fraction of 0.10 :l'.anged fr.om about 0.0018

to 0.0078 s*ec-i. Coalescencebfrevquency increased by about a factor of four
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when the dispersed phase volume ffaction was inére'ased to 0.25. The
addition of a small a:moﬁnfof ele'ctx;olsrtic-é'olﬁté, OOSM sodi.um‘chloride,
was found to reduce the coalescence rva’ces by a fagtbr of about 5; the use
of sodiur%l sulphate in piaée of sodium chloride at the samé concentration
further reduced the coale_scenée frequency séme 45 percent. The mech=-

anism by which the electrolytes hindered dro‘pb coalescence was not clear.

5. Dis_persed Gas Fx“actioﬁél Holdup (HG)

The dispers‘ed gas holdup was measured in water and in the three
KOH'-co'n.t‘aining electrolyte sol'utionsv at a gas superficial velocity of
6.01'50 ft/sec. In water, the dispersed gas was air; in the electrolyte
solutions; the dis'persed_gas was 10 pefceni.éarbon dioxide in ni-tro‘gen.

For water, Hg varied from 0.0160 to 0.0853 over an agitation

‘power range of 74 < Pé/VL < 17,700. He was f.bi-md that H ‘varied

G
0.40

as (PG/VL) , in agreement with the results of Calderbank for pure,

non-electrolytié liquids (10). Rushton and Bimbinet stubdied the éffect
of tank diameter, DI/DT ratio, superficiai gas -velocity, and totalk
power input (agitatién plus aeration) upon air holdup in water (99). The
holdup waé found to vary as [(PG)Tot. /VL]n (VVS)O.()O, where the value

" of n depended upon the tank diameter and the DI/DT ratio. For a

" 9-in. diameter tank having a DI/DT ratio of 0.335, n was _()‘..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 i1 hf:/iOOO gal; He for air varied from 0.022

to 0.045, with which the results of this present investigation are in

general agreement.
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In the KOH - K

ZC-O3 s_qlutmn (averag'g FT = 0..0965), HGr vaned
from 0.0453 to 0.181 with PG/VL increasing from 980 to 15,850 ft-lb./
.3 N o 0.60 ' |
min-ft"; Hg varied as (pG/vL) - for 1000 < PG/VL < 3000, and

as (pG/vL)°'38 for 3000 € P_/V, < 16,000. Yoshida and Muira (72),
who studied the absorption with reaction of dilute carbon dioxide in

sodium hydroxide solutions, measured 'HGV manometrically and found

G

at N > 180, the impeller rotational speed exponent became greater than

that H,. varied as NO'8 for 60 < N < 180 at all gas sparging rates;

1.0, the value depending upon the gas sparging rate. At 400 rpm in a

25-cm diameter tank with a DI/D-T rati_o'df 0.4, HG_ in their work was

G. at equivalent power input determined

0.25, a value about double the H
in the tank used in this study when the manometer '_réading is corrected

for dynamic pressure effe.ct_s.. Assuming the us_uﬁlproportionality between
N and the power iv'npu‘t as given bSr the Power number, .NP' - Yoshida and
Muir'é's‘fesu.lvts éﬁggest that He is prdportional to (PO/VL)O'Zé, the
value of the exponent being considerably less than the value 0.60 found

in thié present work at the low end of the power range.

In the 0.135M KC1 + KOH - K,CO,

G _‘ varied from 0.0267 to 0.471. The vé_ldes of HG

those in water, particularly at high levels of power input, but were about

solution (average FT = 0.221),

H were 'greater than -

10 to 15_per'éent less fhan those in the KOH - K, CO, solution of lower

2773
ionic strength at equal power inputs. For the 0.135M KCl + KOH - K,CO,
o - - 0.48
“solution, HG was found to vary as (PG/VL) for 1000 $ PG/VL

< 18,000.
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ZSO4 + KOH - KZC-O3 (average FT = 0_.418), .H
0.63

For 0.11M Na -

varied ;s | (PG/VL) for 400 < PG/VL' <€ 3000, and as (PG/VL)O 53

G

over the -‘range of power input investigated at the superficial gas velocity'

for 3000 < P./V < 14,000. Values of H, ranged from 0.024 to 0.174

of 0. 0150 ft/sec these values of HG y a.t P /V > 3000, are some 10
to 15 percent greater than corresponding holdups in 0.135M KC1 + KOH

- KZCO?’ , are about the same as corresponding HG values in the

KOH - K-ZCO3 solution.

Holdup was not measured in the sulphite oxidation experiments.

However, the KL4a valueg in the 0.111\4 Na.ZSO4 + KOH - KZCO3 carbon

dioxide-reactive analog of the 0.125M Na,SO, + 0.004M CuSO, solution
‘wefe' in closé agreement, and 'KL4a' values in the 1attér had the same -
. depéndéncy upon 'PG/VL as did the K;_Aav .values determined from
'sulphite o'xidati’o‘n, differing only in magnitude due to the effect of the
‘chemical reaction. Therefore, as a first approximation, one may cén-—

" sider the 0.14M NaZ‘SO4 + »KOH - K2C03 results to be indiqative of the
behaviour in sulphite solution Ove‘r an agitation rate range of

0 = N = 1800, at a superf1c1al gas velocity of 0.0384 ft/sec, Westerterp

~in 0. 793M sulph1te found that H. varied from 0.01 to 0.27(94), being

G
proportional to_N for 250 < N < 1800.  Westerterp's values of HG'
in a 19-cm diameter tank having a DI/DT ratio of 0.40 are greater
than thpse'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), 1n al14.7-cm diarr.lebter tank using a turbine 'impe'll‘er with a DI/DT
ratio of 0.51, gas holdup varied from 0.05 to 0.25 at a éﬁperficial gas

' veloc:.)ivtvy' 6f_0.00834 ft/sec over an agitation power input range of 700 to -

5 . .3 , - ) . .0.40
37,000 ft-._lbf/mm-ft . For PG/VL < 9,800, H_ varied as (pG/vL)

~ at'the highest superficial gas velocity (0.0445 ft/sec) to (PG/VL)O'53 at
Vs
asymptotically approached an apparent upper limit of 0.25 at all super-

equal to 0.00834 ft/sec. At _PG/VL' values greater than 9,800 , He

- ficial gas velocities greater than 0.00834 ft/sec. At a power input equal
to nthe.rriaximum used wiﬁh 0.1 1 M Na‘ZSO4 + KOH - KZCO3 , and at a super-
_ficial gas velocity of 0.00834 ft/sec, Augenstein and Wang obtained HG
equal to 0.\.19, in close agfeefnent with the Vaiue of 0.171 found iﬁ this
'inx}estigatioh. |

| 6. Average Gas Bvubble,D‘iameterv (dy)

- Thé’.a_werage gas bubble diameters in the three élecfrolyte solutions
stud.,ied vrv-_air‘lge from 0.231 to -0.624 cm as tHe power ixip'ut was increased
from 900 to 16,000 'ft-lbf/min-ft3. Bubble diameter appears to decrease
significa’htly withvincreasing: i_onic' étrength at co'nst_ant PG/VL , parti-
cularly at relatively low values of PG/VL . For exarhplef at 980 ft-lbf/
min—ftS; the av.erage bubble diametgrs in. KOH --.KZCO3 (a\fe.rage

r. = 0.0965),.0.135M KCl + KOH - K2C03 (average I = 0.221), and

T T
0.11M Na,SO, + KOH - K,CO; (average I'}, = 0.418) were 0.231, 0.128,
and 0,100 cm; when the power input has reached 15, 900 ft—lbf/min—ft3,
"‘average» bubble diameters in the three aforementioned solutions were

0.034, 0.025, and 0.0245 cm, respectively.
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From. gas holdup and thterfacial area measuremehts in eupric- '
cataiyse.d 0.793M sedium sulphite solutioh (areae being evaluated on the
questmnable conclusion that the absorptmn with reactwn was in the fast-
reaction reg1me), Westerterp reports much greater values of the average
bubble d1ameter, even at apprecmbly greater ag1tat10n rate.s than the
rnax1mum used in thls -study (94). In Westerterp s work, the average
bub"ble‘d.iameter decreased rapidly from 0.8 cm at 900 rpm to an agitation-
rate'independeht 'valﬁe of 0.47v'cm over the range 1500 < N < 2500, then |
deereased slowly to 0.35vcn.1 at 3600 rpm; measuremente were reported
for a 19-cm ciiameter tahk with a turbine impeller of DI/DT‘ ratio 0.40

Yoshida and Muira (72) for drlute’ carbon dioxide absorption with’
reaction in sodiu»rn‘h.ydroxide solution_sv found that db ranged from 0.45
t0 0.45 cm for 60 < N < 330 rpin, 4, varying as N0,

Fo.'r pure, non—ele‘ctrolytic‘liquid-s, ‘(‘?alde‘rba.nk (10) found that db

var1ed as (P /V ).0 -40 (HG)O'SO 60'60. E The average bubble diameter.

in both 5- and 100-litre tanks ranged from 0.2 to 0.5 cm for dispersed

air in the range 3300 =z P /V > 330.

7. Liquid-Phase Mass Transfer Coeff1c1ent (kL4)
| As shown on Figs. (4.20), (4. 22), and (4 24), in the aqueous elec-
trolyte solutions of 0.0965 < FT = 0. 418 over the agltatlon power range

'1000 _.:S PG/V = 17, 200 the 11quxd phase mass transfer coeff1c1ent for
oxygen, kL4’ decreases with mcreasmg PG/V . Values of k L4

ranged from 0.0484 down to 0. 0098 cm/sec,' concomltantly with

a decrease in average gas bubble diameter from 0. 231 to
0.0231 cm. ThlS decreasevm kL4 with de‘creasmg db in this bubble

d1ameter range has not prewously been reported for bubble d13pers1ons



-206-

in .electl_'olyt.e solutions, but is Aconsvi-stent’with pr.ior reaults for bubbles
of the same geheral size r_ange fovr'dispersiejns and for single bubbles in
viscous, New'tenian, non-electroiytic equeous solutions.

Céldet'bank investigated kL‘ behaviour in pure 11qu1ds and 1nvaqueous
solutlons of glycol and glycerol at 20°C for sparingly- soluble gas d1sper—
sions usmg both pulsed sieve plates and st1rred tanks (9). He investi-
gated two bubble size regimes: "large" bubbles, defmed as havmg an
average _d1arneter greater than 0.25 cm, and ''small' bubbles, defmed
-as hav1ng an average dlameter less than 0. 25 cm; .m pract1ce. the small
bubbles were apparently generally less than 0.1 c¢cm in diameter (16).

For both of these bubble size ra.nges, he found that the value of k was
1ndependent of the bubble sme, and hence mdependent of the agitation
power on which the bubble size was dependent (9). "For "small" bubbles,
kL' 'i'ar_l_gl‘ed_frorvn ‘0.0-03 to 005 cm/see, rand was pre_pqrtional to (DLk)2/3,
in agre'emént' Withthe results'fo.r mess transfer frqm solid particles .
dispei‘sed' in liquid phases, leading to the conclusvio‘n that "small' bubbles
behave es- rigid- spheres (9). The '"large'' bubbles" kL values ranged
from 0.05 to 0.11 crh/sec’:. For the same dispefse_d gas - liquid phase
corhbi,net_ion, . “iarge’f bubble kL was about an order of magnitude greater
than the.corr'espohding'velue for "small" bubbles. v“Large“ bubble kL'
w.as‘also. ‘ihdep.e_nd'ent of PG/VL , varymg only as (DLk)O 86

Celderbanl_{'s work indicated that the value of D K was the major factor

L

affecting the value kL for a given size range of bubbles; however, the effect

of _liq-u“id-p_has‘e viscosity upon kL ~was not separable from its effect on DLk'
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o C,aldve.rbank and Moo-Young (16) preseﬁted generalized correlétion_s

for the kL

stirred tanks. For both f'l'ai‘ge" and ''small'’ bubbles, the mass transfer

behaviour of bubble swarms in both sieveépiate columns and

coefficient was independent of the agitation power input in stirred tanks
or the fluid flow rates in bubble columns, being merely dependent upon

the phyaical properties of the phase according to

il

"Sméll“ bubbles: N

B 3 ' 1/3
sn = 20+ 031 [ agh, D ], (5.5)

_, o /2, /3 |
'Large” bubbleé- NSh — 0.42(NSC) (NGr) . (56)

Equation (5.5) is consistent witfx Fros.sling's_ equation for solid
spheres (1.9):, leading to the éoncluéion that "small" bubbles behave as
rigid particles with their motion relative fo the licjhid phase being retarded
/3 in £his‘ vcasev. .‘Equation (5.6) pre- |

. L 2
(16); k; is proportional to (D)

L
dicts that k, for i’large“' bubbles \}aries as (DLk)i/z, in agreement

with Higbie's penetration theory (17), Eq. (2.87), and Danckwert's random
surface renewal model (18)f Eq. (2.91). |

For carbon d_ioxide absorption in viscous aq@eous solutions of -

glycerol, Calder.bank»a‘nd Moo-Young (1 6)'demonstrated thevexistence
of a transitional bubble regirhe intermediate betvs}ee'n those of "small"

and "large' bubbles. In thié trénsitional regime, characterized by

0.05 < db < 0.25cm, k decreased with decreasing db . Hence,

L
in general, as PG/VL is increased, thereby decreasing .b , kL
remains constant until db decreases to a value of about 0.25 ¢m,

decreases more-or-less in direct proportion to db until db reaches



-208-

about 0.05 cm, and then assumes a smaller, constan.tAvaluei as db is

further A_deCr:eas'ed with increasing .PG/VL . The results of the present

L4

 are in geheral ‘a'greement with the work of Calderbank and Moo-Young

study of k behaviour in non-viscous agqueous é_olutions of electrolytes

in the same average bubble size range characteristic of the transitional

régimé. It appeafs,. then, fﬁat the decrease in. kL4 over the range

b

facial motion characteristics; the interfacial relative motion and the

0.25 > d, > 0.02 cm is due solely to the change in bubble-liquid inter-
éﬁb.aéquént mass fréx:xsfér behaviour is depehdent on the bubble size for
the most part, fherg being, perhaps, only a relatively minor effect due
to the.nat.u;re of the soluiio‘n (e.g., : vi's‘c.oavity) in which.the bubble is
produced.

_ : Kiﬁtner has reyiewed the hydrodynamic charaéteristics of dispersed
liquid 'dropléts (or gasv-bubl.)le's‘) v(100).. Small bubbles'vhav‘e relatively low
values of bubble R.eynoblds nufnber; .thé ihertié.l forces are negligible, '
and the bubbles maintain a;-rigid, sphérica.l shapé, the b;.lbble surface
area (at low mass transfer rates) ahd shape thereby being. constant during
the entire lifetime of the bubble (the time intex_'val between successive
coalescences and break-up). Small buBbles are sﬁrroundéd by a liquid
l.aminarv sub-layer and a very thick laminar transition boundary iayer,
r.esul>tin‘g in relati-vely low val_ues of -kL . On the oiﬂer hand, lvarge
bubbles behave as flu.id bodies, _having internal circulation and mobile
/'interfaces. The large bubbles have higher values of bubble Reynolds
nufnber; ‘consequently, inertial forces predominate, and the s.urface

shape is continually distorted as the bubble moves relative to the liquid

:



-209-

v

f’rém near-épherical, to oblate élli}).soi:d to pro.la.te, with oscillation
- between the two latter shapes occurr"ing. in larg.é drops or bubbles. The
deformatioh of the largé bqbble surface enhances the rate of formation
pf fresh masé transfer surface, thereby resﬁlting 1n lafge bubbles having
greater values of ‘kL than smaller bubbles. Interrhediate behaviour
results in the t"lv'ans.itioh regime between small and large bubbles.
E_quivaleht behaviour has been found for single bubbles in a bubble
colﬁinh. Garner and Hémmertion (62) studied the mass trﬁnsfer behaviour
of single bubbles o‘f oxygen or etﬁylene in aqueous glycerbl solutions at-
17°C. For dy > 0.3 cm, fhey fdund that k. behaviour followed the
prediction of the penetration theory (17), while for d, < 0.10 cm, kg
approached srﬁaller values in accordance with Frb’ssling's equation for
solid spheres (19). For intermediate size bubbles, 0.15 < d_ < 0.30,
kL values weré some Zé percent less than thosg bredicted from the

penetration theory, but were some 300 to 400 percent greater than

| predictions based onthe Frdssling equation; 'k decreased with decreas-

L
ing bubble diameter in this in’termediaté'size rahge. Garner and
" Hammerton concluded that the Higbie penetration theory (kL o DLki/a);

is valid for oscillating and deforming single bubbles of 0.3 < d, < 0.8,

while single bubbles of d < 0.1 behave as rigid spheres (k @D %/3

).
: m.'ve.r.ninski and Raymoﬁd (102) studi'e'd éingle—bubble behaviour :

ﬁsing the system carbon dioxide - distilled water at 25°C. Bubble

-size was regulate.d' by‘the ra-te of injeétion of a volume of gas contained

in a glass .capillary'ins'ide’ 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‘,.. '_A"kL' increased with decreasing bubble diameter in agreement
with Ith:e Higbie model for‘cir'culat':ing bubbles (17), ranging in —valu‘e

~ from 004 to '0;0‘()-_(‘711"1/8ec.7' The \}alﬁe of k; . réa;.Cbed a maximum at a

bubble diameter of about 0.30 cm, -and then decreased as the bubble

diametver was further redﬁced to 0.2? cm. For thes’_ve'smaller sized bub-

bles, thé hélical’ fnotibo“n' was rﬁuch-less prdnouncéd, the bubbles fénding

to rise vertiéailvy thrbugh theAaqueous. phase. Zieminski and Rayrﬁohd

~considered a bubble 'dié.ﬁeter of 0.30 c‘m.vto be the point at which the

v traﬂs'ition frofﬁ circulafing bub‘blves to rigid spheres began.

Yoshida and Mﬁira qon:lbined t_heir carbon dioxide -V hydroxide solu-
tion b_results for ‘the _specivfi'c‘interf_acia}‘area (72) with values of KL4a
measured in an air-water isyétem by Yoshida et al. (14) to calculate the.
var'iatvioxi.df kL iwith'ouvt. r.eaction. For‘db'> 0.1_5”c.m,, they founa that
the 'Shei'wdod numb‘ef could be correlated with the impeller Reynolds
‘numvber and ‘fhe Schmidt nuﬁlber suc}:1 that kL | increased with inbi'easing
égitatiop_ rafe, varying as (NDI)OY'é/dbOA, in the rahge 60 < N < 400.
Howéver, this method d_o'es h_ot ensure (i) that the specific interfacial
‘area in the physic'al absorption runs in water is the same as the a in the
chemical react‘»i‘on runs since a varies wifh ionic Stl;ength_, and (ii) that
the average db is the same in both types of liquids since db decreases
with increasing electrolyte concentration. Therefore, the dispersed
bubbles fnay have been subjected to significantly different hydl;odynamic
regimes. :

1;1 applyingour new concurrent oxygen.ciesorptioh, ca.xfbon “dio'xidve
. [technique for the simultaneous evaluation of -

absorption-with-reaction
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kL4 and a, it is impii_citly assumed that -_the .gas—phase mass transfer
resisvtance'is negligible, and further that the temperature rise at the
interféc; (resulting froni the heats of absorption and reaétion of carbon
dioxide) is insigﬁificant such that interfacial physical propertie’s may
be_e_vélué.ted at the bu,lvk solution temperature.

’I;he'femperature. rise at the inte'rfac:e,h A’i‘i » was predicted by '
the method of Danckwerts based on the random surface renewal model
'of interfacial hydrodynarﬁics (103). For a carbon dioxide heat of solu-
tion of —4.755 kcal/gmo_lé_ (83), and heat of reaction of -21.2 kcal/gmolé
(111), the maximum temperature rise at the inteffé.ce corresponding

to a minimum rate of surface renewal (k, = 0.01) is predicted to be

L

(AT ax = 1215 , () | (5'_7)

such that at the maximum experimental exit gas mole fraction of carbon

 dioxide of 0.0319, was only 0.0385°C.

| (AT max |
Based on the Chilton-Colburn analogy between heat and mass trans-

fer (104), the actual temperature rise at the interface can be predicted

from .
AT, = R5(0H _+ AHsoln)/gf).s K; 5 2 (5.8)

In the KOH - K,CO, solution, AT,'s calculated from Eq. (5.8) were

2773
less than 0.004°C.
| Gas-phase mass transfer resistance can, of course, be made

identically zero by using pure carbon dioxide. _iHowever, the large degree
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of bubble 'sh.r_.inka.gve vwhich would be expei'ienced'would result in the bubble
svv.izes' e'nd interfacial areas being appr'eciaply different with carbon dioxide
epafge gas theri with air, meking the results of the study with respect to
a, db ,. and k v 1nappheab&eto air- sparged fermentatmn systems.
For thls reason, d11ute carbon dioxide was used as the spargve gas w1th
©0.10 mole fractmn carbon d10x1de in the mlet gas, the maximum degree
,Of ab.s_orptmn is 11m1ted to the maxnnum exper1enced in the sulphite |
oxidation s‘ybstem usieg air. |

- ‘Th'e'gavs-vphv'ase fractional mass transfer resi.stance w'as calculated
in accordance with the tldeofetical rhodel of Kronig and.Bri'nk for liquid
droplet internal mass transfer (105). As discusse‘d by Westerterp Eiil’
(12), for gas bubbles the 1nternal Sherwood number, kGH d /Dle ,
varies between 10 for small r1g1d bubbles and 25 for large bubbles with -
completely developed 1nterna1 circulation. Defmmgthe fractional gas-
'phase_ mess‘transfer resistance; f3 , for carbon dioxide in an absbrption-
with-reac‘tion system 6pereting in the fast-reactioxt regime (wherein- the
effect of gas phase resistance is e&en more pronounced than in the

d1ffus1ona1 to- fast reaction regime used in this work) as

A - 1/2 '
£, = (1/Hk )/ [(1/Hk ) + (kzDL3 pH . (5.9)
the m_aximdﬁi value of f§ for small, rigid bubbles corresponding to a

» ma:.cimumr average bubble diameter of 0.23 cm is ohly 0.013, being,

therefore, negligibie as expected for a sparingly-solute gas.
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8. Generalized Correlation for K a or ,Kia/cp
The vgenéralized correlation of Fig. ‘(4.‘2_7) appea"rs‘to represent
wéll the majority of the expé'rimevntal ciata for oxygen mass transfer in
the 2.5 1itre.Working volume tank used in this study. It is not known if
this same:cdrrelation can be applied diréctly to scale-up, that is, if
the co-rr.elétion will remain valid for larger sized tari_ks ﬁaving the same
pertinent geometrié ratios. Caldefbankfs correlation for a (10) was"
' indepehdent of tank size over a t@enty-fold volume variation; Cooper
et g__l__.."s sulphite oxidation correlation (11) was xlrailid for varying tank
liquid volume by a faétof of 22. However, .Westerterp et al. (12), vary-
ing tank liquid volumes by factors ranging from aboﬁt 1.2 to 40, fbund-.
tbat K;_Aa was proporti-onal'_to the square root of the tank diameter.
The generalized correlation in ite 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. Ih the microbial process-
ing industries, such sblutions are represented by media in which the
growihg microorganisms are unicellular, ﬁtilizing either a soluble or
- insoluble carborvl sdul_'.cé, and into which the microorgénisms do not
excrete significant amounts of polymeric materials. Without further
»experimenvtal verification, .t(he correlation should be used only for sys-
tems operating within the normal biological temperature range of 20
to 40°C. | |
Like vall other previous correlations for the prediction of K;a,

the generalized Cori‘elation’of Fig. (4.27) does not account for the effects -
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i of_foaming'which‘oectrrs in, or for the effects of arlti-foarn agents which
are added to many microbial processing systems. However, the generalized
correlatlon of Flg (4 27) is-considered prefe.rable"to correlations based
solely on pure water (a.s obta1ned from the results of 9, 10 16) because of
the -mgn;ﬁcant 1qn1c strength effect, and preferable to correla’_clons based
on vsﬁlphit_e‘ .c)')_:cidati‘on‘('ii", 12) because of the chemical kinetics effectin the
_latter system. | | | |
~ The generalized 'co'rre_lation'wes de.veloped specifically for the
case of mas".s transfer from "small" bubbles (d; < 0.10 cm). However,
" by 'ai)pljrihg an épiprdpriat’e‘ c_orrection factor, it may be used for esti-
nlaring the b.va‘..lue', of KLa "for fhe‘ mass transfer-of sparingly-eoluble
ga.s'e's' :m aqueous ‘solutions in w‘hichv the average bubBle diamerer may be
cla.ssified.as "larg_e'.'," (d,, > 0.20 cm). A's shown on Figs. (4.23) and
(4.2 5), the average bubble diameters in highly—ag.itated electrolyte
sel_tv.ztior_xs"are '.in'termedia"te to the "'small" and *'lerge" size limits. For
' ”svrhé,'l.l»" bxibbiee, kL varies as (DL)2/37 avs used in Eq. (4.12), while
for "large” bubbles;' kl; v.aries. as (DL)i/2 (.16). In a.d.vdition,' "la_rgen
bubble kL s grea'ter. in magnitxjde than ""small' bubble kL. all other
| physical property factor‘s being con.s_tantv.

Combing Eq. (5.5) for '"small' bubbles with Eq. (5.6) for ''large"

bubbles, it follows that .

0. 167

= 1, 36(NS ) (k) (5.10)

(kL)large' ' L’small
The work of Calderbank (10) showed that the interfacial area
' dependency upon phys1cochem1ca1 factors was independent of bubble

81ze.‘ Therefore, for evaluating KLa in "large" bubble 3ystems such
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as might be produced in ’ne'a.r-zer.o ionic strength solutions at low agitation
rate.sA, the :ordinate value of Fig. (4.2 7)' must be multiplied by the factor
1.36(Ng ) 107

o As shown in Table 4.1, experimental values of th.e aeration exponent
m did ﬂot vary ip a rﬁathematicé.lly-descri»’b‘éble fnaﬁner with ionic
strength. Howéver, as shown on Fig. (4..19), it appéars that there is
a trend of increasing m with increasing FT . In the de'velopment of
the 'generalized correlation, actual experimenté.l values of m were
used. | For Mediurﬁ A-i, the experimental value of m was 0.43; the
treﬁd correlation of Fig. (4.19) wou.ld 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 éorrelation of Fig. (4.27), the data >points for Mediund A-1
would have decr_eé,sed some 30 to 35 percent in ordinate value.

To use the generalized correlation for predictive purposes, one:

must f‘irst.know., or be able to estimate, the physicochemical properties
T

g, DL » and Py, - The physical property factor § is then

T’ ol P
calculated from Eq. (4.12). Values (be n are obtained from Fig. (4.19)
or from Eq. (4.7), while M\ is obtained from either Fig. (4.26) or

- Eqs. (4.16) and (4.17). The diffusivity of the ab'sorbingk gaseous species
‘in an elécf,rolyté 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 literatufeQ Alternatively, the dif -
_fusi;rity 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 Iaqeuo.u's electrolyte s_olutidn of (a E:r_iori) unknown valqe of
the supvei;'f.iciaAl gas velocity exponent, m , it 'is'_suggested that m be
‘chosen from the trend correlation given on Fig. -(4.-19) as a firsf approxi-
mation. However, un_tﬂ such time as the effect of ionié_ strength upon |
m is'vbet.te'r defined, it must be -récognized_that the re_sultént value of
KLE;. obtained from Fig. (4.27) nday be s:ubject to ’a‘n‘v.error or some 30
to 40 percent in,'the range 0.00375 < vg. < 0.0150' f’;/sec (the computed |
KLa perhaps_béing iow for solutions of i‘onic.svtrengt'h in the vvrange._ .‘

0 < I < 0.20).
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VI. CONCLUSIONS

A membrane-covered dissolxlfedkoxygen probe is an ideal.tool for
the experimental measurement of the oxygen .o_verall volmﬁetri.c_ mass
tra;nsfer coefficient applicable to any soiution .of. des_ired composition
containe‘d in a sfii‘red tank gas absorber of givén design. KL4a can be
measured by using either CFST, steady—étate or SBST, unsteady-state
proced{lres. The latter procedure requires a minimum of experimental
complexity, but its use is contingent upon having an applicéble mathema -~
tical model of the time response characteristics o.f the stirred tank -
oxy.genv'probe system. The probe membi“ane should be sufficiently rugged
inf construction to ensufe a reasonably long service life, hut at the same
time the membrane thickness must be limitéd in order to have adequate
time res.ponse cvharacteristics, particularly if KL4a is to be measured
at high agitation rates.
| For unsteady-state work, the diffusional time lag in the probe
membrane must be taken into ac.c‘ou'nt if sig.nificant errors in KL4a
measurement are to be avoided. Using the well-stirred dispersed gas.
phase mass transfervmodel of Hanhart et al. (29), mathematical models
of the probe transient response were derived for bdth absorption and
desorption, Egs. (2.75) and (2.83‘), respectively. v The results of this
study showéd that at agitation power inputs. per unit liquid volume
(PG/VL)» greafer th‘an about 1000 ft—lbf'/'min—f’c3 (which,i apparently, is
the limit below whic.h thé well-stirred gas phase assumption is not valid)
KL4a' valules dbtaineci by the unsteady—statev methods are consistent with

steady—state results; for example, see Fig. (4.6) and Figs. (4.11) to
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(4.14),. ir'xclu'siVev." It is 'conélude_d, therefore, that the prbbe transient
,ré.sponﬁe rhddels, Eqs. (2.75) "ar.x.d.(-2.83.), adequately characterize the
ove:‘ral._l unsteady-staté beh&i_viouf of a stirred tank .- oxygen probe s?stem
__invwh'ich' bdthvfhe gas‘vand ligquid phasebs rnay be considefed to be well
mixgd, . é.nd in which "K'L4a ,vv.allie‘s up to the order. of 20‘00 hr"1 can be
produced. waever; ‘thve svi"ejnsivity of a particular. prbbe used was not
suffici‘e‘ntly adeéuaté t0 detqmﬁirm/ akturatedy the effect of the superficial.v
gés veloéity (V;S) ﬁpon KL4a (which effect is relatively small‘with
res'pect to the effect of agi_tiation power), particularly at values of VKL4a
in excess of 200 to 300 nr-!. To evaluate the effect of vg under these
ci:cumstaﬁces, recourse must .be- made to the CFST, .staé_dy-state model
described ‘by Eq. (2,.35) or Eq (2.36) in whiéh pr§Be external vo‘ltagel_
readingé are substituted for the corz_"espénding oxygen concentrations.
W_H.éré ét.)mputer‘ facilitiés are available, KL43 values obtained by
eithér the tfé.nsient abs"orptioh or desorption techniques utilizing a dis-
soned oxygen probe are ‘as readily ébtainable as. K;Aa values from
cuprié’ iop catalysed sulphite o#idation tests. In additibn, the . KL4a
results are diréctly applicable to the aqueous phase in which they were
<'.>bt‘ai‘ne'd.v. Appropriately correcting the masgs transfer models for
mi'crqbiai re spirafion,: the a.quéous phase may‘ be the actual gvro_wth
m‘edium.'_containing‘vsvuspen,ded cells and, possibly, .e)tcr.eted_ metabolic
.provd.ucts..' On the other hand, K£4a results are subject to a possibly
ﬁncerta-in i_nterpretatibn as far as their dire'ct.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.L4a generally correlated better with - P /VL than with
1rnpeller rotational speed (N) for example, compare Figs. (4.4) and (4.5).
However the effect, if any,‘ of tank size was not 1nvest1gated and hence
the results merely suggest rather than establlsh the use of P /V rather
“than N in scale—up calculatl'ons. X

-Tﬁe superficial gas velocity range investigated, 0.0-03‘}.75_ < Vg
< 0.0150 ft/sec, corresponded to an air supply rate of 0.5 < VVM < 2.0,
a range commonly used in the submerged cultlvatlon of aerob1c micro--
organlsms. In this range, K a was found to have a relatlvely small

L4

but nonetheless experimentally- detectlble (in steady state) dependency

upon v Contrary to the work of Westerterp et al. (12), it is therefore

g -

concluded that v_. is a design parameter to be included in most micro-

S

bial cultivation processes.
. The variation in KL4

was found to be significantly dependent,upo‘n the ionic strength of the

a with PG/VL (and to some extent with vs)

aqueous phase, a fact not heretofore deduced in other studies. The
value. of the agitation powerv exponent (n) is particd«larly sensitive to
ioniclstrengtvh inv the range 0 < [’T < 0.40, as shown on Fig. (4.19).

For the most part, n is independent of PG/VL . However, for solutions "
| of low ionic strength (I“T < 0.20), excluding'warer; n appears to be-
come dependent upon PG/VL for PG/VL > q0% ft—lbf/"rrrin—ft3 as

shoWn, .for example, on Fig. (4.4). For solutions of higher ionic strength
(.. = 0.40)’, the dependency of n upon pG/vVL becomes evident at

T _
about 6000 ft-lbf/rnin-ft3, as shown on Figs. (4.9) and (4.15).
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It 'appéars that the presence of ionic solutes, even in low concen-
tration, 'greatly reduces the rate of gas bubble coalescenée, thereby re-
sulting in a smaller average bubble diameter which, in cohjunction with
. an increase 1n dispersed gas holdup with io_nié é'trengtlfx, in tu;"n results
.in a significanf inqrease.iﬁ the specific interfacial area for mass transfer
‘( a). As ionic st.fength increases, the sméller bubbles have.i'nherently
| low'evr.‘- valu_e‘.s 6f KL4' in accordance with both theory (17,18,19) aﬁd
: ej_cpei"irheﬁt‘(e. g., F‘igs.' 4.24 and 4.25), but this decrease is more thén

compensated for by an increase in a , such that the combined coefficient

K T

L4

the aforementioned range of FT.

a increases with increasing I’ at constant PG/VL and v, in

S

T.he‘ mechanism by which ionic strength influences the equilibrium
bﬁbblé s.ize is not known, although it has been Suggested by a number of
wo.rkers' that the effect arises froma diffefential concentration of ionic
species 'b,.e'tween the bulk solution and the ga".s-licjﬁ,id interface fegibns
" and tHe resultant effect on water dipole érientation (89,96,98). Whatever
. the specific mechanism may be at the '»molecular level, ité_ gross mani-
festation in the ovéi‘all system appegrs to be described by the same type
of model which characterizes. molesnlar adsorption of the Langmuir type.
As 'shov}n by F1g (4.19), as far as the value of n is‘l concerned the ionic
.strength phenbménon reaches a saturation point such that n becomes
independent of FT when ', > 0.40 g-ion/litre.
The variation of n with FT undoubtedly accounts for_part of the

differences in KL4a 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 these_ in Water.’ ‘HoWever, these previous cor-

v relations were dbtained; foi‘ the most part, in bsti‘ri'ed.tanks of different
.geometry and the effect of ionic strength differences cannot bel separated
reedily ‘fr_orn the effects of .geornetry differences.

In microbial‘gfov}th systerns usving diapersed. liquid hydrocerboné
asithe cerbon source, the rate of Supply: of t‘H_is insolnble substrate is
genefally growth-fate limiting when the aeration rate is adequate, more -
so than in the case of '.c.onventional soluble-substrete proees ses utilizing
dissolved carbohydrates. Hence, in hydiocarbbn s_ubstrate eystems, the
eoneentrations of essential inorganic nutrients ca.n. be lower than in
soluble-substrate éystems without one of the inorganic species itself
- becoming the growth.rate limi.ti.n'g factor. Media recipesb suggested for
hydrocarbon systeme specify a lower total concentration of inorganic
salts than is generally the case for carbohydrate substrate systems.
Consequently, medla of 1n1t1a11y low ionic strength for example Medium
A -1 at an initial value of 0.136 g-ion/litre, could lose a significant amount
of oxygen mass ‘transfer capacity in batch growth/situations due to the

decrease in KL4a with decreasing I'., as the inorganic nutrient con-

T
‘centration decreases With time.

A genere»lized c'orrele.t,ion,. Flg (4.27), has been devéloped for
predicti.ng KLa‘ for the mass tranvsfer of sparin:gly-soluble‘gases in
: stjrred'tanks or fo't'predict;ing 'Kia/q) in stirred tank absorber—reactors
having the same impeller type e.n'd geometi‘ic ratios as the tank used in

this study. The correlation incorporates the significant effect of ionic

strength found in this present work, and the effects of the other pertinent
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physico.cherxiical parameters .pvr'eviously determined by Calderbank (9)

and Caldel;bauk and Mvoo-Young (16). Tbe geheraliZed correlation was
developed specifiically for use with _bubble dispersiohs having the avevrage
bubble .di'arvhet\ers' typically fpund in agitated -electrolyte solutions and

| described as'b'eing ."'srnall".' bubbles, that is, havin'é bubble diameters

less than 0 10 to O. 15 cm. A means of adJustmg the correlation so that

it may be used for pred1ct1ng the mavss transfer behavmur ef "large“
bubble systems (d > 0.20 cm) is suggested.

| A new exper1mental techmque utlhzmg concurrent oxygen desorptmnl
and carbon d1ox1de absorptmn -with-~ reactlon was developed to separately

)

evaluate a and the liquid-phase oxygen mass transfer coefficient (kL4
under reesonably c'onsistent.hydrod)tnarvnic conditions. The technique
was'test'e‘d expel.'im’entally in three different gystems, two of which were
carbon dioXide’—reective analegs of solutions previously studied With
respect to KL'4a bebaviour only. The ex-perimental.results, Figs. (4.'20)
to (4.25), iuclusive,- lead to the conclusion that kL and a have dian‘qetrvi-—'
‘ caily eppo.site»dependencies‘up.on'. PG/VL ; kL decreases with increasingv
PG/VL (concomitantly with decreasing average bubble diemeter), while
a incfeases with increasing PG/VL . The decrease in kL thh Vde-
c .rea.sing db mey be attributed to change m bubble hydrodynamic regimes
from the deforrnable, circulating bubbles of large diameter to the rigid,

i spher1ca1 bubbles of small diameter.

§;deman, Hortacsu, and Fulton (113), based on works such as those

‘of Calderbank (9), Calderbank and Moo‘-Young (16), and Hyman (114) which

indicate that kp is independent of PG/VL or nearly so, sug_gested that
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for all practical purposes KLa. di'ep;ends only on the variation of a with-
._agitatiah rate and shperfiéiai gas velocity. - It i's Vco"ncluded fi‘_orn the
"revsults of this pres’ent study that such isv notvthe case 6f eleéfrolyte
solutions of 0»..10 < FT < 0.40‘agitéfe&'o{rer the power 'i'énge
10> < p /v, < 2(A10.)4 - | |

A definitive study of the effect of ionic sfrength upon. H, , db ,
a.n‘d kL Wa.s not part of this present.wqr.k.»v Howé'yer, fhe results of the
three systems examined suggest that it would be profitable to fully define
the ionic strength effect on these thrée parametérs (and upon a ), apply-
ing the c.oncurrent measurement technique vto solutions of ionic strength

T

lead to even better predictions for KLa_ in electrolyte solutions based

range 0.05 < I', < 1.0. The results of such a separate study could

on thé separate behaviour of kL and a than that presently available

from Fig. (4.27).



(o

£

' fugacity, atm

-224-

NOMENCLATURE
gas-liquid interfé_.'cial area per unit liquid’vo-lume, crn"1
activity of .compo‘nen_t in the liquid phase

surface area of oxygen probe membrane, cm

co_ncéhtration of mon-volatile liquid-phase reactant, Agmolé/cm3

. concentration, gmole/cm

" LaPlace-transformed concentration of oxygen'in probe

membrane, grnole/’cm3

gas bubble average diameter ( Z nidi3/ Z nidiz), cm
g ' ' i i

© dilution rate in CFST, defined by Eq. (2.35), sec

E v'imp:ellver diameter, cm

diffusivity of species k in liquid phase, cmz/éec
effective diffusivity of oxygen in probe membrane, ‘cmz/sec

tank internal diameter, cm

‘potential difference across external resistor in oxygen pfobe

circuit, wvolt ' : .

standard state fugacity, atm
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backmixing fraction, defined by Eq. (3.4), dimerisibnléss

fractional gas-phase mass transfer resistance defined by

Eq. (5.9), dimensfionless

e 3,

liquid flow rate, cm™ /sec

Faraday constant, .anbxp-svec/evquiv

gas flow rate, gr@ole/sec

gravitational acceleration, ft/,sec2

conversion factor, 32.2 ft—lbm/lbf-sec-z'

molar gas holdup in the liquid phase, gmole gas/cm™ gas-free
liquid |

Hénry's law coefficient, atm'-cmz_./gmole’

fractional liquid holdup, - volume of gas-free liquid per volume

.of gas-liquid diépersion, d»imenéionless

fractional ga's holdup, volume of dispersed gas per volume

~of gas - liquid dispersion, dime,ns]ionless '

‘linear _displaéement of manometer fluid, inches

/2

the fundamental imaginary. humb_er, '(-1)‘1

current genervated by oxygen prob_e;‘ ampereb

. first-order reaction velocity constant, sec

’ n : . 3, ‘
second-order reaction velocity constant, cm /gmole-sec
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liquid-phase mass transfer coefficient in non-reactive system,

cm/sec

effective liquid-phase mass transfer coefficient for absorption

with chemical reaction, cm/sec

overall mass transfer coeffiéient based on liquid-phase con-

' centl_'atidn difference driving force for absorption without

‘reaction, cm/sec

effective overall mass transfer coefficient based on liquid;

phase concentration difference driving force for absorption

with chemical reaction, cm/sec

pei‘meability of probe membrance to oxygen defined by Egq.

(2.51); gmole /cm-sec-atm

overall volumetric mass transfer coefficient based on partial
pressure difference driving force for absorption without

. ; 3
reaction, gmole/cm™ -sec ~atm

overall volumetric mass transfer coefficient based on liquid-

phase concentration difference driving force for absorption

without reaction, sec-1

effective overall volumetric mass transfer coefficient based

" on liquid-phase concentration difference driving force for

absorption with chemical reaction, sec

equilibrium constant for hydrolysis of carbonate ion defined

" by Eq. (2.109), gr.nole/cm3
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~ thickness of oxygen probe membrane, cm .

distance between manometer taps, ft

{

exponent of Vg dimensionless

exponent of 'PG/VL , or‘an integer in a mathematical series,
dimensionless

number of electrons transferred in the oxygen probe electro-
chemical reaction

impeller rotational speed, rev/min

d:ifquive molar flux relative to fixed coordinates, gmole/cmz-

sec

‘Aeration numbei‘, defined by Eq. (3.3), dimensionless

Grashof number c:13‘pLAp g/[.LL2

Power number, defined by Eq (3.1), dimensionless

impeller Reynolds number defined by‘ Eq. (3.2), dimensionless

Schmidt number “L/pLDLk , dimensionless
ik’ d1men§;onless
partial pressure, atni_

. . . 2 .
hydrostatic pressure, lbf/ft oo

agitation power input to ga'ss'e-d"liquid, f_t-lbf/min

égitation power 'input to ungassed/.liq_ui‘d,, ft-lbf/min.
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" total pressure in absorber-reactor vapour space, atm

Lé.Pla.ce"travnsformationvparameter, defined by Eq. (2),

Appendix II. 1

~volumetric gas flow rate at 60°F, 1 atm, cm3'/sec'

resistance of reaisto; in oxygen probe é:ﬁter'nal‘ c‘irc“:u.it, Ohrﬁ
universal gas cohstant,. cval/gmole‘-i"K (

liquid—phase absorption ra;te of vg-aseous' component,
gmole/cm.3 -sec | |

liquid-phase reaétioh rate of dis.soh‘red gaseous component,

gmole/cms-sec‘

LaPlace transform parameter

N

fractional rate of renewal of siufface liquid elements, sec

solubility of oxygen inbegex.x.prob'e mén[xb.rane, defined by

Eq. (2.50), gmole/cm3-atm

A

‘time, sec

absolute temperature, °K

local mass average fluid velocity (vector), crn/sec

' superficial gas velocity based on empty tank cross-sectional

area, ft/s‘ec

volume of gas-free liquid, cm’ (ft3 with PG'/VL)"
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x | dista:nce measuréd in x-coordinate directjon,- cm

x' _ liquid-phase mole fraction, dimensionless

y - mole fraction of component in gas phase, dimensionless

Zz electric charge cvar'rigd by ionic species

Z - reaction stoic_hiométric cvoefficie.nt' define'd by Eq. (2.96),
dimensioﬁlesa | | |

GREEK LETTERS

a

aeration-agitation parameter defined By Eq. (2.26),
gmole/ém3-—sec |

aefatiqn-agitétion parameter defined by Eq. (2.25),

-1
sec

liquid-phase activity coefficient, dimensionless
ionic strength, defined by Eq. (3.22), g-ion/litre
thickness of stagnant liquid film, cm

Nabla operator, cm~ !

LaPlacian operator, crn-2
. . . X r
d_enoteg K;a or KLa/¢
surface excess concentration defined by Eq. (5.3),

gmov_le/cvrn2
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proportionality constant defined ‘by Eq. (4.:14),

gmo'40'cm0'067sec0'534(ft—1bf/min-ft3) “n(ft/seC)_‘rn

interfacial surface potential defined by Eq. (5.4), volt
viscosity, gm/cm-sec (poise)

physical property factor defined by Eq. (4.12),
-0.40 -0.067 .-1.534 |
m sec sec -

gas-phase fugacity coefficient, dimensionless

v ab_s'orptio_h factor for mass transfer with chemical -

. reaction defined by Eq. (2.104), dimensionless

density, 'g/cm3

angle of inélination of manometer to the horizontal,
degree |

average lifetime of sull'face. liquid eléments, sec

time for which liquid surface element has been exposed;

""age'' of surface, sec
_interfacial surface tension, dyne/cm

‘rate ratio parameter defined by Eq. (2.76), dimensionless

age distribution function defined by Eq. (2.89)

. initial condition

inlet stream
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exit stream

carbon dio#ide speéies

oxygen species N

| _hydrox.yi ion

ca'rb.onat_e i;)n

»f‘i'na;l e'qﬁilibriu'r.n"condition (a.fter infinité time).
bﬁlk phase;' cup-mixeci property

t_iispersed phase

value atvchélfhic.:al equilibriﬁm

_ manometer fluid property

gas phase |

\}alue at gas—iiqﬁid interfac'e;v ioni..c 'spéciés
solvent (pure.o-r multi‘compor.xent. fluid) forb'solu‘te k.
absorbiﬁg' solute in a liquid phase

property of gas-free liquid

vélue in éxygen probe polymeric membfané
ionic species

unsf'eady- 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 affe'cted.by a chemically-
N reactin_g'_syst’em'
* hy_p»o’t'hetiicalb gas-phase property in physical _équlibrium with

bulk liquid-phase pfoperty', or vice-versa

ABBREVIATIONS

CF‘S.T cor}tvinu.ous flow sfirred-taka absorber

CFSTR - COntinuous flow stirred-tank absorber—r_eactor

SBST. : éeﬁ;i;bétch stirred-tank aﬁgorber (batchlli‘q.uid)

SBSTR ) .se'néli-.l;'atch sfirred-tank absorber.-réactor'.(‘ba_tch liquid)

VVM volume of inlet gas per unit volume of liquid per minute
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APPENDIX 1.1

Derivation of Oxygeﬁ Probe Transient Response to Continubus
‘Concentration Change in Bulk Solution (Absorption)

Applying the initial condition, Eq (2.72) to the partial differential
Eq. (2.71), the Laplace transfbrmed:.diffus‘iio;n equation becomes
2= _ RN
o (1)
where
. 2 .,: o
9" = s/Dy @

: Using the _shifting theorem, boundary condition Eq. (2.73)

becomes

X : 'Q’ C = SHCw S(S#’ﬁ (3)
while the second bQ'unda'ry condition, Eq. (2.74), transform to
x=1L C=0" (4)

' Sﬁbstituting the assumed solution, C = Anexp (nx) , in Eq. (1)
we find that n = *q, and it-therefofe follows that
C = Aiéxp(qx) + A"Z'QXP(-qX)," | - (5)
_ Applfing thé boundary conditions Eq. (3) and Eq. (4) sequentially_.
to Eq. (5), .collecting‘e'xpvonential terms and re-arranging, the trans-

formed solution is found to bé
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z . H% | exp [qL-n)] - explgL-n] |
=0 explqL] - exp[-qL] |
o SHCe T expla(li-x)] - expl-q(L-x)] (6)
s +P explqL] - exp[-qL]. | <

Inversion will be done by contour intégration (method ‘o'f' fesidhes).

Inversion of the first term of Eq. (6)
' The first term contains a,'si'ngularity (the denominatgr becomes

zero) when either s =0, or q L = inm, i.e.

s, = o’n’D/LP (7)

The residue of the function at the pole 's=0 is given by (108)

' ‘ SHC ' ' D 8
- | (s-0] o exp[q(L-x)] - exp[ -q(L-x)] . (8)
()0 (s-0) — : exp(st)l __ _g
| - exp[qL] - exp[-qL] 18=q
. Since Eq. (8) is indeterminant, it is evaluated by means of
L'Hdpital's rule, and the residue is thereby found to be
(P = SHC (1 -x/L) | I

which is, of course, the final steady-state concentratidn profile in the |
membrén‘e_.'
Writing the first term of Eq. (6) in the equivdlenf _hyp’erbolic‘form',

functions f(s) and g(s) are defined according _to.
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SHCx(sgi)sinh[(sn/DM)i/Z(L-x)] f(s)

- . = : (10)
: . 1/2¢ ' gls ) |
s1nh[(sn/DM) L] n’
The residue of the functi_dn. at the pole s is given by
o) B f(s )exp(s t). . i)
eEs dg(sn)
: B ram .
v 1 8=8

Applying Eq. (11) to Eq. (10), and substituting in the result Eq.

(7) and the following identity,

we obtain

22

2SHC . [ n®x®D_t

v o  sinh[inns{1 - x/L)] [ UM
r = ~ . ' , exp!- —5 12
()5=3n - oinw cos_h[inv] P’u\ LS f (12)

. Eq. (12) may be further simpiified by using the identities
_sinh[inn(1 - x/L)] = isin[nw(1 -x/L)]
cosh[inw] = cos[nn] =‘(-.1)n = 1/(-1)"

 from which it follows that

(r)s_:sl = SHC_ . Z P sin[nn(1 - x/L](~1) exp|- —5——— ; (13)
n n=0 : . ' L /
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. Inversion of.the second t_ernd of Eq. (6)
The second term has singularities at either s = -8, or
- _p2 2 ' '
S, = D /L
The re51due at the pole § = =P -is found by the same procedure

used to evaluate the res1due at s =0 for.the first term of Eq. (6). -

The result is

sin[('ﬁ/b )1/2(L-x)]-
| ém[(ﬁ/D T/’Z“

() = - SHC_ exp(-pt)

wherein we have applied the identity
eXP(w) - exp(- 1y) = 2i sm(y)

where y V’repr"e.sents_ either .v(ﬁ/D 1/ZL or (B/D 1/2 (L- x)
The reéidﬁe at sﬁ is found by-wntmg the second term of Eq (6)
in the eqﬁivalént hyperbolic form and prc')ceeding‘: analogously to the

evaluation of this residue in "the first term of Eq. (6). The result is

= 2SHC IR B
(r) _ = Z 5" Z -(-1) (nmsin[nn(1-x/L)]
878, n=0 (L] /D ) - n , -
o n“m D, t
. MY .
X exp (- —— | (15)
| iz | |

M

C.. is found by summing all the residues, Egs. (9), (13), (14),
and (15). Applying the identity o

sin(a - b) = (sina)(cosb) - (cosa)(sinb)
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Therefore,
sin[nw(i - x/L)] - . cos(nw‘)sin-(_nnx/l...) = - (—1)n sin(nmx/L)

‘the sum of the residues is

, v - L, |
S . e . ' n 7 D, t})
Cy = SHC_ /(1 -x/L) - z/n(/T }12 ﬂn(_n_"z’_‘é!:)_ exp(_____zl\_ff_
. | _ n=0 1 - 3-_17!—— ) L
1/2 ' }
_ Sln[ i:T) 1(/12"3!/14)] exp (-ﬁt) :.} (1 ())
sin(m . .

|

" The concentration gradient (9 CM/a :i:)sz is found from Eq. (16)

where 7 = ﬁLZ./DM

and substituted into Eq. (2.52), along with Eqgs. (2.50) ‘and (2.51) to giye

the final result’

S _ew® afrfDyt | 0 o :
n=0 i - n L sinTt
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NOMENCLATURE FOR APPENDICES I1.2 AND II.2

" denotes the fitting function

denotes B

' denotés DM-/_L-2 :

denotes the partial derivative of F  with respect to X(1)

~denotes the partial derivative of F with respect to X(2)

a programme-incorporated control parameter which permits
additional calculations on the first and/or last entry into TABLE,

e.g., calculation of KL4a from the best-fit value of B .
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APPENDIX 1II.2

Subroutine Table: TWo-Parame’ter Fitting - Absorption

SUPRCLTENE TARLE (t oGoeXaToM1)
VOL MASS 18NS COFFF KLA IN WATER
%0 PARANCIER FITTIAG - X(1)=RETA,1/SFC ANLC XU{2)=0%L#%2 ,1/StC
DETERNMINEL RBY TRANSIENT RISPONSE CF GXYGEN PROPE DURIANG GCASSINC IN
UXYGEN ABSURPTVICN SYEP CHANGE FROM NITRCCEN TO AR
ACRATION KATE O=LITRE/VIN, FENRY CCEFF b=ATVSCC/GM-MOLE :
PRURE VOLTAGES FOFRANSIENT),y CSTARTUINITIAL), AND EINFEIN IN MILLIVOLTYS
TIME IN S/COMBS, L=CM, V=CU.CM., P=ATM, X{1)}=zRETA/6C., 1/SEC
MULMURANE ULFFUSIVEDY L=SQ.CM/SEC X(2)=L/L%22 S 1/S5tC
BLIA=1/M[', KLAHR=]1/HK, KLANMIN=1/MIN
CATA CONTRCL PARAMETLRS K=2, [STCP=0, IWRITE=0, ICCh=1
CONVERGENCH CRITERICN  ICCNVRG=C N
DIMENSTION X(2),G12),TLL),THLTACL)
REAL 1, LAMBLCASKLAHRZKLANMIN
DATA Ly VyePyaligh/5e tHE-342500e91.C2.5048.34505/7
TF(ML, SFa ) Gy T0 4 .
READ. »,ESTART,FINFIA
5 FCAMAL (2F5.2)
RETUR
8 COMTINUE
TAUL=0XLL)/X(2))2s?
Yau=SURT(TALL)
CHIT=(L /IX{L)%X12)))%%2
Cri1=S..RTLCHID)
TAULLCHIL AVOID L DETERMINANT SCRTS IF X VALLFS NEG ON RANCCM STEPS
THETACL)=T(1) +10. N .
T{1)=C AT THE INSTANT CF THE INITIAL INCREASE IN PRCBF VOLTAG:
ThETA=G AT THE INSTANT CF THFE STEP CHANGE (N INLET GAS COMPCSITION
ZETA=SIN(SGRT(TAUIIESINISORT(TAL))
CAMMA=THLTA(1) *SQRE{TAL) &S IN(SCRTLTAL))
PfLTn-;.;#SOKf(CHl)°(5[N(SFRT(TAU))—S&RI(lAb)*CCS(SCRl(TAL)))
LAMBUA= X(l)*DrLTA*SLRT(TAb)*LXP(-K(l)#IPtIA(l))/lElA
Y=0.
DEKRLY=0,
CEP2Y=v.
CC IC K=1,¢8
M=k
ALPHA-(K*#?)*Q.abuctrkrrA(l)vx(2)
EPSILIM={1.C~Y.8690¥Me52/TAL)*#(1.C-Gt69€¥M3¢2/TAL)
REG=(L /XL —{THE VAL LI *SQRT(LPSILEND)
YeY4 ( (1) %K )#¥CXP{-ALPHA)/ {1~ ((K$$2)*3,8£796/TALY)
NERLY=1ERIYH(L-1)#0M ya{Me82) %9 BOY6SEXP{-ALPHAI/IX L) *TAUSEPSTLON)
BERZ2Y=DER2Y+((—L)€#M) % (M 242 ) %G  B6VELARFCAEXP I -ALPHAY/EPSTIL LN
12 CcoNT L ’
FopSTARTHEINFINS (Lo=SCRT{TAUIACXPI=XLL)*#THETALLII/SIN(SQRI(TAL) )+2
Lo%¥)
GOLY =L INFIMRLE XP (=X (L) ¥THETA(L) ) $(CAMMA-CELTA)/ZETA-2.%CERLY )
GI2)=+INFINS(LANBNA®2 ,*CER2Y)
TF(MI.nE4) RICVLRN
BETA=6D,%X(1)
KLAHR=6C ¥ BETA#CEH/{QéH-23, T2vsP*¥BETA)
KLAMEL sKLAHR/0LG W
C=X(2)%1L%%2
PRINT 20
20 FCRMAT(LHO, qx,arnrlA.,x SHKLAFR y& X3 GHKL AN IN, 3X,y 6HrSIAnI.1x,LHr1N&|
IN,9X e LHD)

WRITE(343C) BrTA KLAHRZKLANMIN,ESTARTyFINFIN,C
3C FORMAL(LIHC 35Xt 10.492X3FTal e 3X,F60243X,F€.2,3X, Fb 234X, 11.10)
PRINT 40 :
GO FOCRMA) (IHCy 1K 4k X1 2))
TWRITEL3,5C) X(2)
S5C FCRAMATCLHC g4 Xy b S4 T )
RETLRY
END




NalesRkalalsiaknisinkalsin ke

-~
¢

C

-240-

APPENDIX II.3

Subroutine Table: Two-Parameter Fitting - Desorption

SLBRCUTINE TABLE (FpGyX,TyM1)
VOL MASS TRANSFER CCEFF KLA IN C.135¥ KCL-KCH-r2C03 SOLLTIUN
Fwll PARANMCIER +FITHENG - X{1)=BCTA,L/SEC ANC X(2)=C*L3%2 ,1/StC
NEFERNMINED RY FRANSIENT RESPCASE CF OXYGEN PRCPF DURING GASSINCG Obl
OXYGEN PRESBRPELICH STEP CHARGE FRCOM AIR IC £.1CC2/C.SN2
AtRATICH tATE C=ULITRE/MIN, HENRY CCEFT H=ATMACC/GM=-MOLE
[RANSTENT PRORPE VOLTAGE ko FINAL VOLTAGE EFINAL, AND INITIAL SAILRJI[FN
VOLTACE FLAFIN IH MILLIVOLTS
TU1)=C whih THL PRUBE VCLTAGE FIRST BEGINS V€ UECREASE FROM EINFIN
THETA(L)= AT THE INSIANT CF THF STEP CHRANGE IN INLET GAS COMPCSITICN
TiME TCL) IN SECONDS, L=CM, V=CU.ONM., P=AIM, X{1)=RETA/EDQ., L/SHC
MEMERANE DLIFFUSIVITY L=S@eCML/SEC X{2)=D7L%*%2 , L/SEC
PLTA=L1/M[N KLAHR=1/HR KLAMIN=L/NMIN'
DATA CONTRCL PARAMETERS  K=2, {STEP=0, [wWRITE=C, I1CON=1
CUNVERGENC L CRITERICN TCONVAG=6
GIMENSTON X{2)4G(2) TR THETALL)
REAL L yLAMBDA,KLAHR KLANMIN :
DATA LoV aPeQet! /54 "HE=3425CCas14C95.00,6.76 65/ <135MKCL
IF(Ml.6T.1) GO TN 8 . o .
RFAL 9, EINFIN,EF{~AL
5 FORMATI2FS.2)
RLTURN
3 CONTINUE
TAUL= (X111 /X(7))%%2
Tou=SCRT{TALL)
CHIL={1a/{XLL)%X(2)) )80
CHRI=SuF(CHIL) ) .
TAUL,CHIL AVOLD INUETLRMINANT SCRTS I+ X VALLFS NEG CN RANCNM STEPS
THETACLY=TLL) 45, : . )
ZETA=SSIN(SURT(TAU) IESIN(SURT(TAL))
GAMMA= THETAL L) *#SQRT{TAUISSINI(SCRT{TAUY)
DELTA=ULS*SORF{CHII#{SINISCRTI{TAUI)=SCRT({TAU)*CCSISCRT(TAL )))
LAMHLA'—X(I)*PkLT\‘SQKT(TAL)*'XP(—X(I)‘IF[IA(l))/ltlA ’
Y= _
DERLIY=0, )
DER2Y=14.
€ 1C K=l,b
M=K
ALPHA= (K&22) 29, 8696%X(2)*¥THETA{L)
EPSILUNS[Loa-M2E2%9 B646/TAUIRX(1a-ME8%229  RE96/TAL)
REQ={1/X{1) )= (THETA(L)SSCRT(EPSILEND )
Y=Y4 (-1 )%%KECXP(=ALPHA)/ (1.-K$22%9,8696/T40) .
PFKIY—HF&1Y+((-l)**ﬂ)*(ﬂ*‘?)vw Bb?b‘LxP(-nLPHA)/(X(l)*TAb*tPSlLCN)
CER2Y2UER2Y 4 ({-1)¢4M) %[ Me%2) %3, 86F6¢RHCEEXP(-ALPHA)/EPSILCN
1o ccmrl*tr
F=tFINa Lolxnf!u‘tscar(TAU)'axpt—x11>er51A(1))/Sl'(<0Rt(1AL»)—2 kY.
1)
GELY=EINFIN®(2, °PtRlY—(kXP(—X(ll*THIIA(I))*(GANVA CEL!A)/[tYA))
TGV INFINS(LAMBLA-2 . %DER2Y)
[F(ML.dE.4) RETURYN
BETA=z0Ca%X{1)
KLAHR =60, *LL[A*C*H/(Q*F 23. 7vvvptnrrn)
KLAM[i=KLAHR/ 60,
DaX(2)%L%%2
PRINT 22 . .
23 FCRMATUIHS 99X 4FPETALSXaSHKLAFR 4Ky EHKLAN TN, 3X ) 6HE INFEN, 3%, €HEF INA

1L 9% LHM)
WRITE (3 ,430). BUTAZKLAHR JKLAMIN,EINFINL,CFINAL,C
30 FCRMAT{IHC,5X, kl b g 2XyFTal,3X,F6.2+3%,FE.2,3X,F6. z.«x Fll.lO)
PRINT 4G
40 FCRMAT(LIHU, 17X, Akx(P))
COWRITE(3,52) X(2)
S0 FCRMATULIHC 44Xy FGa /)
ReTURN
END
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APPENDIX III.1

Effect of Aei‘ation on Mixing Power Unit Volume for Water at 30°C

v Aeration. - Aerated/unaerated
Impeller , St © number (NA) power ratio
rotational’ Aeration 9 PG
speed (N) rate (q) ' 3 C e

) ND.,” P

- rpm scc/min I v 0
600 1250 . © 0.0158 . - 0.595
2500 - . 0.0316 - 0.459
o 3750 o . 0.0474 0.378
700 - 1250 0.0136 a 0.628
- . S 0.617
2500 .0.0272 © 0.535

3750 - 0.0408 . o 0.447

7 5000 . 0.0544 ' 0.488
goo . 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 10.0212 0.618
3750 0.0318 0.566

v 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

v » 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

0.565

5000 "~ 0.0255
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APPENDIX III.2

- Dynamic Pressure Corrections to Manometric Gas_‘
Holdup Measurements '

' Impeller Rotational Speed

2, . -4 ‘AﬁcF)dyn
N - v . N”X10 inches
500 25 0.125
600 | 36 0.125
700 - 49 0.225
800 64 - 0.275
900 81 ©0.350 .
1000 100 0.450
1100 121 0.525
1200 144 0.625
1300 169 0.750
1400 196 0.850
1500 225 0.975
1600 256 1.10
1700 289 1.8
1800 324 1.25
1900 361 1.30
2000 , 400 1.32
2100 44t 1.32

Manometer P = 0.7 75‘;. n = 15°



-Appendix II1.3

Physicochemical Properties of Experimental Solutions

‘Tonic ‘ : Interfacial tension -

strength Density Viscosity : Hy
T P(30°C) bog 0. - dynes/em (atm-cm’®/gmole)
_g-ion/litre  g/em’ . cp Expt’] Literature (Ref. ) pH . X10-
Distilled Water 0.00 - 0.9957  0.8949,.(106) 71.925' 71.97,(83) 6.45 8.345 (Ref. 83)
| N o 0.801,(106) _ 71.18, (107) ‘ '
KOH - K,CO, . 0.0965! ' : : o v 8.530
0.1M KCl - 0.100 1.003 : 7.35  8.547 L
0.2aM KCI - . 0.220 1.012 0.801, 2.7, i 7.93 8.796 '«?)
0.135M KCI + KOH - K,CO,  ~ o0224®) S 8.760
Medium A-1®) o 0.136  1.003 0.8.01.230 72.430' . 5.45 8.570
0.1?_51»1_1\132504 - vIO.(_)04M CusO, 0.391 1.014 0.841,, .75, . : 9.300
o.ésoM Na,SO, - 0.004M CuSO,  0.766 o to32 . 0.9942, (106)  72.2,, ' | : 5.50  10.38
0.375M Na,SO, -0.004M CuSO,  1.141  1.045 : 72930 S - 11.68
10.500M Na,SO, - 0.004M CuSO, 1.516 = 1.067 1.098,, . (106) 72.58,(83) 12.88
0.500M Na,SO, - 0.004M CuSO, 1.516 1059 1.031,, 72.630 : g.94  12.88'
0.11M Na,50, + KOH - K,CO, 0.418(3) o 9.646 .

{a) Average of all runs. _ v '
“(b) Composition: 1.6g KZHPO4, 0.48g MgSO4~ 7HZO’ 4.6g NH4C1, 0.02g NaCl, 0:03g HgI2 per litre distilled water.

(¢} Assumed equal to value in 0.500M NaZSO4 - 0.004M CuSO4.
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APPENDIX III.4

Measurement of Okygen Probe Membrane Effective Diffusivity
by Step Change in Oxygen Tension (30°C)

P_oteritial drop across external )

Time resistor (1100 ohm)
sec ' millivolts
0 0.11 (deoxygenated)
1 0.15 '
2 0.33
3 0.63
4 0.88
5 1.22
6 - 1.58 . :
7 1.98 |
8 2.37
9 2 2.76
10 3.13
11 3.50
iz 3.84
44 - 4.41
16 : . 4.87
18 5.27
20 ' ‘ 5.60
22 : ~ 5.88
24 : 6.12
26 6.32
28 | 6.49
30 ' 6.62
40 R 7.06
60 ’ 7.42
. 80 _ | 7.59
100 o 7.69

o : 8.05
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APPENDIX IV.1

Oxygen Volumetric Mass Transfer Coefficient in
Distilled Water Computed from Unsteady-State Data

Aeration rate Agitation Calﬁulated KL4a
: P_/V M
G’ 'L 2 :
-9 Vs N 5 _ft-lbg em /sec ., Best fit
4/min" ft/sec rpm hp /ft min-ft3 X 10 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 1215 1.64 62.2 0.157
900 0.0588 1940 1.58 74 .1 0.201
1000 0.0785 2590 1.44 98.4 0.727
1100  0.1414 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  0.351 11590 1.56 139 1.03
1800  0.419 13830 1.56 145 ~0.510
1900 0.514 16960 1.56 164 0.241
2000  0.610 20150 1.56 166 0.889
2100 . 0.745 24570 1.56 188 0.431
2.50  0.0075 600 0.0114 377 1.69 44.8 0.294
700 - 0.0182 599 1.63 46.4 1.31
800 0.0333 1100 1.54 7.6 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 1.56 132 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 1.56 144 0.718
1500 0.227 7500 1.56 158 1.01
1600 0.237 7805 '1.56 206 1.89
1700  0.275 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 15100 1.56 234 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
v S 700 . 0.0165 546 1.66 76.9 0.213
800 0.0242 800 1.59 87.4 0.192
900 0.0385 1270 1.48 99.3 0.896
1000  0.0517 1705 1.56 123 1.7
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 ©0.274 8940 1.56 218 0.17
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
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 APPENDIX IV.2

Fréctiona.l Gas Holdup in Water (30°C) = -

Superfié(iéél Gas Velocity 0.0150 ft/sec

N - PV - Hg - Hg
rpm ft—lbf/min—ft Eq. (3.15) . Liquid displacement
s00 . 74 0.0160" 0.0319
700 546 0.0213 o 0.0319
800 800 0.0245 T 0.0323
900 1270 0.0320 0.0373
1000~ 1705 0.0407 0.0419
1100 - 2605 0.0480 £ 0.0454
1200 © 0.0480 0.0475
1300 4390 0.0533 0.0498 -
1400 | 0.0587 0.0522
1500 6560 0.0587 ©0.0547
1600 | 1 0.0693 10.0562
1700 8950 10.0670 0.0587
1800 9955 0.0747 © 0.0603
1900 - 11890 0.0747 0.0622
2000 - 14890 0.0823 0.0647
0.0853 0.0682

2100 17700
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APPENDIX IV.3
‘Oxygen Overall Volumetric Mass Transfer Coefficient in
0.10M KClI Solution Computed from Steady-State Data

(Deoxygenated Feed)

Aeration rate Agitation rate Feed rate

PG/VL : D.

Q v N _ftibe Fy VL L 1
{/min ft/sec rpm min-ft3 f/min £ min”
2.50 0.00750 700 475 1.251 2.50. 0.500
533 1.008 2.55 0.395

800 736 1.254 2.57 0.487

900 . 1160 1.251 2.59 0.483

1000 1890 1.2714 2.60 0.489

1100 2540 = 2.158 2.57 0.840

1200 3380 1.274  2.60 0.489

1300 4215 2.158 2.57 0.840

1400 5700 1.271 2.60 0.489

1600 7980 1.2841 2.59 0.495

1700 9880  2.543 2.58 0.986

1900 14050 1.281 2.59 0.495

5.00 0.0150 600 322 0.921 2.50 0.368
700 344 1.053 2.64 0.399
- 800 816 0.921 2.50 0.368

900 1100 1.224 2.49 0.492

1000 1490 1.260 2.58 0.488

1100 1830 1.456 2.62 0.556

1200 2740 1.466 2.48 0.591

1300 3470 1.488 2.50 0.579

1400 4060 1.453 2.69 0.540

1500 5680 1.053 2.64 0.399

1600 6620 1.558 2.51 0.621

9260 1.489 2.67 0.558

1800

Fermentor
probe

millivolts KL4a
'EL EmJ hr-1
4.34  5.51 118
5.12 6.10 131
8.04 9.50 174
4.94 5.55 238
8.08 8.95 318
5.25 6.20 320
8.34 8.95 451
5.48 6.20 466
8.52 8.95 670
8.62 9.06 674
5.89 6.40 998
8.75 9.06 1020
6.07 6.95 158
5.51 6.20 200
6.52 7.04 296
6.89 7.44 402
8.24 9.00 364
8.90 9.60 470
9.14 9.78 . 574
9.30 9.83 710
9.33 9.75 863
6.10 6.27 1070
9.45 G.83 1180
9.62 9.96 1212
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Appendix V.4 Oxygen Overall Volumetric Mass Transfer Coefficient in
Medium A-1 Computed from Steady-State Data

- Aeration rate  Feed Rate Probe millivolts - Agitatio_h

D Feed Reactor P./V: K. ,a
9 v PV oL Fee Jeacter G’ L "L
4/min ft/sec . 4/min £ min = T L1 L o rpm hp/ft hrl
1.25.  0.00375 1.344 2.50 0.538 0.43 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
1.357 2.50 .0.543.. 0.58 5.07 5.64 1100 0.0951 - 338
1.356 2.54. 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
o 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 145
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 41000 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 4137
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
N 2.495 2.46 1.014 0.14 7.21 7.71 2100 0.485 1200
5.00 0.0450 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 4800 0.301 1100
2.435 2.53 0.962 0.25 9.79 10.36 2000 0.427 1380
2 2.53 0.977 0.21 7.35 7.75 2270 0.621 1540

471
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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%zlated KL4a
Ps/Vy, M .
: ) Qi Vs 3 _ff_-_l.gf__ cm /gec 1 Best fit
y, £/min ft/sec rpm  hp/ft min-ft3 ¥ 10 hr™"  CHISQ(X)
1.25 0.00375 500 - 0.01515 212 . 1.87 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 3180 1.46 339 0.451
1200 0.131 4315 1.46 392 0.391
1400 0.206 6800 1.45 542 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 341 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 - 717.0 1.026
: 550 0.00554 183 1.72 80.7. 0.917
600" 0.00809 267 1.54 99.2 0.915
650  0.0117 385 1.51 116 1.15
' 1.44 111 1.20
700  0.0134 441 1.38 - 135 124
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 0.606
. 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 1.47 1129 0.167
1700 0.265 8750 1.47 1174 0.312
1900  0.386 12740 1.56 1319 0.320
2270 0 1.54 1647 0.577

.8814 29100
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- APPENDIX IV.6.
- Oxygen Overall Volumetric Mass Transfer Coefficient in
- 0.22M KClI Solution Computed from Steady-State Data
' ' (Deoxygenated Feed) :

Aeration rate Agitation rate Feed rate ~Fermentor
e ' P_./V ' _ o —_ probe
- G' L - D.  millivolts K. .a
Qg N ft-ibg - F,o Vo L ' L4
4/min ft/sec = rpm min-ft3 2/min- ¢ min~ ! E, E 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
o 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 1342
1200 2630  1.283 2.55 0.503 8.57 9.06 599
1400 4240 1.277 2.63 0.486 8.72 9.10 774
1600 6540 1.277 2.63 0.486 8.82 9.10 1160
1.273 2.57 0.495 8.88

1880 11090 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

Aeration rate

2

Vs

4/min ft/sec

1.25

2.50

0.00375

0.00750

R T T T T N N R I T T Y T O O T O T

(Computed from Steady-State Data)

Feed rate ’

Fy

{/min

.408
.346
.396
427
.249
.244
.249
.284
.280
.115
.503
774
457
.460
416

.063
.063
.066
.066
.260
.257
.258
.476
.339
.384
.337
.445
.390
.418
.384
.419

428
310

NNNNNNNMNNNNNNINNN NNNNNNONNNNNNDDNDNDNDNDN

VL

J

.50
.52
.50
.50
.50
.54
.46
.45
.44
.49
.50
.86
.50
.50
.48
.55
.59

.46
46
.50
50
46
.50
50
53
56
43
43
.40
67
.49
.59
42

-1

min

ol eNeoloh SeloBoNeNololeNoloNeNeloReoNael e NeoBoNeNoRoNeNoNeNoNoNe]

571
.520
.563
.538
.558
.562
.508
.508
.512
.516
.512
.390
.00
.14
991
965
933

.432
.432
426
426
.512
.503
.503
.583
.523
.570
.550
.02

.895
971
.920
.00

Probe millivolts - Agitation

Feed Reactor

CoOO0O0o0O0O0O00OOO

EL1

Nil
Nil
.20
A3
.30
.30

.31
.31
.40
.31
.26
.10
.09
Nil

Nil

0.08
Nil

Nil
41
.11
.07
.10
A2
14
.07
.13
Nil

OCOOOCOOOO

0.17
0.28
0.10
0.14

.24

E

[o clNe T e o e s BENTNe B¢ < IEN N BN IR e \Ne 2N, Be NSRS A IS BN B BN Bo 2 N0 oI e <30 <30 2o < IR IR (e ANENS B0 AN0 AR N
WNP, OUVUROVWVOOCNUJOVYNOV, OCOORNWERE OO0 NN 0O .
N JO0OoOOIRrONO2ONCO \DONOQOLDO\M‘OO\LHHOOOAW

L

Q0 0000 OO 00 00 00 00 00 00 0O OO0 00 00 0 OC 00 Q0 00 GO QO Q0 OC 00 00 00 00 Q0 O OO0 OO o oo

E
.. %

44
47
.50
.62
.50
.65
.61
.70
.70
.70
.70
72
51
.70
170
.71
72

.40
.40
.45
.45
.47
.52
.56
.59
.59
.59
.66
.70
.73
.75
.80
.80

pG/VL

hp/ft3

OO 0O OO0 OOCOOOOOOCLO OCOOOO0OOOOOOOOOOCOOO0OO

.00679
.0168
.0348
.0527
.0261
.0685
.0902
A17
A37
A77
.219
.258
.0420
.264
.370
.424
467
.00588
.0115
.00864
.0150
.0188
.0288
.0439
.0594
.0748
.100
.129
.158
.213
.309
444
.709

K42

hr-1

50.7
88.4
158
230
115
314
420
467
620
714
696
726
183
744
960
1090
1250

50.2
78.6
60.0
100
122
189
268
329
428
672
696
756
906.
1195
1220
2050
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Appendix IV.7 (Contd.)

Feed rate Probe millivolts

~Agitation

2y

3.75.  0.01125

5.00

.VS

{/min  ft/sec

0.0150

D Feed Reactor

vFi_ v, PL .
{/min { Inhfi ELi_ EL Eu
0.943 2.50 0.377 Nil 6.01 8.35
0.943  2.50 0.377 Nil 6.15 8.35
0.958 2.47 0.388 0.12 6.42 8.44
0.958 2.47 0.388 0.12 6.70 8.44
0.944 2.50 0.378 0.02 6.96 8.49
0.944 2.50 0.378 0.02 7.25 8.49
0.956 2.48 0.385 0.14 7.64 8.52
0.956 2.48 0.385 0.14 7.88 8.52
1.160 2.44 0.475- 0.44 7.94 8.55
2.086 2.50 0.834 0.19 7.65 8.55
2.532 2.50 0.9414 0.70 7.58 8.52
2.359 2.50 0.944 0.34 7.68 8.57
2.358 2.53 0.943 0.34 7.89 8.61
2.378 2.56 0.929 0.43 8.09 8.64
2.409 2.45 0.983 0.24 8.19 8.72
2.387 2.62 0.911 0.08 8.28 8.75

- 2.419 2.47 0.979 0.04 8.39 8.77
1.409 2.50 -0.564 0.10 4.49 8.20
1.432 2.50 0.573 0.12 5.72 8.25
1.429 2.51 0.569 0.12 6.25 8.30
1.449 2.53 .0.573 0.11 6.82 8.25
1.438 2.59 0.555 0.13 7.20 8.32
1.420 .2.52 0.563 0.08 7.45 8.34
1.414 2.56 0.551 " 0.06 7.70 8.37
1.877 2.58 0.728 0.06 7.60 8.35

-~ 2.258 2.55 0.903 0.06 7.51 8.35
2.284. 2.48 0.921 0.02 7.74 8.40
2.363 2.52 0.938 0.014 7.85 8.44
2.457 2.53 0.971 0.06 8.04 8.52
2.513 2.50 1.005 0.02 8.1t 8.55

2.488 2.670.932 0 8.25 8

.02 .57

N
rpm

450

500
550
600
650
700
800
900
1000
1100
1100
1200
11400
1600
1800
2000
2270

400

500
. 600
700
800
900
1000
1100
1200
1400

1600

1800
2000
2340

Pg/Vy Kpge

hp/ft3 hr}
.00355 59.0
.00533 64.2
.00739 74.4
.0101 90.6
.0128 106
.0173 137
.0261 208
0391 304
0548 406
0727 470
.0727 468
.0958 538
.145 714
217 996
.315 1180
426 1310
.655 2035
.00122 40.2
.00591 77.4
.00939 104
.0165 167
.0261 220
.0379 297
.0527 410
0667 484
.0864 535
134 750
208 = 888
297 1220
.436 1450
.679

eNoNoNoNoNoNoNoNoNoNoNoNoRolNololeNoNoNoloNoloNoNoNeNoNoloNoNo]

2070
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APPENDIX IV. 8

Oxygen Overall Volumetric Mass Transfer Coefficienf in
0.125M Sodium Sulphate - 0.004M Cupric Sulphate Solution
(Computed from Unsteady-State Data)

" Aeration Rate ' Agitation Calf)ulated KL4a
o PG/VL oM '
v N 3 ft-lb em”/sec ,  Best fit
~ #/min ft/sec rpm hp /ft min-ft3 X 10' . ‘hr ' . CHISQ(X)
1.25 0.00375 750 0.0244 . 805 1.68 164 0.532
' _ 1.71 185 '0.804
800 0.0288 950 1.39 1207 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 1.51
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 1.12 1179 0.317
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 16.4
1400 0.0703 2320 1.69 448 0.880
1300 0.114 3755 1.68 591 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 0.113
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 1.33 1475 0.034
. 2270 0.867 28600 1.18 1790 0.030
3.75 0.01125 700 - 0.0126 415 1.55 133 11.8
' 900 0.0314 1035 - 1.56. 1292 5.67
1100 0.0629 2075 2.00 362 1.01
1300 0.102 3370 .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
: _ 1.37 1537 0.236
5.00 0.0150° 1300 ° 0.0977 3225 1.80 634 1.04
: ' 1700 0.231 7630 1.46 1047 0.499
. ~ - 1.61 1114 0.570
1800 0.257 . 8490 1.47 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 0.3410° 10200 1 1

.43 1120 .03



-254-

APPENDIX IV.9

Oxygen Overall Volumetric Mass Transfer Coefficient in
0.250M Sodium Sulphate - 0.004M Cupric Sulphate Solution
(Computed from Unsteady-State Data)

Aeration rate Agitation Calculated K. ,a
. _ PG/VL DM L4
Qi g N I sz/ie_c ,  Best fit
f/min It/sec rpm  hp/ft min-f13  X'10 “hr™ - CHISQ(X)
1.25 0.00375 650 0.0172 566 1.76 133 0.947
700 0.0228 750 1:72 145 0.324
750  0.0286 944 1.60 201 1.63
800 0.0352 1160 1.56 150 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
v 550 0.00679 224 2.41 76.5 0.008
600 0.00876 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 1.56 168 1.63
900 0.0415 1370 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 0.871
1400 0.148 48175 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
; 550 0.00648 214 1.70 116 2.24
600  0.00842 278 1.67 141 0.932
650 0.0113 373 . 1.53 182 1.67
700° 0.0157 518 1.55 - 133 1.38
: “1.55 - 133 " 1.69
800 = 0.0242 - 800 1.56 198 0.993
900 0.0365 . 1205 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
1500 0.175 5780 1.41 892. 1.18
1600 0.190 6260 1.38 852 0.409
1800 0.263.° 8690 1.33 1129 0.129
5.00 0.0150 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 1.56 159 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 0.152
1400 ° 0.132 4360 1.39 . 901 0.588
1500 0.162 15340 1.35 718 0.766
1600 0.183 " 6025 1.32 788 0.452
' ) 1.41 770 . 0.444
1.31 764 0.870
1800 0.253 9355 1.23 . 1067 1.04
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APPENDIX IV.10

- Oxygen Overall Volumetric Mass Transfer Coefficient in
0.375M Sodium Sulphate -~ 0.004M Cupric Sulphate Solution
(Computed from Unsteady-State Data)

Aeration rate Agit;tio/r{, Calf)l;\za.ted KL4a
_ G/ 'L »

Q1 Vg N : X ft-1bf cm /iec y Best fit
2/min  ft/sec rpm  hp/ft°  min-ft3 X 10 ~ hr CHISQ(X)
1.25  0.00375 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 C_o-e“ffic'ient in
0.500M Sodium Sulphate - 0.004M Cupric Sulphate Solution -
(Computed from Unsteady-State Data)

‘Aeration rate ° - Agitation = Calgulated K_ ,a
' ‘» Dys L4
_ _ _ P_./V M
_ o o G L -2 ’ :
&y Vs N s ft-lbg .cm /$e° S Best fit
2/min ft/sec rpm  hp/ft min-ft3 X 10 . hr CHISQ(X)
1.25 0.00375 800 0.0342 1430  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 - 15900 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  41.32 707 0.332

1500 0.462 5340  1.34 831 0:109



-

l/ﬂﬁn

1.25

2.50

3.75

5.00

r .
Ki4

~ Oxygen Overall Volumetric Mass Transfer Coefficient
by Sulphite Oxidation

ft/sec

0.00375

0.00750_

10.01125

0.0150
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"APPENDIX IV.12

Agitation rate
P_/V

N
rpm

500
600
700
900

1125

1750
2270

500
900
1500
2270

- 500
800
1500
2270

500
700
900
1100
1400
1700
2270

G §J‘

hp/ft™ -

COOOOOCO

[oNoNoNe)

(e N e Ne o]

coocooco0oO

.00506
0111
.0204
.0497
.0871
278
.688

.00506
.0415
475
.609

.0050
.0242
467
.548

.00448
.0142
.0324
.0697
134
216
.484

COOOOOO

.02

Caic.

[>NeNoNoNoNo N

[N eNoNo]

OO OO

204
499
.194
169
142
106
.083

.207

.184
144
.103

.207
.198
152
118

.208
.203
497
.186
.168
.155
130

Partial pressure

in exit gas
atm
) Measured

0.199

0.206
0.182
0.139

0.206
- 0.196

0.196
0.186
0.160

a based on calculated oxygen partial pressure in exit gas.

KL4a

hr

59.4
123
180
502
966

1895
2900

791
591
1840
4000

88.7
399
2340
4590

92.8
279
581

1110
2070
2945
4900
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APPENDIX IV.13(A)

. Oxygen Overall Volumetric Mass Transfer Coefficient
in KOH - K7>CO3 (Average I't = 0.0965) Unsteady-State Data; G
Simultaneous CO, Absorption with Chemical Reaction

2
Aeration rate Agitation. - Calculated K, ,a ' :
y D L4 , -
P./V M D
G’ 'L .
2 Vs N 3 _fﬁfki_,qnl/ifc 4 Best fit
 4/min  ft/sec  rpm hp/ft™ min-ft3 X 40 = sec CHISQ(X)
'5.00 0.0150 800 0.0297 . 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 0.466 = 0.208
1300 0.124 4090 1.65 0.164 0.765
1400  0.161 5320 1.62 = 0473  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



‘Appendix IV.13(B)

Interfacial Area, Liquid-Phase Oxygen Mass Transfer Coeff1c1ent Gas Holdup, and

Average Bubble Diameter in KOH - K,COj3: vg = 0.0150 ft/sec

*Inlet gas Y5 4 = 0.10 (0.90 N,).

' Concentratjons CO mole fraiztlon s e Reaction = Gas Bubbie a{rg.
. on" co: I‘T exit gas " Specific g?ea - factor k holdup diameterd
pm 3 . _ a L4 b
N g-ion/f g-ion/f g-ion/t V3,2 em 3. cm/sec Hg cm
500 0.0183
700 _ . : 0.0240
800 0.0827  0.0057  0.0998 0.02230 1.18 3.76 0.0443  0.0453  0.231
900 -0.0862  0.0063  0.1051 0.00988 3.10 6.14 0.0271.  0.0573  0.111
1000 0.0758  0.007¢  0.0971 0.00586- 5.23 79.47 0.0180  0.0693 - 0.0796
1100 0.0828 -~ 0.0036  0.0936 0.00472. 6.07. 11.3 " 0.0148 0.0800  0.0791
1200 0.0798 0.0061  0.098%1 0.00399 - 8.34 8.19 0.0200 0.0990 0.0690 3.
1300 0.0650  0.0094  0.0923 0.00350 10.5 9.35 0.0156  0.107 0.0609°
1400 0.0830  0.0042  0.0956 .0.00250 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 0.0436  0.0267  0.0937 10.00478 16.8 4.38 0.0150 0.144  0.0514
2000 0.0211  0.0257  0.0982 0.00219 321 7.64  0.0098 0.181 0.0340
Avg.0.0965 '
H, = 0.331(105)exp[0.26 Iy + 0.168I‘6] :
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APPENDIX IV.14(A)

- Oxygen Overall Volumetric Mass Transfer Coeffi_cient
. in 0.135M KCl1 + KOH - K,COj3 (Average 't = 0.221).
Unsteady State Data; S1mu1taneous CO2 Absorptmn
with Reactlon

Aeration rate | Ag;tat1on - Calculated K. ,a
PV ' Dy, L4,
IQ1 v N ‘ N »ft-lbf cm /iec Py Best fit
2/min ft/sec rpm hp/ft”  min-ft3 X10 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 3740  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



: APPENDIX IV.14(B) :
Interfacial Area, Liquid-Phase Oxygen Mass Transfer Coefficient, Gas Holdup;

and Average Bubble Diameter in 0.435M KC1 + KOH - K,CO,: v = 0.0150 ft/sec
Concentra";ions CO2 n}o;e Specific . | . | Bubble
= . fraction area. ~ Reaction Gas average
N - OH CO3- FT - exit gas® ~ a factor kL4 holdup diameter db
‘rpm g-ion/? g-ion/f g-ion/! V3,2 — 3 cm/sec He cm
700 0.02430 0.01787 0.210 0.0319 1.3 2.19 0.0484 0.0267 0.4142
-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 0.0‘936
1150 0.02461 0.02271 0.228 10.00736 - 7.00 5.11 0.0193 0.0760 0..0651
1300 0.02429 0.01881 0.213 0.00547 9.32 5.92 0.0200  0.0907 0.0584
1600 0.02189 0.02100 0.0219 - 0.00293 15.9- 5.4  0.0224  0.115 0.0434
1900 0.02603 0.02082 0.223 0.00146 33.3 8.06 0.0137 © " 0.145 0.0261
2100 0.02307 0.02189 0.223  0.00116  44.5 10.1 0.0103  0.174 0.0231
H, = 0.331(10°) exp [0.26 T'; + 0.168 ', + 0.0268]. |

*Inlet gas = 0.10 (0.90 N, ).
gas ¥z 4 Y

-19¢-
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APPENDIX IV.15(A)

Oxygen Overall Volumetric Mass Transfer Coefficient
in 0.11M Na2S04 + KOH - K2CO3 (Average I'T = 0.418).
Unsteady State Data; Simultaneous CO> Absorptxon

‘ with Reaction

'Aeration Rate Agitation | Calculated K. ,a
. v P /V DM 1.4
L G/''L
{/min ft/sec rpm hp/ft” min-ft3 X 10 . sec’ CHISQ(X)
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 152 0.163 0.387
1400  0.132 4360  1.44 0.215 0.021
1500 0.157 5470  1.40 0.256  0.476
1700 0.233 7680  1.42  0.262  0.056
1900  0.307 10130  1.43  0.378 . 0471

2100 0.412 " 13600 1.43 . 0.379 0.106

W



Appendix IV. 15(B) .
Interfacial Area, L1qu1d Phase Oxygen Mass Transfer Coeff1c1ent, Gas Holdup, and
Average Bubble Diameter in 0.11M NaZSO4 + KOH - K,CO3: vg'= 0. 0150 ft/sec

2100

Concentrations.” =+ ¢ CO, mole fraction Reaction : |
, " ‘Specific area ~  Gas Bubble avg.
- N E r exit gas : a factor k holdup diameterd
rpm OH CO3 T sxit gas . b, L4 Y p b
N g-_ion/l g-ion/4 g-ion/{ 3,2 - : cm 3 cm/sec G ~cm '
700 0.02892 0.01408 0.402 | 0.0254 1.38 . 4.77 0.0259 0.0240 0.104
900 0.03691 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 0.04916 0.410 0.00664 7.49 5.06 0.0212 0.0853 0.0684
1300 0.02035. 0.02650 0.430 0.00588 - 8.91 . 5.62 0.0183 0.0906 0.0611
. ’ 1
1400 0.02295  0.01514 0.398 0.00387 13.1- 6.55 0.0164 0.104 0.0476 3’\
1500 0.02106 0.02252 0.419 | 0.00252 21.5 8.63 0.0119 0.142  0.0313 ¥
1700 0.02058 0.02662 0.430 0.00261 20.8 8.13 0.0126 0.128 -~ 0.0369
1900 - 0.04881 0.01964 0.408 0.00209 27.4 8.83 0.0138 0.147  0.0322
.0.02023 0.02284  0.419 0.00149 . 37.5 9.99 0.0101 0 0.0274

A1

H, = 0.331(105-)exp [0.26 T, +0.168 T', +0.0749].
~ *Inlet gas y, 4 = 0.10 (0.90 N,).
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