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SUMMARY
Sy

The investigation of mass transfer in gas-liquid-
solid dispersions involves measuring gas-liquid inter-
facial areas in an opaque medium, for which the normal
physical methods, such as light transmission, are un-
suitable. A,chemical method was suggested and used by

Westerterp (130) in which the rate of oxidation, by air

or oxygen, of a sodium sulphitée solution caﬁ be used to
calculate the interfacial area, provided the value of the
overall liquid phase mass transfer coefficient, ﬁ; p 18
known, Experiments here showed a wide discrepancy

/
between the value of k, quoted by Westerterp and those

calculated for three types of gas-liquid contactor with
known interfacial areas - a stirred cell,'an.aeated
agitated tank and a bubble column. It was found that a
value of KL could be predicted within acceptable limits
of accuracy for the three phase dispersion to be studied.
This was K, = 4.5 % 0.75 x 1072 &8 (for 0.4 to 0.8M
sulphite at 36°C containing at least 10'3 M cupric ions)
which is aixteeh times lower than that quoted by

Westerterp, but agrees with the value caiculated by

Charnock (132) in a two phase bubble column.
Experiments were performed to measure interfacial
areas, bubble frequencies and gas phase residence time

distributions/



distributions in aerated liquid fluidized beds of sand
and glass ballotini in a six inch diameter pyrex column.
From their results the interrelation of the process
variables, gas rate, liquid rate, bed porosity and
particle sizd, and their effect on the gas bubble

. formation, rate of coalescence and interfacial area was
studied, and interpreted with the help of observations
in a small two-dimensionai colum in which individual
bubbles could be seen.

A model proposed for the flow of gas through the
three~-phase dispersion in which it is considered to con-
gist of three portgons: one which passes through the
dispersion rapidly as large bubbles and, as far as mass
transfer is concerned, effectively by-passes it, an
ionic bubble portion whose residence time is very long
and a portion consisting of bubbles with a distribution
of gizes and residence times similar to that in a
perfectly mixed system; was confirmed.

The relative sizes of these portions and consequently
the interfacial area, depended only on the gas rate and '
bed porosity being a function of the degree of agitation
engendered by their éombination, it being higher, the
higher the gas rate and bed porosity. The frequency of
large bubbles, fg , formed at the gas distributor was
found to depend only on the superficial gas velocity
Vs cm/sec, as given by the equation: fs = Vso'32sec'1,
but/



but their size varied inversely with bed porosity.

When coalescence of the large bﬁbbles with each other
commenced, the rate was independent of gas rate and
dependent only on the bed porosity, € , and the mesults
could be correleted by the equation:

£, = exp. [1095-(1%3- - 4039) x 107 h] sec "

where h is the height up the column, cm,

The large bubble céalescence was found to have
little or no effect on the specific interfacial ares,
which remained at the value just above the gas

distributor, This value was determined by the size

. distribution of the gas bubbles formed,
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INTRODUCT ION

Considerable industrial interest is developing in
three phase fluidized bed reactors for processes where
gases and liquids must beAcontacted'in the presence of
solid catalyst particles. An example of this is in the
‘catalytic hydro deaulphurisatidn1of fuel oil. - Under
suitable conditions of temperature and pressure liquid
fuel.oil-is made to fluidize a bed of sblid catalyst
particleé and hydrogen is sparged into the bed. - Since
the reaction between hydrogen and the sulphur present in
the oil takes place in the l;quid phase the efficiency of
gas=-liquid contacting, defined as fhe'rate at which gas
can be traneférredvto the liquid, is of primary importance.
It is the object of this work to study the behavioﬁr of a
gas-liquid-solid fluidized bed and particéularly those
factors which control the magnitude of the gas/liquid
interfacial area.

Water and aqueous solutions of sodium sulphite have
been used to fluidize beds of silica sand and glass
ballotini in a six inch diameter pyrex glass reactor up
to ten feet in height. Air was'sparged into the reactor
below a gauze used as a solids4bed'eupport.- Average
interfacial areas for the whole reactor have been
calculated f:om measurements of ﬁaes transfer of oxygen

from the air to the sulphite solution, where it reacts

to/
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2.

" to form sodium sulphate. This methodvof area
measurement was first suggested and used by Weéterterp
( 130 ) for a stirred tank gaa/liquid reactor and has
been developed here for a three phase diébersion.
Other direct wags of measuring interfacial areas, such
as the light trancmission method of Calderbank ( 9 )
and photography, which can giVe values at specific
positions, would have been~preferred but could not be
used for reasons to be discussed later - the main one
being that the presence of particles renders the
dispersibn effectively opaque. |

The main difference between a three phase fluidized
bed and a two phase bubble column is that the presence
of s0lid particles promotes coalescence t0 a considerable
and increasing degree as the ratio of bed liquid-to-
stlid volume, or pdroaity, is-reduced. The gas rate
influences the height at which a given amount of
coalescence occurs but the rate of coalescence, once
initiated, is determined only by the %ed porosity.
In all other respects this reactor behaves as a normal
bubble column, the particles being present only to
simulate the cetalyst and fhis the hydrodynamic
conditions, to be found‘in an industrial reactor of this
type; they play no part in the reaction procéss between

oxygen and the sodium sulﬁhite solution.

When/



When developing an experimental program of study
it had to be boyrne in mind that the tochnique of area
megsurement used, produces only values for the average
specific interfacial area over the total height of the
peactor. The effect of coalescence oﬁ reduecing the
interfacial area as one moves up the column can,
therefore, only be detected by measuring overall éreas
for a number of roactors of increasing heights. It can
also Be appreciated that large changes in area with
height are necessary to produce reliably meagurable
changes in the overall average value. This and othor
considerations are discussed in detail later. |

Another important aspect'of a gas=liquid recactor
is the‘residenca time distribution of the gas bubbles
within it. If part of thé gas passes quicly through
the reactor in large bubbles then the contact time of
this gas is short and the area per uwnit volume of the
gas is low; so that it contributes much less to the
overall mass transfer rate than it would do were it to
pass slowly in the form of small bubbles. The relative
amounts of gas in bubbles of varying sizes were studied
here by measuring the residence time distribution
function of the gas using a tracer techmique.

The thesis is divided into two parts. Part one
deals with the choice and development of the oxygen-
sodium sulphite technique of measuring average specific

interfacial/



interfacial areas. This.involved an exhaustive study
of the literature on:the oxidation of sodium sulphite
gsolutions and the perférmance of a number of
.experiments in thre&_types of contacting apparatus, in
which the interfacial area was known: a small stirred
cell, an aerated stirred ténk and a two phase bubble
column of the same internal dimensions as the main
fluidized bed reactor. Part two deals with the
phenomenon of thrée phase fluidization and with
experiments performed to study the Pehaviour of gas -
bubbles, the mechanism and rate of coalescence, their

interfacial area and residence time distribution.

4.
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CHAPTER I

Survey of Technigues for measuring interfacisl areas of
disgersions.

A, LIGHT TRANSMISSION METHOD

The principle behind this method is that when light
is passed through a dispersion of gas bubbles or liquid
droplets, a portion of it wiil be scattered, either by
reflection, refractign or diffraction, so that the light
which is tranemitﬁed.is gome function of the physical
properties of the bubbles or droplets.

Actual lleasurements of interfacial areas by this

method were first attempted by Clark and Blackman (142)

for foams in 1948. On the basis of only qualitative
data, they suggested there was a linea:.relationship
between light transmittance and volumetric area. liore

recently lLanglois. and go=workers (143,144) published a

corrélation‘of light transmission with interfecial area
for liquid-=liquid and ges~liquid systems. They used a
photoelectric probe equipped with a phototube and lamp
located behind sealed windows which were 1.0 cm. apart.
The light transmission réadingg were calibrated by high
speed photographs of fhe dispereions, on which droplet-
size.counts were made to evaluate the interfacial srea
per unit volume. In the case of gas~liquid dispersions

calibration/



6.

calibration was obtain@d'by intorpolating between a
| measurement of a stable glycerol-air emulsion and the
values in the liquid-=liquid region. They found that a
plot of the oxtinction ratio Io/I, where Io is the
initial intensity and I is the transmitted intensity,
ageinst interfacial area per wnit volume, a, of hixture
gave a straight line with an interccpt of unity

corresponding with the equation
Io
= = a¢1 . ©e00000 1
= =0 o (1)

Empirically, Gwas found to depend on the ratio of
the refractive index of the dispersed phase to that of
the continuous phase. This equation however applied only
%o dispersions and emulsions that were completely
transparent, without residual cloudiness after settling,
and as such was very limited. In addition no
provisions were made Fér variations in the opvical path
length and each light probe required individual
calidbration because the feproducibility of results with
different probes of thé same degign was poor,

An attempt to put the light tranemission method
on a sounder basis was made by Irice and Rodger (145)
for 50% emulsions of non-abgorbing (water-white)
liquid pairs of differing refractive indices. They
pointed out that light transmitted through a poly-
disperse systém of transparent isotfopic spherical

particles/



particles provides a measure of their imterfacial area

if it can be shown that the light transmitted is a function
of the total projected area.. Thiz means that it must be
shown that the light transmission is a function of the

mean surface volume or Sauter diamcter, defined as

2 Nidi3
d = (2)
8V 21 Nidiz c60000 (2)

where Ni is the number of particles size di in a poly-
disperse system containing j different sizes of
ﬁarticle@. The factom which control light transmission
ére embodied in the Beer-Lambert extinction relationship:
Sndl = dI/I soscoe (3)
where the scattering cross=seeti§n, S, is the ratio of
the light energy lost by scattering, to the incident
light energy per unit area, and n is the number iof
particles per unit volume. integrating over the
optical path length; 1, between light source and
detector as the incident light diminishes from Yo to I,

yields
2
ln-{g =Sn1=Kgu nolo o0 00860 (4)
I 4
where Ks = gégi

dz‘“- . . o.oeooo (5)
and is called the scattering area coefficient. |

Several investigators quoted by Trice and Rodger,

obtained experimental deta and did calculations based
on theory developed by lie (146) using the simplifying

agsumption/

To



assunption that light once geattercd from thé primexy
light beam is lost and never roaches the photocell.

They were able to @how that the scattering area
coefficicnt,; Ko, is eztremely sensitive to particle size
neexr the wave length of light'but'that e effect of
particleo diemetor on Ks diminishes with incrcasing
perticlo gize, and that in the case of particles
greater than 5QA{, guch as those usea‘by Trice and
Rodeor, Ko was ogsentially constent. This allowed

Trice ond Rodgor to define the Grop diameter in terms of

sauter mean diameter; dgy, and cquation (4) was rewritten

in torms of the interfaciel.:arsa per unit vedume of the

total mixed phases, A, which is given by

A =_§_£5= .
dE’V . 00000 (6)

where ¢ is the volume fraction of dispersed phase, N,
the number of particles in the dispersion and a
scattering factor &£, as followss

1o = Ko a2 2

= 7 dgy 0 1
2 - :
= KsTa® " a2, I 1
& N dgy3
%
= 0‘ A l ovoeve (7)

In practice they found that 1n %% plotted against

e<A1°‘8 gave results with an overall reproducibility -
within 5%, They admit in conclusion that their
general correlation is valid only for the conditions of

their/
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their experimental investigatibn~and list the
restrictions imposed by the underlying theoretical and

practical considerations as followss=

- 1s Liquids which are fransparent in the incident
light spectrum.
2. Dispersions contaihing 50% by volume of
dispersed phase. |
3. Systems where thé relative refractive index M
is between 0,01 and 0,11,
4, Disﬁersione in which the smallest particle size
is greater than 59A4 o
5. Dispersions through which the percentage of
light transmittance (I/Io x 100) is greater
than 0.65% for optical path lengths from 1.0
to 2.0 cmé° |
Restrictions 2 and 3 are the ones which most hamper the
general applicability of their method.
Rose and‘quxQ (147) investigated the light trans-

mission method as a means of calculating the specifib
surface of fine powders by suspending them inna liquid,
and developed theory which eliminated all the

restrictions enumerated by Trice and Rodger. They

placed the light source and photocell at such a large
distance apart that they could argue that light which

reached the pipotocell was only that which had pgssed
straight/



10.

straight through the suepenéion znd none of it had done
go by multiple scattering (This was one of the assumptions

made by Trice end Rodger but their path length of 1.0 to

2,0 cme would throw doubt on its validity in their case)
As the powder particles were‘opaque their projecte& area,
Qp, perpendicular to the light beam blankod off the light
and & chadow, assumed %o.extend bohind them the whole
optical path length, was cést over.the photo cell,

- reducing the intonsity recorded, They derived the

a = ln Io N e0000OQ (8

where C is the concentration of particlee in the
sugpension. |

According to Cauchy (148) in an agsembly of
irreguler particles rendomly dispersed, provided there are
no ‘concave surfaces; the total interfacial area per unig
volume, @A, is four times the total projectéd area per unit
volume, @p, of the dispersion. This fact allowed Rose
and Lloyd to calculate the value of, A, direétly from the
change in intensity of light from

acigln IO 006000 9,
Cl T ‘ (9)

Calderbank (149) developed his techmique for
measuring the interfacialvérea of bubbles in liquids from
the method of Rose and Lloyd, theeadvantage dbeing that

their method overcame the difficulty of accounting for

multiple/
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miltiple scattering which is ineviteble in highly
concentrated dispersions and which makes applying tho
equation of Mie (146) extromely difficultj as shown by
Chu (150). Inotead of the beam being cut off, as it was
by the opaque powder particles, it is scattered by
rafraction, roflcection and diffraction. If the optical
path is long enough, then, as with the suspension of
powaer particles, only light which has had an uninterrupted
passage through the dispersion is measured, and the
dicpersion will appear to the photocell as a number of
round black shadows. Because the light transmitted i n
both systems does not depend on the refractive indices

of the two phases in the dispersion; on whether the
dispersed phase is opaque or not; or the concentration
of the dispersed phase, then restrictions 1, 2 and 3 of
Trice and Rodger's method are overcomec.

However Calderbank states that the lie theory
shows that for particles large compéreddto the wave
length of the incident light, the scattering cross—
section of a particle'in the dispersed phase is twice
its projected area. Por large scattering particléé
such as the bubbles énoountered by Calderbank ( 0.1 mm
-diameter) diffracted light is scattered at such a small
forﬁard angle that it is practically impéssible to avoid

its reception by & photocell placed at even vast distances

from/



from the light souree. Thus for these large scattering

particles, Calderbank assumes the two cffects compensate

for one another and the scattering cross-section of the
dispersed phasc can be taken to be cqual to its
projected area, an assumption that would appcar to be

velid from his experimental results.

Tsd final equation is derived in the same way as

that of Rose and ang but as this method is to be used

in this work, Iér measuring areas in an aerded stirred
tank and a two phase bubble column, it will be given
here in full.
_If Ao is the crosge-sectional area of the light beam

Ab is the free area at any cross-section of the
beam

Qp is the projected area of the bubbles per unit
bolume of dispersion and 1 is the optical path length,
then the decrease in free aree with distance through
the dispersion is given by

— 8Ab - apx Ap sesses (10)
and integraéghg over $ki tofal path length givos

— InAb = Apx1+K
when 1 = 0 Ab = Ao K = = 1In Ao

,', lnég- = aPXl EEY XN (11)
Adb

But if the intenoity of the light beam B®ssing
through an area Ao is equal to Io and that through the

dispersion/

12.



~dispersion free area Ab is I, then

Ab » I tencee

because the change in the average intensity of light
passing through the dispersion is due to the change 1n
the area shedowed, So

1n Io

and from Cauchy (148) a = 4 ap, 80

in Io al -
-I-' = 7;" esecee (110-)

A further modification by c_aldérbank, proposed later
(151), was made so\thaﬁ 'iz.mtead‘ of measuring the 1ight
intensities Io end I, the times, t; and t, taken for a
given quantity of light, Q‘,,"to be received by the photo-
cell after passing throu.gh‘the unaerated liquid and the
aerated dispersion, réspectively, -were recorded by an

electric clock linked to a light quantity meter, Then

Q = tolo = +tI

!

and equation (14) becomes

In to _al
t = N : sscvece (15)
Equation (14) was tested by suspending a number
of polystyrene spheres of known volume-mean particle
diameter in water whose density is only slightly less
than that of the spheres themselves. They were kept in

“homogeneous suspension by means of an electrically

driven/

T = e.pl | tscees (13)
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driven stirrer. The intenpity of the incident and
transmitted light was measured over a largc range of
particle size (0.1 to 1.3 mm diom.), interfacial areas
(0 = 3.3 em‘i) and optical path lengthe (6 = 50 cma)e.
The results confirmed the validity of equaﬁion (14).

B, THE LIGHT REFLECTIVITY [TCTHOD

This method was devised by Calderbank, Cvang and

Rennic (152) to cnable memsurements of the interfacial
areas to be made in two phase sysiecms involving optically
&ense.aispersions, such as obtain on distillation trayse.
The light trencmission method fails in these cases duc %o
intensc multiple scattering. However optically deomsec
digporsions have a high r@fleétiuity and this has beoen
correlated with the interfacial areas of ges/liquid, and
liquid=liquid disporsions and‘beds of closgoe-packed glass
beads. |

A collimatod beam of light was made ineldent 2% 45°
on the surface of a dispersion which was contained behind
a glass window and & photoccll wao pogitioncd above the
window to0 receive light refleeféd perpondiculorly Lrom
it. | |

The torm reflectivity, anwas,défined as the ratio
of the intensity of that nart of the iight gcattered from
the dispersion and incident on the photocell, to the

inteneity/
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intonoity of the light cinilarly ocecttoxred from o
ptandaxrd surface = a piceco of epal gleps = placcd in the
same pooition as the window. Valudg of the intorfaeial
arce were obtained by the light tremsmiosion mothod im
the casgo of the liquidcimoliQuia ané goc-in=-liquid
digporpions and by calculation in the cace of ¢the glaso
beads, These were thon plotted ageinst the

eorresponﬂing refloctivity as ‘%@.g@,imst ( E%Q - 1) s Whero

Re0 = k- se0cco (16)
end k io a dimcnsionless comstant which was calalaved
grom the data and whieh it was expested would depnd om the
standerd suwxrfaco end the geoometry of the light probe.

.2 -
M is ¢ho Lorentz-=Lorcntz coefficient m;%?m:aé o Whore

Wie the rofractive index ratio of the two phasen &s
before. Reo is the value o€ R correcoponding to
infinkte interfacicl aroa, obtained frem o plot of %

against R for cach dispergion. These plots were
straisght lines with intercepts of Rw on tho R axis.
A further plot of those values of R, against U
confirmed the validity of equation (16).

The plot of (% - i) ageinst |  thus produced
a

2 gtraight line, whose qquation was
RQ. = 7 = 40,
ﬁ ‘iﬂ’éié @edoOO ( 17)

Thic correlation was indopondent of particle size over
tho dinmetor range 40/44 t0 0.7 om, valucs of refraective
index/ |

15,
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indox ratio I from 0,684 to 1,163 and values of inter-
facial arca from 2 to 67 em™'. Within the above ranges
it was indopendont of tho geometry of the veseel con-
taining the digporsion.

The authors point out as 2 mattexr of interest the

gimilarity of their corrclation to that of langlois and

Vormoulcn, equation (1) rearrangeds

Io = = coooeo0
| =P i=8a (1&)
which was for light transmission in which foxrward
scattored light as wellnas that transmitted was
measured ond whore @ deponded on the xratio of the

refractive indices,

C. PHOTOGRAPHIC IETHODS

Calculasing interfaci&l'aréas from photographs of
dispersions was ihe only method availeble until the
light transmigsion work was .started, and i¢ was cone
vtinﬁed vAn, UWsel as a means of calibruating those now
devices. Basically'it concigts of photographing the
dispersion using o l¢éns to produce a nervow depth of
focus, tracing the droplets or bubbles in the plane of
focus and classifying the diameters. If the volume
fraction of the dispersed phase, ¢, is lmown, then the

interfacial area can be calculated from .
2 = é:ga ' 600000 (18)
dgy

In/
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In o rocent pepor, Colderbank and Rennie (156) used

o stotictical methed, the so called "Pin-dropping

Teehniquo® developod from $hk original obsorvations by

Crofton (153), Chalkley (154) and Rosc and Uyllie (155),
%o ovalunte the Sauter mecan bubble size, gas holdup and
interfaciel arca of bﬁbbl@ clouds formed by acrating
vater in sicve plate columng. In prineiple, & line

of length about cqual to ten bubble diameters is placed
in & random fashion over the photograph and the number
of hits and cuts counted. The number of hits, h, is
dofined as the number of times the ends of the line are
totally enclosed by the perimetor of & bubble and the
numbexr of cuts, €, by the numbor of times the line is cut
by the surface of a bubble. This operation is repeated

a largé ﬁumber of times when, os shown in detail in the

baper,
31h h 2¢
n

dov = 2= Hg= gz 6=5F eeeees (19)
where 1 is the longth of the lime, n the numbor of lines
and Hg the volume fraction of gas in the dispersion.

-In practice the authors drew a plot of 400 random
lines in a 3% inch square which they placed over a
photograph of the dispersion contained behind a trans—
parent window. Results obtained using 400 lines were
congistent with those using only 200 lines and this
suggested that the bubbles themssclves were randomly

distributed/
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distributed, in which case the 91&% of linesplaced over

them could be systematic; This greatly simplifies and

speeds up the analysis €0 to this end they drew a tri- -

angular grid on a hexagon circumscribing a 2% inch

diameter circle which contained 462 lineé just under

0,18 inches long. This was then mounted with the «
photogrcph in a commercial spectrum ppojector whereby an |
enlarged image could be analysed.

A comparison between the sauter mean bubble size
determined in this way and that deduced by the light
‘reflectivity method was made. Good agreement was
obtained at high gas flow rates when froths were
produced but the interfacial area waé'invariably lower
then that found using Rthe g¢ther methods. This was
cxplained as imﬁlying that while the bulde sample
- viewed at the column wall was representative of dhat
‘obtaining in the bulk of the froth or foam, an
unveprosonsative and larger volume of liquid was present
at the wall and this would increase the value of a

calculated from the reflectivity measurements,

D. THE CHEMICAL METHOD

lAll the previous methods described have relied on
physicel measurements either at the walls of the
containing vessels as in the case of photography and light
reflectivity/
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reflectivity measurements, of through small local parts
of the diepérsione as in the case of light transmission
probeé. The former arc subject to the disadvantages of
possible unrepresentative conditions existing at the

well end the latter to the likelihood that the dispersion
ig not homogenebua, necessitating measureéents at

sever.) positions in the dispersion:. This was clearly

demonstrated by Colderbenk (149) for dispercons in

agitated vessels. The additionnl fuctor that the probe
itoelf is often large cnough to change the natural flow
pattern in the vessel is another aisadvantage; . To over-
come all of those disadvantages fér the case of gas

dispersions in liquids (Weatérterp,(13o) proposed using a

chemical method, the principle of which is as follows.
For gas obsorption with a moderately fast
irreversiblo 1lst order chemiocal reaction taking place
in the liquid boundary layor ouch ass
A + B—> AB

. either the filmror
penctration theory (164, 165, 166) can be used to show
(130) that the coefficiont for sbeorption is given as

2
kl = ({CCDA)B N evo6vee (20) .

providcd thet : 2
{
¢= (chn) /B> 2 cevanas (21)

The coefficient ﬁb-in equation (20) is defined by .

Ny = X, (6 =C )8 seeee (22)
where Ny ic expressed in the dimensions ur-3r-t,
Equotion (20) implies that under conditions such that the
inequality/
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inequality of aquation (21) holds, kg is independent of
the mags transfor coefficient l;, »nd accordingly of the
hydrodynamic conditions. Undor such conditions, the
whole gas~liquid interface can be considered uniformly
effective for absorption. If cxperiments can be
designed where khe inequality of equation (21) is
satisfied and for which the value of the interfacial
area is kmown, then (kg]),‘)(;z can be calculated and uéed
in future oxperiments to measure intcrfacial areas where
these are not kmown, sﬁch as in gas-liquid dispersions,
using equation (22). In this equetion Np is the mass
transferrcd of A per unit time and volume, Chj is the
equilibrium concentration of A at the licuid interface,
which can be estimated from Henry's Law with the
necessary corrections for the presence of electrolyte.
The concentration of A in the bulk liquid, Ca, , can Be
asoumed to be zero for an irreversible r@éction where
Cg is large.

In the case of & second order reaction in the liquid
£ilm a similar analjsis (157) by the f£ilm or penetration
* theory will ghow that the coefficient for absorption is
given as |
- k! - (e pa® cesess (20a)
provided thet

| g = (kl"c&n,\)é/k,_ > 5 ereee (218)
so/ |
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0 that if the concentration of colute in the liguid
phese Cg 1is large énough to remain subétantially
consvant during the run, and tha-inequ&lity‘of eqﬁation
(21a) holds, then k;-again becomes independent of kyp

and hydrodynamic conditions. As before the value of

i1
(kq

the intorfacial area is known.

CsDn)g must be determined from experiments in which

Westerterp used two reactionsit= 1) The oxiaatioh
of aqueous sodium Bulphite in the presence of cobalt and
coppor ions and 2) the absorption of COy gas by aqueous
so&ium hydroxide solutions. The reaction between |
oxygen and sodium sulphite will be dealt with in
deteil in the following chapter as it was tae reaction
selected to measure arces in the three phase fluidized
bed. Suffice &t here to say that ite great advantages
are thot sodiua sulphite is obtainable cheaplyend the
normal laboratory compressed air supply can be used
a8 & source 0x OXygon. In the case of the absorpiion of
COy in aquouo NaOH its}main advantage according to
Westerterp (and Yosghida (157) who also used it), ic that
it is ineensitive to impurities and the physical
properties of tho NaOH solutien can be altered by adding
other liguids without affecting the chemical kinctics
approeciably. Ites disadvantages, he points out, are
1) the high solubility of COp and the likelihood of

resistance/
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resistgnce t0 mess tranofer in the ges phase interforing
if it is diluted with onm inert ges - this is not
gupported by Yochide and Miura who uwsed air with a COp

conconsration from 1 to 14%: 2) the high abgorption rate
which mekes heat withdrawal a problom, and 3) the obvious
difficulties of designing cquipment and'the inconvenience
of hrandling cauwstic solutions up to 1 N in concentration.

H=RAY [TETHOD

Morig (158) im an article doscribing mase trensfor
and bubble sigc studies in solid-gas-liquid systeoms in a
stirred tank, montioned that an X-ray technique was being
devoloped to measuré bubble sizcs in opaque slurriocs,
which appoars to0 be a probe similar tc that uwsed for

1light transmission by Calderbamk (149) but with tho light

sourco replaced by one of X-rays and the photo=cell by
a puitable detector., So far nothing has baeen published.

The projecf undexrieken to.atuaylmass {ranefer in
three phase disporsions was only viable if interfacial
areas could be moasured with‘a_reasonable degree of
accuracy. The light transmicgsion mothod could not be
'ﬁsed, as th@ pregonce of particles, sand and glass.
ballotini, would either totally obscure the light beaﬁ es
in the case of the sand, or, with the ballotini, cause

so much pf it to be scattered that it would be impossiblec
to/
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to account for that scattered by the particles and that
by bubbles. As the particles (and liquid) are moving
in very turbulent conditions caused by the passage of
large bubbles, their own distribution in tho dispersion
is far from homogeneous, and quite different from that
in the bed before aeration. Thus any attempt to obtein
& "blank" reading of light tremsmission through the
‘7solideliquid bed before aeration woudd be futile.

The prosence of particles also causes gas bubbles
to coalesce rapidiyg causing considerable down-flow at
the walls of the column as a large gas bubble passes,
Reflectivity measurements or photographs (which can only
be taken at the wall because of the opacity of the
dispersion) under these conditions would not be remotely
representative of the situation in the bulk of the
dispersion, The only suitable method was the chemical
one described and used by Westerterp° The reaction
selected was the oxidation of‘aqueous godium sulphite
containing copper, or cobalt, ione as a catalysmg because
it was & cheap and very convenieht system to use in the
.laboratory.

It has been shown by Yagi and Bioue (129) and
Harris and Roper (138) that the oxidation of sulphite

catalysed by cobalt ions is controlled by @ second order
reactlon in the liquid film and in this case the value of

k1 depends on the sulphite concentrationg and tho

{toncentration/



concontration of cobolt catalyst iu so far ag this agffects

1
c [ ]

the value of the sccond order reactipn rate constant k
In.view of those considerations it was décided not to uee
cobalt os a catalyct.

However, work done elsewhere in this department (130)
using a stirred aerated soiution of copper catalyced
gsodium culphite in o tank, identical to that used by
Vestorterp, showed o difference by a factor of over twensy
between the inierfacial area measured difoctly by & light
transmission probe and that calculaicd from the value of
kz quoted by Vesterterp under the same conditions. The
quoted value of kl gecmod to be twenty times too high.

In view of this large discfep&ncy it wes decided to carry
out a thorough investigation of the sulphite oxidation
reaction, using the light probe method devised by

Calderbank and already described, to measure areas in a

stirred tank and & bubble column. This would allow the
value of kz to be calculated under different conditions
of agitation, bubble size and solution concentration.
This study is reported in detail in chapter III but first
of all a literature survey was made to iry to discover as
much information as possible about the oxidation of
sodium sulphite, particularly when using éopper as a
catalyst. An experimental program was then developed to
provide more information :. . ...y where there was none

already/
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elrecady and where confiicting fesults in the literature
demanded it. The oversll purpose behind all this was:
to determine first of ell if it is poosible to provide
- experimental conditions such that a valuc 6f klﬁexiets
which ig indopendent of the hydrodyn&mic conditions,

and secondly, if there is, what is its velue.
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CHAPTER II

the Oxidation of Agueous Sodium Sulphite Solutions.

1. LITERATURE SURVEY

The oxidation of a catalysed sodium suiphite
solution, has been used recently for the chemical method
of measuring interfacial areas in gas-liquid contiactors

by Westerterp (183). However for many years it has been

used to compare the performance of gas liquid contactors
of many types, and predominantly'those used for-submérged
aerobic fermentions. The method here, consists of
measuring the rate of oxidation, by air, bf an aQuéous
sodium sulphite solution containing cupric ions as g
catalyst. This oxidation rate is obtained by measuring
the change in sulphite concentration in the liqﬁid by
iodometric titrations at intervals of time, from which the
average volumetric mass transfer coefficient ﬁta can be
calculated, and these values are compared. In nearly all
cases no determination of the value of the interfacial
area, a, was attempted and so one could not tell if a
quqted impfovement in ﬁia.was due to a more efficient
dispersion of the éas rhase increasing (1, or an increase
in the value of ﬁ; due to a change in the hydrodynamic
conditione or the rate confrolling step for the absorption

process/



process., The question of what the rate controlling
step is - whether there is a mass transfer resistance in
the gas film, liquid film @ at the interface, or whether
it is a chemical reaction -~ has not yet been answered
satisfactorily, although many attempts have been made to
do so. The overall reaction is represented by the
equation

Na,S04 + 30, —> Na,S0, censee (1)

and in the

case of solutions cétalysed by cupric ions it has been
suggested by Backstrom (106) that the reaction proceeds
as a series of chain reactions initiated by a cupric ion.
Vork has since been done on the reaction mechanism aé

such and is reviewed by Bassett and Parker (112). VWhat

follows is a chravlogical survey of work carried out, of,
generally, a chemical engineering nature as opposed to
that of physical_chemistry y to discover more abuut the
absorption process and its rate controlling step.
lMiyamoto (101 to 105) working'from 1927 to 1932
dedided after many experimgnts'that vhen the liquid is
well stirred there is no statibnary liquid film adjacent
to the interface and that the maximum rate of oxidation
of the sulphite is that equivaient to the réte of
solution of oxygen in weteér free of dxygen. It does not
depend on the sulphite concentration except that if this
is too high, the rate of oxidation decreases. He also

states/
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states thaet the rate is proportional to the gas-liquid
interfacial area, and the partial pressure of oxygen in
the gas, and that it increases with temperature. Shul tz
and Gaden (120) calculated an activation energy of 12.5 k.
cels/mole from lMiyamoto's data, which would indicate a
chemical reaction controi.

Fuller and Crist (107) used a stirred 100 ml quartz

reaction vessel containing solutions of very pure sodium
sulphite, from 0.01 to 0.05M in concentration, and pure
oxygen da the gas. The temperature was controlled at
25%. Experiments were carried out with no catalyst,
with cupric ions from 10~ to 10™% I, and with mannitol

in concentrations from 10"7 to 3 x 10"'2

M. They found
the reaction of uncatalysed sulphite solution saturated
with oxygon at one atmosphere to be strictly first order
with respect to sulphite ion concentration; but with
cupric ions present in excess of 10'9 I1, the rate was
independent of the sulphite concentration. [annitol was
found to act as an inhibitor and ite effect was uniform
over the 105-fold change in concentration used. They
also showed the rate to be independent of pH between 8.8
and 8.2, but that it decreased in a complicated manner
between 5.9 and 3.2. An interesting point they made was
that the rate increased four fold during a run using

cupric ions as a catalysf. They suggested it was due to

the alkalinity of the sulphite solution when made up
(pH/
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(pH of 8.7) causing the cupric ion to be removed by com-
bining with the hydroxl ion: this then returned as the

solution became less alkaline as the oxidation of basic

S0 ions to the meutral S07 proceeded. (Chain et al.

(113) noticed a similar increase in rate after 1 to 1%

hours in a sparged fermento; using 0,25 I sulphite with
1074 1 cupric ions. They offered no explanation;

Cooper, Fernstrom and Miller (108) first developed

the use of the sulphite oxidation reaction,as a means to
study the design variables pertinent to agitated gas-
liquid contactors. They took up the poinf of the reaction
rate being independent of sulphite concentration when

catalysed by cupric ions discovered by Fuller and Crist

and tested it over a much wider range (0.015M to 0.5M) of
sulphite concentmtion using e cupric ion concentration of
10734, This they‘found was high enough to avoid the
increase in reaction rate as the solution became less

alkaline, observed by Fuller and Crist. They used a

series of five geometrically similar cylindrical tanks
from 6 to 96 inches in diameter. The four smaller ones
were made of pyrex and the largest of steel. Four
vertical baffles extending from top. to bottom of the
tanks were placed at oquai intervals about the circum-
fe:ence in every case. Varied disk and flat-paddle
egitators were used to disperse thevair which entered
through & single orifice-in the centre of the tank bases,

under/



undor the impellers. The actual rate of oxidation was
measured by analysing samples from the tanks for their
sulphite content iodometrically - this method was used
by all workers and is described in detail in Appendix III.
Wise (111) compared oxygéﬁ abaorpfion rates by the
sulphite and poleorographic methods in a tall cylindrical
veosel aerated through & jet at the base, and found the
sulphite method gave higher résults. From the film
theory of gas absorption he arrives at a relation between
the two rates, which fesulteain én enhancement of the
polarogephic rate of /1 + §%~T5-:E"7'/ in the case of
sulphite absorption, where dAiseth; liquidvfilm thickness,
k the zero order rate constant of the reaction between
sulphite ion and oxygen, DA the diffusion coefficient of
oxygen in the liquid film and Ce and C_, the concentration
of dissolved oxygen at the interface and in the bulk
liquid respectively. ' From this enalysis it would appear
that if the film thiclkness is decreased, by say increascd
egitation, the enhancement factor would decrease and s0
would the absorption rate. The effect of the rate
decreasing with increased agitation has been noticed by
Schultz and Gaden (120) and Carparni and Roxburgh (124)
in a stirred tank with a horizontal ges-liquid interface.
Baggett and Parker (112), in a paper on the oxidation

~ of sulphurous acid, report an intensive study of the

presence/
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presence of dissolved metal salts on the oxidation of
sulphurous acid by free oxygen. They also include a
review of previous work on the catalytic acceleration and
retardation of the oxidation of sodium sulphite solutions
end in the case of cupric ioms, give'a‘series of suggested
reactions. In these the cupric ion is supposed to form
o complex with the 503 ion, 4':011(303)232 which reacts with
oxygen to form another complex ,@2 —-70u(503)2]-which in
turn breaks down to SOZ ’ SO§ s and cutt ions, leaving
the Cutt free to begin the process again. From this
paper it would appear that such metal ions as Co*+, Fe++ﬁ

Ni++, mu*t would also catalyse the reaction. °

linxon and Johngon (114) using the method (and a

similar apparatus) of Cooper et al found the oxygen up-

take rate varied as the 0.4 power of the air rate and
that the effective aeration could be varied from 10 to
700 millimoles of oxygen per litre per hour by varying the
gas rate and stirrer speed from 100 to 104 mls/min and
500 to 1680 r.p.m. respectively. They also found that
increasing the operating liquid volume, in effegt making
the liduid deeper in the same tank, decreased the uptake.
By changing the volume from 1300 mls to 2100 mls the
rate decreased by 50%. as they too found the rate of
oxidation to be independent of sulphite concentration
they conclude the ébsorption must be gas-film controlled.
Finn/
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Finn (116) in a review of agitation-aeration refers
'to the sulphite reaction and states that copper or cobalt
. salts caﬁ be used as catalysts, which is to be expected
from Bassett and Parkers' mper. In considering the
individual mess transfer resistances he dismisses the

idea of Maxon and Johnson's that the gas film is con-

trolling, on the results obtained by Bartholomew etzal.

(109), who found that k.a incremsed as the temperature

was raised from 27°C. to 32°C. and the activation energy
for the overall process was 4200 cels/mole, a value
characteristic of a diffusional process through water.

If diffusion through a gas £ilm were controlling, ﬁba
would vary as the square root of the absolute temperature
and this was not observed. In addition he states that
for a slightly soluble gas like oxygen, the concentration
driving force across the gas film is so much greater than”
that across the liquid film, that the latter is almost
certain to offer more resistance. Also, since the
diffusion coefficient of oxygen through water is less than
through air by a factor of about 10,000, air films would
have to be enormously thicker than liquid films in order
to become controlling. |

Schultz and Gaden (120) set out to investigate the

question of where the controlling resigtance to mass
transfer was: in the gas film, the liquid film, or et
the interce. They used a cylindrical plastic tank

12/



12 inches in diametor and 16 inches high. Approximately
7.5 litros of 0.075H sodium sulphite, sbout 10~ in
cupric iong, were charged for each run. .The'pH wés
adjusted to 6.8 with concentrated sulphuric acid and the
whole maintained at 30009 by a copper haating coil. Air,
previously filtered, heated %o 30°C and saturated with
water was passed over the sulphite solution surfac@: no
sub-surface sparging was used. Both the liqﬁid and gas
could be stirred independently and in addition a larg@.
pitchle@s three bladed stlrrer9 made from flat shest,
wag placed about one inch-below,the liquid surface, on the
liquid stirrer shaft. This device was to obtain regular,
circular flow at the liquid surface, Vertlcal baffles
were also installed but were torminated below the surface
to prevent any breaking of the gas=liquid interface.
Uith this set up, liquid and gas stirring velocities and
hence the corresponding film resisfances could be varied
independently and in a lmown manner. Furthermore
because the surface was unbroken, the interfacial area
could be detormined and the mass transfer coefficients
calculated. | |

Runs at air stirrer speeds from zero to 550 ToPolo
were made in triplicate but no effect on the absorption
coefficient ﬁta was detected. In the case of liquid
stirring the absorption coefficient remzinecd fairly
constant over the range of lower stirring rates, 0 %o

20 rapomo/
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90 r.p.m. but therecafter it decreased until it had dropped
by 255 at a stirring rate of 240 r.p.m. This they explain
by suggésting that as the mechanism of the reaction is
thoughf to be a chain one, there must be some induction
period in the reaction rate while the concentration of
intermediates is built up. If the rate of formation of
these infermediates is dependent upon the dissolved oxy-~
gen concentration - because of the rcoxidation of cuprous
to cupric ions, for example - the overall rate of reaction
will depend on the 'time-average' oxygen cdncentration
level in the liquid phase. With incréasing stirring
rates, the residence time of an element of flﬁid in the
surface zone or f11Q,decreéses and it follows that the
average oxygen'level in the liquid there will also fall,
causing the drop in reaction rate. The apparcnt inde-
pendence of the rate on stifrer speed at lower range of
r.p.m.'s is explained by assuming that the residenco

times in this range are much greater than the reaction
induction poriod. This ceems a ieasonable explanation,
and agrees with the fact that Vesterterp, whose work is
discussed in a later section, found he could not get
reproducible recul<s with copper catalysed sulphite using
a liquid jet, where contact times werc very short. He
considered them to be shorter then an induction period

for an auto-catalytic reaction in the 1liquid film.

Pirt, Callow and Gillett (123) compared sulphite
oxidation/ ‘



oxidation rates using copper and cobalt ions as catalysis.
Using cobalt was mentioned by gggg and used by Dowming
(118) but no one had és yet made any comparison betweén

| the two. | |

Pirt and co=workers used a Sméll formentor of the

typo doscribed by Elgworth et ol. (121) charging it with a

golution 0,25 in sulphite and S x 10~%1 in copper or
cobalt sulphatgc They found that a¥ low gas rates the
cobalt catalysed solution gave,an abgorption rate about
twico that of the copper one and that this factor bocame
as high as five ot the highest gas rate. In the
presenco of cu®¥ the reaction of sulphit@ ions wag found
to be zéro with respect to the sulﬁhit@ conceniration, but
with Co’? tho reaction rafe decreased with tima, The
reaction rate with Cu®? ions was found to be indepondeny
of $he Cu’™ ion concontration over tho renge 1074 %o
10731y  They did not imvestigate the offect of Co®’
concontration. -

Solomons and Pexrkin (125) compared oxidation rates

using the polarographic and sulphite methods, as did
Wige and found the same discrepancy, that ié the sulphite
method zave highér abgsorption rates. However they also
say that whilgt the polarographic mothod is dependent on
tomporature and h@nc&,is liquid-film controlled, the
‘sulphito ﬁethod,over a range of 20°C ig virtually

- independent of tecmporature, codgresponding Yo a gas-film

‘controllod/
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controlled reaction. This they feel explains the
difference between the two methods, rathexr than the idea
of a finite reaction in a stagnant liquid film suggested
by Wise. They used a ceries of baffled and unbaffled
stirred tanks with both singlo holc and sintored glass
gpargers, and decided thero would be no ctagnont liquid
filmg,

Carperi and Roxburgh (124) used a thermostatted pyrec
cylinder, 21 cms in diameter, with a flat-bleded impoller,
17.8 cms in diameter, and no bafflés; a set-up girilar

to that used by Schultz and Gaden, with the absorption

taking place at the liquid surface, allowing the inter-
facial area to be measured. Values of overall mass
trangfer coofficiont ég were calculated for transfer of
oxygen from air to water, 0.5! podium chlaide end 0.05L
Sodium sulphite that was 10°3M‘in'CuSO4 and whcsepH wago
adjusted to 8.0 beforo oxidation (c.f. Schultz and Gedon
vho used pH of 6.8). In the case of water and codium
chloride the value of ﬁL inereased with increaSing gtirmr
TeDele as'expectsdg but fbr the sulphitc solution ki
docreasged. This agreced with the findings of Schultz and

Gaden qualitatively but their valucs of E, werce noarly
twice as largo. They point out that a decrease in the
value of fL‘ can only bo caused by & decreasc in the rate
controlling step in tho complex oxidation of sulphite and
this may well bo a reduced concentration of a catalyst

intermediate/
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intormediate as suggested. The wvaluesof ﬁh_ in these
experimonts for a gtill solution were 15 times higher for
sulphito than for water, but dropped to half the value of Iéb
Tor water at the highost stirring ratc.

A fuxrther sories of runs at_temporatures varying
grom 18°C to 34°C chowed that the activation cnergy for
ﬁ: was 1.2 k calo/mole for water and 10.3 k cals/mole
for the sulphite solution. This contradicto Solomons

-and Porkin who uoed a sparged fermontor, and found no

cffoct of tomporaiure. It doegs indicato that for water
e diffucionnl pfoe@as ig controlling and for catalysed
sulphite it 1s o chomieal ono, at loast in the caso of an

ungparged contactoxr,

Phillipo and Johnson (126) derivo&.an expression for
tho rato of absorption of oxygen &ssﬁming that 1) the
roaction £ilm ig complctoly conmtained within the stagnant
ligquid filmg 2) the sulphite concentration remains con-
otant; 3) the oxysen concentration at tho intorface is
conglants 4) thq roaction follows the equation

= d[o] = k[S]yl',O]n c0coooa(2) Tho oxpreosion is

3 (n21)
vo =[22e [EY/2 6] T .eeeee (3)

 whoro Do io the diffusion coefficient for gas that reacts
with soluto; k io the reoaction rate comstant; n tho
roaction oxder with rogpcet to the disgolved gasy; No tho
rato/



rato of trencfer of o por unit arce at interface; [dl
tho concontration at interface of dissolved gass [é] the
concentration in the liquid phase of the solute which

roacte with the dissolved ges; and y the reaction order

with rospect to the above solute. ,

Thoy thon studicd the effect of oxygon partial
propoure on the oxygen absorption rate in a variety of
plioccs of comtacting equipﬁento Tho firet was & 4alitra
‘glass jar with an encioaod gaé gpace above it and a glass
Qéirroro _Thé contact area was the horizontal liquid
gurface, and the solution wag IN in sulphito and 1o°5m
in coppor ionso Stirring the liguid ond thé s phagses
¢o o modorate dogroec was found to'h&ve no @fféct on th@‘
oboorpition ratc, indicating ncithor ideal gas £ilm nor
idool liquid film control, and that all tho oxygon must
havo beon consumed in the liquid £ilm. The @atual
trangfer rate wao proportioﬁal to the 1.5 power of the
oxygon partial presgure, indicating that the transfor was
limitod by @& process other than simple diffusion. From
equation (3) then, g%l = 1.5 and so ﬁ = 2., that is the
oxyscn consuming rcaection is seccond ordeor With ragpect to

OXYygon.. NWow if the major resistance to oxygen transfer

were in tho gns phase or at the intorface, the absorption

rate would bo independont of the maturc of thc oxygon
conguming chemical roaction, but this is clearly not so
from the difforenco in rate for differont cafalymta.and

foxr/
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for oxygeon absgorption by pyrogallol and KOK solution.
Since then, the absorption rate is not indopondent of
the chomieal f@actiono the m&jor rosistancc must be in
the liquid phase.

Thoir next otep was to repeat the Lirst experizento
but with much higher agitation of the ligquid phase, to try
and significanily reduce tho thiclmess of th@'stagnant
liquid filw., The recaction vessel uged was a fully
bafflcd wneparged ferm@ntor with an agitator below tho |
liquid surface. It was operated in a closed systom as
.beforoo Pxperimcnts wore mado with the same svrength
coppaer catalysed sulphite but the results were not
roproduciblo and the oxygen transfor rate increased with

time (oeo Pulloxr and Crist (107) and Chain et el. (113)).

It appoarcd Yo them that the exxatic bechaviour was caused
by rondom metal catélysis from the stainless siscel
componento of the rcacting vessel; barfles ete. This
same orfoct of stainless steel was noticed in experiments
carriod out in this work and desecribed im Chapter IIX.
They overcame this problem by adding Vexrsene |
(ethylenodinitrilototraacetic acid) which restorod the
roproducibility, probably by comploxing the metal ionso
preogent ag inpurities. At low agitation speecds thé
transfer rate again varied as the 1.5 power of oxXygon
partial pressure while at high agitation speeds the rate
was propoxrtional to tho oxygen partial pressure to the
firgt/



first power. This then indicated that only a negligible
amount of reaction occurred in the £ilm,

A bubble column was studied next., Bubbles from a
s:i_ngie orifice rose 33 cms through copper cata)&ééd
sulphite and they found the transfer rate varied as the
first power of the oxygén partial pressure; egain
indicating that mo‘st of the reaction took place in thé
bulk liquide The transfer rates observed in these experi-
ments agreed fairly well with those observed by Hammerton
and Garner (169) for bubbjles of the seme size in aqueous

| oxygen—freAel solutions, Therefore they concluded that
oxygen .tra‘nsfer in the sulphite ‘case‘ is probably limited
by the seme process as for oxygen transfer to water,

Mare experiments carried out using };oth cobalt and
copper catalysed ‘sulphite solutions in a sparged agitated
fermentor gave thé same transfer rate for both cafalysts,
which was surprising vir;_view of the much @eater rates
with cobalt measured by Pirt et al. The rates in both
Cases were direcfly proportional to the oxygen partial
pressure, indicating that in these cases too, nearly all
of the reaction takes plé.ce in the bulk liquid."

The final experiments performed were to study the
effect of sulphite concentration on the oxygen absorption
rate and this was found to be independent of sulphite
concentration in the ‘spa.rged fermentor down to approxe
~imately 0.0084, whereas in the unsparged vessel it was

dependent/
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dopcndent on sulphite concentration up to 0.2f This
indicated to them qualitatively the reiative indepan=
dence in an agitated sparged fermentor of the oxygen |
ebocrption rate on chendcal variables, In the
fermentar, the ebscrption rate varied as the firit_
pover of thé aulnhite concentration bolqé 0,00ZJ, '
indicating the reaction is first order with respect to

sulphits, This was also chaerved by Fuller and Criste

In the unsparged vessel, hawévexf, it was spparent that
below 0.015H sulphite céncentration, the rate varied
as the first powcr of the oxygen partisl pressure,

This would be expected if sulphite diffusion as well
a8 oxygen diffusion Wted the abaerptién rates

‘Above 04015 sulphite tha oxygen ahnoq:'ption rat’e‘“negmed
to approach a constent valus, Q&icating that a facter
other than sulphite concentration wes Admiting the
velooity of the chemical reaction.

Yoshida, Ikeds, Imakawa and Miura (128) compared

the rates of ebsorption of oxygen in pure water, sulphate,

and pulphite aolutions cotalysed Ly cupric ions, in

bubbling gas-liquid contactors of the same type as those
- used by Cooper et als They wero mads of stainless steel

.hwmmr whioh in visw of the experience of Mmﬂ
Johngon/

4.



Johnson ané tho author of this thesis, can intfo&uce
random cotalytie offoets. They suggoot that where
oxygon ig bubblcd through water the ratec of absorption is
doperdcnt only upon diffuéion bocause of the rolotivoly
high furbulcnco in the liquid phoge; howover whon 4t is
bubbled throuzh catalysced sulphito solution undor
mochoni cal agitation the abgorption per wnit intorfacial
arca is g%ill dopondent only uvpon diffusgion but the xate
por unit volume ig inercased beeausc of the groater
intorfdeial aron availablo due to the formation of vory
omall ionic bubbles which have & long residence time in
the vemgel.

Exporimonto wore also carxriod out in a boad column
ond an wagparged gtirroed tank with o horizontal intor-
foec, wacre in caeh case the intorfoeial arce was lmoum.,
In the boad colurm the values of éb calculated for purs
vater and entalysed suwlphite wero idontieal. In the
otirrod tank thoy wore ideomticol abovo about 170 r.p.m.
but bolow ¢this the ﬁL for the suvlphite docrongod moxa
olowly than that for pure water and the sulphate‘solution.

This io0 in dicogreoment wi%h Phillips cad Johngon who
found thaot at similar modoxato stirring opeeds, the
actual ro.p.m. had no cffect on the valuc of ﬁ; for
catalyscd sulphitc solutiong.

Yord and Ineuwo (129) ucsed the polarographic mothed

in o oericos of exporinonts to measure the concemtrations

of/
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ox oxygon-in gulphive solutions and were ablce to moagure .
tho ratc of rcaction betwoen dissolved oxygon and the
gulphite ion in tho liquid vhase. This was done by
bubbling ox&g@n througn a solution of uneatalysed sulphit@,
controlled ot 20°C) to raige the oxygon ooncéntrationg
and then moaguring and recoxrding simul taneously the
change in anffusion currenmt duc %o the dissolved oxygen
for a peried of @@véral minutes. Thoy had previously
obtained a plot of diffusion current.against oxygen
concentration foxr 0025M‘§ulphite at 20009 which was
lincay, ond thoy wscd this és a calibration. By this-
meang they wexrc able to éﬂtabligh %hat e reaction
betweon oxygen cnd sulphito in the liquid phase'was firet
ordor with rospoct to the oxygen coneentration and more-
ovor that tho rate comnstant for this roaction changod
lincarly with ¢the concontration of sulphite,pr@sent¢f
Froa this relation it appeér@d that the reaction rato was
propoxrviconal to the sulphite an@ oxygen concentrations
| im thoe liguid, By the @amé procedure they stuéicd the |
offect of adding cobaltous ions as o catalyst anﬁhfound
 that it was o pronounccd that the rate éould be obtained
only at vory low catelyst comcentrations owing %o tho
r@strietion of rocordexr spaed; It appeared that the

roaction was firgt order in catalyst concentration at

40
Having catisfied thomseclves as to what remctions

those low voluos of from O %o 6 % 10° T Co3S0

woxre/



wore taking place in the liquid phase,; they then
invootigated the absorption of oxygon into a eobalt
catalysed solution of sodium sulphite at 20°¢, By vary-
inz the sulphite and catalyst concentrations thoy oba' 

toined a serios of curves of absorpiion rate ageinst

cotalyost concontration for geveral sulphite concontrations

tho results of which they werc able to correlatc vory
well with Yon Xrovolon and Hoftijzors (163) solution for

gos absorpiion accompanied by & socond oxder roaetion im
the liquid film. This socond ordor bohaviour of cobalt
catelysed culphiie was confirmed by Harrio and Roper (138)

Howover from the trend of ¥agi and Inones resulis for
the aboorption ratve againgt cobaltd catalyst concontration
it appearg that the effect of catalyst concentration
would be heglible at values above 10“4M9 in which cage
the vaiug of ﬁi would be constant and only the valuos of
culphite concen%fmdon:wculd bec requircd to set thoe value
of ¥, from equatvion (20a) in Chaptor I. As the
oxidation in any rocactor proceeds tho sulphite concon-
tratioﬁ will f2ll and so conscquontly will the value of

/
k  which could oxplain why Pirt ct al., and Roxburgh

(134) found a deocrocase in absorption rate with time for
cobalt catalysed sulphifé. Another @xpianation is
orfered by Roxburgh, involving a change in solution pH,
walch is diccucgsod lator. |

Roxburgh (134) octudicd the cffect of four metal ions
as/ | |
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as catalysts, copper, éobglt, iron and nickel, on the
absorption rate in fowr typés ofl contacting equip‘menf:-
1) An unbaffled stir jar as used previously (121,';) 2)
Shake flasks of the Erlemmyer type agitated in e standard
foté.ry shaker with a 1 inch throw 3) Two sparged
baffled fermentors of 3 and 15 'lit.rt.as cepacity and 4) a
horizontal rotating ferméxitor made of 3 feet of 3 ‘inch
diémeter pyreXe ATh'e, c;nly éaé.e in which the saﬁie
a.bsorption rate 'c;vas recm'ded with different catalysts,
was with copper and iron in the sparged fermentor,

However,. this was made of stainless steel which makes

.' any results from it untrustworthy, and may well explain
-the s:.milarity of the two rates as a case of catalysis by

f ¥ ions from the steel , masking_'the.ef‘feot of the
copper ions. Satisfactory oxidation rates using all

four catalysts were cbtained only in the stir jars In

the' shake flasks the rate of oxygen absorption 'using iron-

‘a8 a catalyst was very high, higher than with cobalt, but

it dropped off rapidly as the run proceeded and was not
reproducible, In sparged fermentors on the othag' hand,
iron was a satisfactory catalyst but nickel was not.
With nickel the chemical rate apparently beceame f(:'he rate
controlling step as sulphite o:d.datioﬁ rates levelled off
at about 40 millimoles of oxygen per litre per hour as

egitation increased. ' Neither nickél nor iron could be

. used/
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uscd satisfactorily in the horizontal rota%ing formenisor
as rates variod subsﬁantially botwoon runs and on
occasion during & rum., Roxburgh docs nog givo.any
oxplanations Lfor his failures montioncd above, and in the
published papor only quotes resulis, and prosonts graphs
of data, from coppor and cobali rTuns.

In the stir jar and horizontal Foxmontor where the
interfoecial arca could be measurcd, values of ﬁL i th
cokals varicd £xom 6 te 60 fim@@ highor than those with
copper, and in cach apparatus the ratio of thoe two
incrcased with inerocasing agitation. Values of EL fLor
both catalysts incrcased with inercasing agitation in the
horizontal formentor, but in the stir jar tho cobalt kﬂ
incroaced whilgts the eoppor'on@ decroased (ef. Schultsz

and Gadon, Wise, Corpani & Roxburgh).

In the spargod fermontors tho cobalt eatalysed

solutions gave highor absorption rates than tho copper
ones; tho ratioc of tho two decroased slightly as tho
ogitation incroasod, but was always greater than threc.

Thooe results disagroc with Phillips and Johnson’g, but

agreo in principle with Pirt ot wl°g ana Vlegteorserp’as.

The cffect of pH on ki for all four caialysts vag
moasured’in the stir jar and it was Lfowad that the value
of kL pasged through a maximum for cach one, but at a
@ifforent valuc for each. For copper ift was 8.0,
cobalt 9.2, iron 7.5 and nickel 9,5, In the casc of
cobalt/ ‘ |



cobalt the value of ﬁb ‘dropped by 60% as the pH changed
from 2.2 to 7.§.> This he suggests, may explain why some
workers have found a drop in absorption rate with time
with ocobalt catalyséd solutions, the pH, if unbuiiered,

-
=

falls during runs as the basic 803 ion is oxidizod to the

-
=

neutral SO4 ion (sde Fuller and Crigt)

2. CONCLUSIONS

From the foregoing it ic abundantly plain that the
oxidation of sodium sulphite solutions, in the presence
of metal ions as catelysts, is & very compliecated process,
The two principle hicdal ions that have been used are
copper and cobalt and they would ceem to gve rise to two
different types of absorption}' absorption of oxygen
.accompanied by a first order chemical reaction‘in the case
of copper and with a second order reaction in the case of
cobalt. The difficulty in drawing conclusions ebout the
process is that although a wealth of information has been
obtained it is.drawn from @aﬁy differing types of gao-
liquid contactors and when from the same type often under
different conditions of agitation, sulphite concentrationg
catalyst typc and concentrationbctemperature and pH..
Authors propose mechanisms and suggest rate controlling
steps from the date of their own investigations, at
times appearing to ignore; completely, contradictory’

evidonce/
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evibdcnce produced by others. However certain aspects of
the process have been fairly well established and
corroborated by more than one worker and these are
sumaariced below,
(a) The rcaction is very sensitive to tracea of
catalyst - motal ions such as coppor, cobalt, irom,
nickel and mangsnose accolerato it and orgonic
}compounda ocuch as cthyl ealcohol, glycertol and
mannitol roterd it. Stainless stesl has been
found to producc vandom cataiysis and irrcproduci-
bility of resul$sc when usod as a material of
construction (126,128,138, this work).
(b) In the case of the two main catalystis @tﬁdied,
cobalt and coppor ioms, the oxygon absorption rate
io indopondent of <heir concentration above 10“3
Holar, and is anything from tho seme %o 60 timos
faster with cobalt than with copper (123,126,129,134,
138, 139).
(¢) When catalysed by copper ions the absorption
rato is indopendent of sulphite concentrations above
a ceriain value of molarity according to different
authors, the lowest quoted being 0.008 llolar for a
‘ sparge& fermentor and the highest being 0.2 lolaxr
for an unsparged vesaei with o horizontal interfaee.
(107,106,114,123, 126, ) and is directly
proportional to tho oxygen partiél preasgure in the

ano/
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@as phase (101,105,107,108,126)

(d) Vhen catalysed by cobalt ions the absorption
rate ig aceompani@d'by 2 pccond order roaction which
depoends on tho gulphide concontration an& the oxygon
partial progsuxrc inAthe gao phase, and the catalyst
concentration bolow ebout 10~4 lolar (126,138,139)

(o) Tho moin resiotamee %o tho abgorption process
is in the liquid phasc élthough its oxoct nabture is
not known and appecars to diffor in the caseg of
gparged formontors, whero thoro are bubblcs of gas,
and stirred veossels with horizontal liguid surfaccs

(101 %o 105,108,116,120,126)

(£) Tho aboorption rato into coppor catalysed

oulphito in @ stirred veoeel with o horizontol

liquid interface docreescs with inercasing @tirring
spocd. Tho rate imercases with séirrer specd if

tho golution is catalysed by cobalt. (111,120,124,

126,128,134) .

Thoro romoin other points such as the actuél roaotlon
mochanion in the casc of the cobalt and éopper catalysod
solutions (106,112,107,108,120), tho offect of
teomporature (101 to 105, 109,124 ) ond solution pH
(107,120,124,934,939,141) om the absorption rate and
rate eontrolling stop undor differont oxperimental
conditions, that arc often isolated and conflicting
piecas/
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pzoces of evidence and are by no means substantlated at

thls stageo~

B Heptertery's Uork

Westerterp“s work (130) is considerad separately as
it is .the. first to suggest and use the oxldat1on of
sodlgm.sulphlte_solutions as a means of measuring gas/
liquid intérfaoial areas.,» The - principle is- descrlbed in
Chapter I and the method etands or falls on whether the -
»value of kh can be shown to be jﬂfﬁg 1n tho experimants
- designed to @valuate‘fEEBZ: Below is a summary of -
: Westertorp°s-work and it is followed by a oritical
discussion in the light of work done in thls department o

and elsowherooy

1__SUMMARY. | o

In ordérvto'be able to'calcuiate'a‘value of f:' the -
interfacial area of the gas»liquid contactor must be o |
knovwmn. Westertorp was oatlsfiod that the absorption of;
oxygonvin copper catalysed sulphlte was accompanied by a'
fast first order chemlcal reactionp and set out to ;R
measure rbtos of absorption in. a liquld jet apparatus,
where the interfacial area can be measured, to obtaln
tho value of k He aasumed that in this type of
apparatus the inoquallty of @quation (21) 1n Chapter I
Would/ '




would be éatisfiedp that is Oﬁ = k.DA > 2

| ok -
and so~thoIVQ1ue'ofikQ,‘woul& ihdeed be k’b . However
with tho copper catalysed golution he dserved a strong.y
varying and non~eonstant absorptlon, which was equal to
or higher than the physi cal &bsorption rate of oxygon
into pure water, In view of this then he oould not be
sure that ﬂ wag greator than 2, or obtain roliablo
resultgs. He assumed that thls performance indicated
- that the reaction, under the imfluence of coppor ions,
required a f}pite induction period, before commencing,

'~ to allow tho»build up of complet intermediates in the -

chain mechaniem, as described by Schultz and Gaden, This

induction time must have been of the same order of |
magaitude or longer than tho oonﬁéct time in the liquid
jet. He then tried a cobalt catalysed solution in the

jet and found no such difficultics with 0,81 sulphite that

was 1073 in -cobalt sulphafe'at 36°C° He thus measured
absorption rates atv v&rious contact times and found the
valuc of k~ wao 1ndepenaent of contact timo, where
Ho is the élnry ’s Law distrzbutlon coefficient, and is
comblnod with k bocauee all other quanﬁtles in the

cquation used to calculate kL' are moasurablo. He

: depends on the temperature and sulphite concentration and

wag not measurod by him, but eet1mated from literature
. values. , The v&lue he obtalned for ks or ch B
: ﬁ . . "He co**

[ e
according/
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according to him was (1044 % 0 13) x 107 -4 m/seco

- In order %o obtaxn tha value of kcpA : which

¥
he coulﬂ not do alr@ctlyp he argueﬂ that in gg agitated
,gaswliquid contaetor, wh@re samples are tak@n with )
“intervals of three to $en minutaag the few eaconds that
the reaction requires b@fore atartingg after centact wi thg
',diﬂaolved oxygen, would not ‘be notiecable, and mo the
value could be obtalned in.a sarie@ ol comparativo -
@xparimen%ao One mst aasume in such e case, that the .
‘sub&titution of 10 3ﬂ Copper ions for 1o°3m Cobalt ions

does not affect the gas»liquid disp@raion 1nterfaeial

arca and thot the ratio of specific abs@rption rat@s k a -

with both catalyste will be proportional to the equare
"root of. the ratio of th@ir respoctiV@ roaction velocity
'i conmt&n%so Aftar a s@rias of experim@nts under .
identical eon@itzons of sulphite eoncentr&tiong and
jcmtalyst canc@nﬁrations of 10 3M Cobalt and from 0,5 to
4 x 10 3m coyp@r i@n$9 tho ratio of &bsorption rates
e found to b@ 1o 97 -0, 16 over a wide ramg@ of

(atation 1@?@199 _ Hence he said that

-+ {{EPy/te Co = 1.97 2 0.16, end so obtained
. @ ‘»
| ( cTA 'ﬁ DA/H@ Cu*+ = (7 3 = 0, 9) %
107 -3 cm/a@c° B The value ho ageribed to He for his . |
experiments was 69 o k | !chA' = 0,5 em/sec, for

coppor cat&lyso& gulphi%ea
His next et@p wes to find out Wh@th@r th@ rate
eontrolling/
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controlling otop vas & chcmical'reac%ion oF 8.mass
tronofor proceso by measuring tho sp@cific oxygen
absorntiom rate ot difforent temperaturos..~ ‘He rejectod :
~the aﬂitated gos=digquid contactor boeouwoe in ¢his
appzratum th@ cornbincd effect of ‘the imfluene@ of the
“licguid- propertics and poseibly reacticn rat@ on both k;
ond o would be measured. Instond he uced a vertieal'.

1 om éiameéer gless tube cont&iﬁing'comper3catalyséd
-aulphite up through uhich pure oxygen was bubbledu The
bubbles aoon joined . $o fo?m bwllet chaped slug bubbles
.fXOﬂ 2 %o 8 cns long. For 2 aiven sno flow rate the
‘numbor of’ thorae ‘bullet bubbles formed ond 'therefom

. the interfacial area vas constant and independent of

tagperatur@. An Arrhenius plot of log k.e against I/7°K

oo drawn ‘and the apparent. aetivation onorzy found to be i

«ozsoﬁcala/gomoleov This was high enough to conolude that

tho” a@aorp%ion rate must have been govaned by a ohemical
rééetion in the liquid filmq As & was eonat&mt thisv
'“&Q in offect tho aetivation energy of K, ﬁhieh if 1%
% 4o oqual to‘JZ_gg , then th@ activation enorgy $or
Y cPa ig 5,500 cals/g.mole. Thot Lox D can be calcul&ted
as 4200 c&la/gamolao 80 tha@ for the first order rato '
| cons tont z; Hust be 12,300 eals/g,moleo» .
| | . Prom all th@ f@reﬁoing he concludes that for a
0.8” Shlphlte solutlon ‘more fthan 5'x 10 4M in cuprlc
ions the absorptlon is. 1ndeed contr@ll@ﬁ D}' a cnemical

reacﬁlon(

e
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" yeaction in the liquid fils

numerieally equal to O';? (it} ";
_ ﬁ, g
-“‘mlix@.mdymc ¢

‘?'liutxons oo lon“, as I\‘, /k._ > 2.

¥24"x

E—

2.  GRIPICIS.

When tha m.%ormem,l arca in a gpm*go& zas-liguid
consnctor containing 0‘8&1 Sulphito 10731 in copper
osulphatc was neoourcd weing the llghtc‘tmnmmmon probe ’

doﬁl@ea by ledermm (149)5, the value of k., calcul@,tea )

izbm thit Hpco and th@ @xygon absorpiion rate ms -£ound
f%a 'bt gbouz sixtoon ¢imco leos than tho valuc of M
/ ac@ﬁiﬁm} ’éy Keatortoxip. Two questmn@ then aroses
/() Art yhe cemz.tions guch that z: 14. Dy satisficd
'\:";,.or 3) 1‘8 the quoted valuc of ¥ DA in orror? Queeéion
m gannot bo angworcd unlose wo laiow the anower to
: /}quqtion two. Talking up the point of ‘tho value of
‘t.i; EA
K ‘t}le rates of absorption of cob&lt ana coppor eamlysod

» W0 muet bear in @ind it was obtained by cemparinv_ »‘

‘\)oolu‘tiom in en. agwatecl gas-—l:gqui,& contactor anﬂ using .'
/ tho ratio of tho rates o comrom o value of kL i‘or
4{ cobalt- catalysed aulphitc in ¢ liquid jot to that for
f ~ copper catalyoed molutmns. CIn. faimoas %o Westerterp,
&% vhe %time ho eamoa eut hia m:porimentc thom vas no
@viaenee %0 maggoa‘b ’ahai, 'the reactlon accompa,nying
abz-:;orptxon ci’ oxygen fm cobalt eai:alya@d sulphit@ woe in
any Wa.J chffercm i‘r@m "ehe.'% accompanying absorption into .

copper/
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coppor catalyscd gulvhito, éxcépt'that the absolute rate N
" tas highor. ‘ However Yag;*@nd Inone {128)‘ahd'ﬁarrie ana.»

Ropef (138) have sine@ éeaonst?ate& convincingly that it
fi@ 1n fact accompanicd by & seconﬁ order reaction, no% a
first @rdor ona @8 wi%h copper catalysed sulphite. ~ Pro=
“vided than, tha$ the value oi’ﬂ was > 5 (sea Chapter I,
equation (21&)) in Wostarterps llﬁuid je% exp@rimentsp
whxch he caﬁimnt@d wag 50, thoen his value of kb 'Would
nave boon JE?’T);EB , not Jk_c;i: If 1% cowld bo shown
'thaﬁ in the agitate& gas~11quid contactor he usca, that

" the valuoo of kL_ for eobalt and COpper oatalysed solu»
}tiens ‘wWere equal 7] ‘k Q&C and «I;;i; r@@pectively and _
~thusg 1nd@panaent o2 the anitgﬁon, thsen the ratie of -
’ab@orption rat@a would,b@ the come as th@ ratio of kg s
_all other thlngs boing equalo. But resul e from this -
werk, to be deacribad 1n %h@ noxt chapter, ana from o
%ha% 1n the literaturep in&zcate thet the absorption rato
into copper catalgsad oulphite in agitat@d sparge&
fezmen%ors is of tho came ord@r as the phyeical ababrption

of oxygen into wader ot 3o°c so for this case #~=1 and

: k J A » . Thig then 1mvaizdat9@ the methoa of
'ﬁcomparatlvo rataa uged by wQatorterp to evaluate iéchf

. In addition, as I for cobalt catalyst in the stirred
-eparg@& eontactor Fals] only twico that for oopper, than
in %his enge t00, J tao’ prub@bly less than 5 and @0
.ﬁ;; _ : kcwén . A$ a reault ono would assume ‘that the

-chemicai/



chemical reactlon rate is not the controlllng atep in an
agitated gas lxquid contactor with subsurface aeratlon,..'
with either cobalt or ‘copper ions as cat&lysts.

Westerterp 8 observations with the bullet shaped
bubbles in “the giagc tube . ehowe& that the contalllng step
:fin that 91tuatlon was a chemleal one as evidenced by the
‘high activation energy._ Unfortunately he dld not
evaluate the interfacial area of the bubbles s0 a value
of k cannot be calculated. As 1% was chemically
- controlled, thon presumébly-éi'-w k oDn ‘and it would
have been 1nteresting to lmow . the numer1cal value for
comparison‘ ' | '

In the n@xt chapter exparlments are deacrlbsd Whleh |
attempt %o neasure . values of . k;, 1n apparatua of the |
sparged fermentor and horzzontal surface type as well as
a bubble column; and to‘study.hpw thay are'affectad by
change in temperature in éach.eaSQ; as this givés a good
indication as to what proeess is controlling, - a phy51ca1

or chemical _one,



CHAPTER® IIT
t'Ekgerimehtel Work
GENERAL CONSIDFRATIONS

A survey of the literature on oxygen ebsorptlon by

catalysed sodlum sulphlte y1elde a wealth of informatlong'

of which much 1s well-euthenticated. However there

still remain areas of epeculation ‘such as the actual re-

action mechamsm9 the effect of temperature, and ‘the rate/

controlllng etep under dlfferent experimental conditions,

In plannlng this experimental program the- flrst and fore—
most object wee to try to find e value of the . overell

3mase transfer ooefflcient k that could be used to

:*‘ oalculate 1nterfac1a1 areas in three phase dleperslonsp

the study of whloh is ths mein purpose of this thesis.
Weeterterp proposed that for oopper catalyeed.sulphlte

in a eparged fermentor, thezabsorption rate was
chemicaliy eontrolled and that H =‘,f;T;.,'which is
independent of hydroaynsmlc conditlons and dependent i
only on temperature. - As shown in the prev1ous chapter,

this proposal is extremely doubtful. ~ In v1ew of this 1t

was necessary, firet of all, to carry out experlments 1n B

similar equlpment to that used by Westerterp and with the
_advantage of knowing the 1nterfao;el area_from light _ '

transpission/’
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'tranemiseion‘meaeuremente, actually calculate kL over a,

range of experimental conditionee 'The second object wag wo':d":-
"complimentary to the firet and wae to try and diecover .
something about the rate oontrolling prooeee iteelf.~

}A point that became olear from the eurvey wae the ‘
'fdifference in behav1our of the absorption rate into copper T
'cand cobalt catalysed eoluticne in a etirred veeeel W1th o .

the liquid eurface ae ‘the - mterface° Ae agitation wae

.increased the abecrption rate increaeed for cobalt but |

decreased for copper catalyled eolutione - Why wae

- there thie oppoaite effect 1n the two caeee? SChultz

and Gaden suggestedp in the case of decreaeed absorption'

rate into copper catalyaed eoluaone, that 1t was due to e

the increased agitation reducxng the time~average con—

centration level in the liquid film of a reaction 1nter-

mediate° But unleee there is e difference in mechaniem “a

or rate controlling etep for the two amalyets, they. ‘

}ehould both be eimilarly affected. “ Beyond eetabliehing4:

. that the rate controlling step is 1n the liquid phase np

one hae yet discovered 1te nature. _ » |
The eimplest way of telling whether a rate controll-

ing procees ie chemical or phyeical is to meaeure ratee

.[ over e range of temperatureep and to calculate the-

»aotivation energy from an Arrheniue plot of the data,‘

Chemical processee are aeeociated with an activation

'.energy cver 10 k cals/g.mole and phyeical ones - around 4

: to 5 k cale/g mole. ' R | '

. The/vﬂl '



Thé types of gas;liquid.confactors ssed by most ,j
‘workers have been stirred vessels with the liquid surface
acting as the interface, aéfated‘agitated vésseis; -
(fermentors) and unagitated bubble columns. By'sh
experlmsntal study of the effect of temperature on the
absorption rate of oxygen in'these.three typsssof_;

qulpment it was hoped to:

1) determine what, if any,- wers the differences between

'cobalt*an& copper catalysed sulphite in a‘stirrsd vessel.'

and _
2)' make the decision which"éatalyst would be most-

suitable for calculating,‘ffom'the mags transfer data,

intsrfacial areas in a gas~solid-liquid bubble. dispersione,

The experimental program was therefore divided into
thfee sectlonso, ~The flrst using a stirred. csll of the
erlenmyer type (500 ml) whsrs the interface was the
liquid surfacs'- the second9 a sparged agltatsd and |
fully baffled tank, slmilar to that used by Westertsrp,

ana the third, a bubble column 6" in dlameter and 2'6"

- nigh.

A, The Stirred Cell

1. Deseription

| Refer to figure (1). A 500 mls erlenmyer flask
acted as the reaction‘vessél@ It had e glass coversd
Tmagnet as a stlrrer which was drzven remotely by the

magnetic/
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magnetic etirrer motor, placed under the baee of the
-flaek° ' A etopper in the neck of the flask carried a
thermometer which extended into the liquid, a tube

'connected to_an oxygen‘cylinder and}another to a soap

film gas flow metero

2o Operation and Experimental Work.

‘The flask was charged W1th catalysed sulphite

solution heated tofthe\de51redftemperature, and the:

stirring motor awitched on. . Oxjgen from the cylinder

was passed through the cell and out through the soap
film metera After thoroughly purging the ges epace
above the liquid, the oxygen eupply line was closedo-~

The temperature was then. read and the position of the -

.eoap film recorded° After a given length of time,

thirty eeoonde to five minutee, the temperature was

again read and the _soap- film position recorded°~ There

was no temperature control of the apparatue but ‘the.

length of each experiment was adjusted so that a fall in
temperature was never more then half a degree centigrade°

A eeriee of measurements at several temperaturee could be

done with one sdution when u81ng copper as a catalyst
once it was established that the absorption rate wae
1ndependent of eulphite concentration over the range
used 0.9 to 0, 4M° It ‘simply involved charging the
"flask with a eolution at about 50°¢C (whioh was the

highest/
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hiéheet'ueed~beceuee of the faster cooling et higher
'tempereturee) end cooling the flaek to obtezn a drop in
temperature for each subsequent rn. In the caee of
cobalt catalysed solutions a  fresh charge was mede for
cach runoA' Catelyet concentratlone were 10 3U in all
cases. . | |

Coollng7Correctlonor Above room temperature the

liquid in the flask cooled at a rete dependlng on the
tomporature difference end at 40°C thle was 0.8°C per
minute. - This would‘cauee the oxygen in the gas pace to
cool too and thiS'ﬁould:reeuit ina poeitiVe error in the
absorption rate meeeured, of the order of. 6% at tho |
higheet temperature ueed°‘ From the rete of coollng of :v
the liquid recorded durlng end 1n—between ebeorption runs,
and eeeumlng all the gas was at the temperature of the
liquid a oorrectlon fector versus temporature was calcu-
lated, and is shown in f1gure OH) The value of the
correction factor expre;eed.ln cm3/eec must be sub-
tracted from the meesureﬁ.ebeorption rate at a'particuler .

temperature.

3.  Treatment of Experimental Data '

| The experimehtal reeults‘were a eeriee of.oxygen
abeorptiogf%;preeeed iﬁ‘cu3/sec'optaineo from.the eoap,
£ilm meter. = The overall‘mass-traesfee coefficient, Ik,
was calculated using the equation' ‘ |
No = Kk ACom € ceveen (1)
where/ ' ‘A
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where N 'is;the'abSOrption rate-(gms oxyéen/ééc), A is--'A
the interfaclal area (cmz), C ‘is the golubility of
oxygen in pure water (gm/om3) and f is the salt factor
to correct for the effect of tho prooenco of sulphito
salt on the oxygon solubllity.. _ ‘
 The solublllty of oxygen 15 éodium”eulphite solutions ;.
was aseumed to be the same as 1n aodzum eulphato solutions
‘and this is givon in Siedell (160) at 25°C. It was -
further assumed that the effect. of temperature on thls
olubility is tho same as its offect on the solublllty
of oxygen in pure water. : The data of Siedell cen then
be used to plot a graph of the correctlon factor, '
referred to as the salt;fuctor, against sulphite con-
icontration, which can pe'applied to thé pure(uater
solubility at any temperature to” convert it to ‘the
solubility in sodium sulphlte at any strength from ZEero
to 0.9 molar. This salt factor varies from 1.0 at Z2ero
sulphite ooncentrafionva»O 40 ét 0.9M. Figures,(k83 .
and (5b)4 , in Appendix 11, are plots of oxygen
solubility 1n puro wator and ll--u---i-i-in and the
" salt factor dopendence on - sulphite conoentration -
respectively. - The aroa of the liqu1d eurface in the
atirred cell was calculated from the equation o
A =T r}rz s a® Ceeeres (2)
}where r ig the radius of the top edge of the vortox and
d the depth, bothlneasurod in cms. Eor each experiment ;
the/ L ‘



the same volume of liquid was added and the stlrrer motorg

had only one speed of rotatlon - thus. the value of A
was. constant. | o “_ |

An Arrhanlus plot of & "égainst'I/Tékvwésﬂméde %0
evaluate the activation energy of k f‘l'The‘slope~of
the stralght llnas obtalned is Ea 0 where Ea is the
_activation energy in’ L cals- g' and R ie the gas

go mOTG -
constant whose value is 1,987 cals./gomole K°

4. Results'.i

(a) Cogger catalysed sulphlte

Vélues of kL wero calculatod over & range of

temperatures from 46 59 to 15 2 °c for solutions from
0.4, O BM and 0.94. in sulphlte and 10 3m in copper-
sulphate° : The effoct of possxble contamlnants to be

met with in the threo-phaselfluldlzed bed column was

tested by ﬁlaéing small quantities of &and, brass filingsg

copper wire and etainless ateol gauze 1n the flask° .

The results are tabulated in Table 1 and plotted in

figure (2). It will be seen that the poxnts for all the

results are in a definite band and 94% of them lie wiﬁhe
in % i5¢ of the best lineo' dResultg fromvrunsrw;th
stainless steel~gauze in the'fiésk Were erratic'rénging
from very high to very low values of k and are not
tabulated° The activation energy aesociatod with k; A
vcalculated from the line was found to be 16, 500 cals,/ "

g.mole/
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g.mole,.which shows conclusively that in this case a

chemical procesa 19 controllingo’ A plot of the phyeical - ':?\‘
mass transfer coefficient, 9 obtained by Balrd (161) .
‘using a similar cell and the same stirrer motor and

_measuring the absorption of 002 into Water, is also

~ shown on. Figure (2) : From this it is seen. that k /k

 3 at the lowest temperature usedo

(b) ‘Cobalt catalysed sulphite

Values of éb were éalculatéa.over a éimila: range
of teﬁp@raturee, from 5.8°C tov§5b§°c for solutiong 0.04,
0.1, 0.2, 0.4 and 0.8M_in sulphife and 10'3m in cohalt_
sulphate. The results are. tabulated in Table 2 and
plotted in figure (3). Unlike the results with copper
catalysed sulphite, in this-case there was a separate '
line for each sulphite molarity and the activation A
energies associated with each 11ne increased -lightly as
the molarity decreaaed. j The values Ea ranged from 4880
cals at 0.8l to 5980 cals at 0.04M sulphite. |
gmole QEETE
5, Discﬁssion‘
(a) LM&A&&EQ_&&M
It is clear th&t the value of k; is.independenf 6f‘f
.sulphita concentratlon over. the range studzedo Thig was
'_expected and has. merely conflrmed what the literature has :

elready/
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alfeady establiéhed. Thé7actual value of sulphite
molarity at which the absorption rate would begin to be
dependant has been quoted as 0.2M by Phillips and h

Johnson (126) for a similar stlrred vessel, whereas for

‘& sparged ferméntor it is és-ibw as 0,008 accoraing to

thaee same authors., The actlvation energy of k }
obtalned was 16, 500 cals./gomole which 1ndlcates that the
absorptlon is deflnltely chemlcally controlledo ) This
would then aupport the explanatlon of_the decrease.ln

rate dﬁe to increased agitation in a Qtirréd.vessei; put

‘forward by Schultz and Geden (120). It is clear that if

:'the‘k is low enough then in the case of copper catalysed

aulphlte the absorption rate is 1ndependent of ¥, No.

effect of changes in k, could be studled here, unfortuna t- |

‘ely, as the stirrer motor only had one speed of rotation.

As kL /kL - is greater then 3 over the whole range

- of temperatures and as high as 20 at 45 Cg then equatlon
"~ (21) in Chepter I is satisfied. This means that k

IEODA , 8o at 30°C from' the line on flgure'(g) c'A =

2.9 x 1072 ew/sec. If D, = 2.7 x 107> gn’ , then

~£; = 31 sec™) };o ijther estimates of 2&2 value of .
: ki at 30°C are as foiloWé.  o - ‘.
| Schultz and Gaden (12) 15 sec™!
Cagparni and.Roxburgg (124) 1,7 sec™"
-1

de Wagl (139) - 50 sec

Carparni
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‘Carparni and Roxburgh are the only other workers to

have uoed a stirred cell and otudied the effect of
temperature. Thoir resulto are also plotted on figure
(2) and have a lower act1vatlon energy of 10,6 k.cal/
g.m0le. They are dlsplaced to the left end lower than
the results obtaxned here. However they do measure -

tho value of kL' for oxygen into water and thle is

plotted too° - IT this is consldorod to be a measure ofo}

the physical k, , then it is seen that only at the
higher temperatures is k; /k~‘> 2 and so in their |
_case, most of the time k #j-_ﬂz_zo Thls may explain
the 1ower activation energy and their rosults must Yhen

be considorod to ‘be 1n the trans;tion betwean physical

and chemical control, and noarer t0 tho chEmioalh -This

tranlition between the two controlling procesoes w111 be
brought out more olearly whcn tho results from the

~ bubble column are discussed lator. |

(b) Cobalt catalysed sulphite

/ o A ﬂ
The values for k, obtained using cobalt catalysed

solutions showed'quité:a differént trend from those

using'coppér,‘ For any. glven temperature the value of o

aki depended on the molarity of the solution, and g0 @
‘sories of poznts was obtained for each sulphite
conoontrationo. According to the literature (129, 138)
oxygen absorption 1nto cobalt catalysed Sulphlte
solutiong/ ‘

. 66s
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oolutinns is accompanied by a faét second order feaction :

in the film; Sherwood end Pigford (162(a)), examlning

such a lituation consider the reaction proceeds 80 |
quickly that it is controllod by the rate at wh1ch the _

- dissolved gas and golute can dlffuse through the film to ;

| tho ro&ction zoneg and derive the following equation for. =
- the overall 1iquid phase mass transfor coefflolont° .
K= k(1 ."gla)? G, ) e 3

from whlch it can bo seen that K, is the value of I

enhanced by a factor which will vary as the first power
of the solute concentratlon 1n this case the sulphito
conoentrationa . The absorption will thorefore be
physically controlled. Prom this one would expoct to
get a serics of curves of a.low lepo on an Ar;heqoa plot.
The actual curves in figure 3 have aotivation onorgies‘
from 4880 cels/g.mole to 5980 cals/mole Whico are higher
than the oxpoctod value generally found in the case of
diffusion controlled processes in liqu1ds namoly botween‘
.4 to 5000 cals/gomole. However another diocrepancy in
the results is that the value of ¥, for aﬁy'éiven
temperature varies almost as the 0.5. power of thé:.o
vaulphito concenration,‘except for the 1nterva1 betwoen

0 4 and 0.8H where it does vary as the first power.

In Plgure (4) the values of k are plotted agalnst
sulphite molarlty on logblog péper for three temperatures
- 20°, 30° and 4o°c. 1t is 1nte;est1ng $0 note here that
Shervioody o | o
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Sherwood and giggbra,(iﬁa (b))é-after deriving a i_ . » i,f
aimilar5GQuation to (3) for.thé case of unsteady»atate B -
absorptlon in tha liquid lem accompanioa by a rapid -

socond ordor 1rrevorsibla reaction, thoy add the‘

statemonts VA study of uho ease leade %0 the eoneluslon

that ki, increases in~propqrﬁan'to_ %%i 9 r&thap then

to the first power of this ratio.® No  oxplamation is

eiven, - '_ _ o | :

Fgom-thé magmi%uéé of the aé%iyation.energioé:ané-'

- ¢heir Ehange with‘molarity, ao foﬁﬁ& hera, it would -
- appear. that th@ proeesg ig in transitxon,botween chemical

and phyqieal control. As the molarity is increaeed iv
-.approaghes phyaigai‘gontrol and as it decreases it tonds
mbre té'chomical cdn%rolc Th;s:b@havicuf caﬁ 5@ |
 exp1ainedAat]leas% qualitatively'by con@idering thé.
epproximate solution of the differential equétiona,
obtalned in an analy@is of ab50$£10n accompanied by é :

mecond order chcmical reaetian, by Yan Krevelen ana

of%iazer (163) ihey caleu;ateé a_oeries.of onrvemi_

ao chown belows

'I '
g-k
. [

- Van Kreveleu_?lot ».'



_ Abbva‘a'§alué of § = ki /k\,f) 5, see~équation
(afa) Chapter I, we seé'a éfféighf liné at_45° which
represents the sztuation where k 'k D,Cg and where
the reaction 1@ a psucdo flrst order one. ~§hé fami;y 6f‘
‘lines for differont values of the enhancement -~ DBCB

'zfﬁﬁmh

spread out to the rignt and soon become
horizonﬁal. For the situatzon where experimental
values of ﬁ; /. 1lie on the‘45 -llng,the'activation
onergy Would!ﬁe'that aséqcia%¢d7with‘a chemical reeciibn w’
and Whefa they'lie'onvthe horizdntal portions wouldibé B
that assoclated wzth a diffuszon (physical) process. -
On the. curved sections in between the two limxte one
. mould expeet 1ntermediate values of activatlon enargy.

Ifgthe value of kc can be‘establxshea.the stirred
cell results can be.plbttéd-on'a'van Kﬁevelen pioi-sinoe
all other velues, k_, DA, CB and k' ave knovm, It
was thought valuable therefOre, at this p01n% to survey
briefly Values of. kc, that can be obtained dlrectly or
calculatod from the results of other workers.
Westerterp (130), I | o
satisfiea‘hiniself that"';d' - K. [k, > 6 aiu; so his
value of 1.44 x 10 ém/Seé at 30°C for k_ was really I

chDACB not  AKeDa

He . e~

' 80 We can say: -
-2

- 6o o

T 'C.‘
chA.B L= ;104% x»jO

x /



'70“0

) - 2‘ z -lr,‘ g .. - . ,
ke = (1.44)%x6A%0 /21 «6° <030 u“_oosm‘c -

' N
Yagi and Inone (129) tabulated aate forJh-ﬁ-:—-’ _

at 20° C end using their assumed value of ke =6 x 1073 \ :
cm/sec and D, = 2. 4 x 1072 crq/seco values of k can
be calculated. The results are tabulated bolow. = -

Calculatlon of kg from date of Yag). end Inone (12’3)

KeDaCg~  Ce o o omd
R 9.m0% gmo‘e/e ¢ gule sec
178 0.275 . . . T.T8x 1070 1730
9.44 - 0.079 S 180
7,60 0,051 1700
6.20 0,034 . 1690
9.21 ° 0.051  11.67 x 107 2490
7.53 - 0,03 - . 250
12,3 . 0,075  3.89 x 1070 825
6.63 o0.079 83
.39 0.034 . 851
874 0275 1951070 . 416
469 0079 - L a
3,07 003 . 416
5,57 04275 B x 10 2
22,98 0,079 . . 168
1,97 0. 034 R o

Ex’i;rapolates to 21,000 ¢m /g.mole.sec. at 1073 Cobal t.



They varied the value of cobalt ooncentration to ohange
the valuo of k‘ so they would have a series of . points

to compare W1th the Van Krevelen solutn.on9 aend 50 ‘an h

ex trapolation of their'value of K, must e made to a .

cobalt conconnra%mon of 10 3N as usod by WQotertorp and .

in fhis work, Figure (5) shows this extrapolation and"

others.- In the casoc of Y&gi and Inone's data the value

of k varios as tho flrst power of the cobalt
cm3
g.mole sec

conoontmtion9 and extrapolates to 21 000

at 10"3m Cobalt aulphatoo This agrees

woll with Westerterp if one esgumes that k Aﬂoubleé

every 10°C, but it also raises doubts about the

sbsorption rate bomu 1ndependent<of cobalt concontratlon

abovo 1074, | |
De Vaal (139) reoently measdred K, over o range of

"~ ¢cobkald concentratlons from 2, 5 x 10 =5 o 10 3m and at a

sulphite conceptratlon‘of.QOBM, "He also. found a 1inoar ;

dependénoe of-ﬁL' with cobalt.concentration, and also a
markodiefféct of,pH¢ Ho aotually:quotos values of %% ’
whore k.is the.pseudo~first ordei rafo constant ana he
also assumes that the ratoe 1s lndependent of oulphite

concontratlon at 0.8l. However9 to be accurate and

for the purpooes of compar1son his value of‘J kD should -

He
" be con31derod to be "D C@ /He, i.e. that k = X _ Cge’

By extrapolating his experlmental lines to 10 3M cobalt

“values of kcf canobe calculated at this concentration

for/

ST,



for each pH: HAS@e the tablé_below.'

Caleuwlation of k, frem data of de Waal (1 22

- from. extragolated values of . {E_/He to {bd]+:‘= 1O°3M

ka'/Hevé'ao"c 7

Qﬂwkaﬂ ,P} . (;::EEIZ?
465 T5 . AT.T 23.9
6.46. 8.0 91,8 - .45.9
8,44 . 8,5 . - 157.0 - 78,5
N e
9.0 . 2065 103

A

The value of ¥ for‘againa% pH can then be extrapolated
%o pH = 9 0 which is the value of a freshly prepared

'aolution of sulphite uscd by Wasterterp, Yag1 an& Inone,

Harris and Roper and 1n this atirred cell work. After

these two extrapolations procodures the value of kc =

cm3 oo ' o . cm3
20,600 g.mole sec. ’ at 30°C. or 10,300 g. mole sec

- at 20°C, This ie just under a half ‘the value obtained
from W@sﬁertegn and Yegi and Inone. De VWasl used a‘ . o

packed column fox his experzments but no aetaxls were

givan 1n hie communzeation.  Harris and Roper (138)9

"using a st&inless gteel sieve plate measured absorption ,

rates into cobalt cat&lysed sulphite et 20°C and
represented their reésults on a. Van Krevelen plot in the

sama/
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coame way as Yagi and Inone, 'However théy used & value

of the second order rate constant, K ofAuneétalysed

sulphite which would make their values of k. frc‘)m their

owm correlatlon

Y 5 (4 0 59 ftB" |
k, = ko (14 1 53 x 10 @6] ) 15 moTe. 560
| | ‘ oocooo (4)

where [gd** .is the cobalt concentration in 1b.moles/ft3
‘fit their data with Van Krevelen's solution. - This
value of k had to be 1 1 x 104 t3/lb.mole.sec, whoreas
Yaai and Inone meaeured it by the polarographic method

and found it to be 22 4 ft;/lb mole.sec. The value'off‘

k from equation (4) at [Cdr* = 16 3Malar, ig 5.49 x '
3 )

106 g.moig,séc us ing k = 131 x 10% t3/1b mole.sec.,

but using K, = 22.4° =g if,iieosec, it is 11,200

'cm3/g.mole.seco This latter value seems more

.reaeonabla and does agree with ae Waal's éxtrapolated '
value. A possible reason,. put~forward by Harris and

Roper, for the largse: difference between their results -

and Yagi and InOne's was that»their muns were contaminateﬁ

with a positive catalyst present in the stainless steal

plate, and in the light of this author's and other'

(125 128, 138) work, this seems very llkely. _
Figure (5) shows values of kc EOOC plotted agaxnst

'cohalt 1on concentration on a log—log plot for all the

workers rev;ewed above,‘and 1t will be seen that only

Harrig,

T3.



Hﬁrria and RoparVg results do not show & linear relation-

- ghip between k dnd cobalt concentrationo .
Returning to the stirred cell results we must now
choose a value for k at 10 3M cobalt° - Actually,

what@ver value is used w1ll only dlaplacé'the points on

& Van Krevelen plot to the left or right, and tho slopes

" comcenbrahion
ofvthe lines for cach sulphlteAw111, indleate whether

they should lie- on the 45° llne oxr on one of the |
hcrxzont&l lines, or inubetween on the eurved portlon.f
To make the necessary calculatlons 8 value of k which

‘was the mean of Yaesi and.lnone 8 and WGsﬁerterp s value

at 20°C wes used, l.e. k” = 7219900 emd , and

c g.mdleosec.
for the results at 3o°c a.nd 4o°c i% was assumed  that

k' would double for ezch 10°C._rise. The calculaﬁlonsv
are’ tabulated in Table 3 and represented in Plgure 6,
It will be gean that, as euggested by the %rend in
activation enorglies, thevpo;nts<lie‘in-the transztlon |
region between the 45° line éﬁd'the hofizontal'ones,

It appears that a value'of k”vroughly three end a‘half

times smallee woula make then fxt th@ thaory, 1.e.

" , em3
kc 20°%¢ 6, 500 g.méle.sec.

‘- -

6. ‘Conclﬁsions
‘Beoause'éf the‘natﬁréfof'the‘abéorptidniqf'oﬁygen*
into cbbalt-catalysed sulphitQQIWhere'the rate'dapends

- T4.



STIRRED CELL~ COBALT CATALYST DATA ON
VAN KREVELEN PLOT

FIGURE 6
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on both sulphite and cobalt cbncentration and,thé velue
of k, ie. the hydrodynamic conditions, it is not
suitable for use in the chemical method of measuring
interf301a1 areas, especlallJ when the 1nterfac1al area 
is large and the sulphlte concentratlon drops rapidlyq
In a sitﬁatio@ﬁhore, the ﬁrénsfer area is owell and
the liquid'vqlﬁme 80 lafgé~thaf'its‘concentration_remaiﬁé
prabtically éongtantplanGQWhgre the value,of‘k’ can be
estimited, then it could be used, This is not the
case in the threo phase fiuidized bed column. It4was ‘
‘theraefore decxdea to discontinue gg! stuay of cobalt
catalysed sulphiteo» | L |

In the case uslng copper ans catalyst the atlrred
cecll rosults showed clearly that where k,/kl,> 2,»the
reaction wasAéhemically controlled, and thus the theory
put forward for this. situaﬁog, be'iﬁg absorption
aecompanled by a first oxrder chemlcal reactlon, seens
gsounds The resultg of tests w1th pieces of brass, |
copper wire and sand showed that.the rate was not A
" affocted by their prcsence'ButJWith stainiess'steel both
high and low values werc rocbf&éd; Using hot tap water
to maké'up the éulphite soiutipﬁ cause& no aifference
in the measurdd absbrption.ratea. in view df theAforéw
going 1t was decided %o continuc with the study of. this ﬂ'
systemn, taking care at all tlmes to exclude any stalnlesé

steel or forrous metal from contact’w1th the,solution.

'B./
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B, The_Aerated4St1rred‘Tank _

This aerated stirred tank ‘was an exact reproduction
in P.V.Ce of one that had been used by Romanzs (131) in
_formontation stu&zos in thls depar*mont. : Fhe oxidat1on
‘of copper catalysed sulphlte solutions that were O. 8l had -
been usea as a moans of measurlng porformance and in the
.couraa of this work values of gae holdup and 1nterfaclal
area as mcasurod by the llght transm1981on probe descrilpd

by Calderbank (140) had,been obtained for a rango of

atirror specds and twp air'flbw'rates. | These values axre
shown in Table W . It waé”ihué‘cOnvani@ht‘to use ‘this
. picco of apparatus to‘stﬁdy‘the variation in.k for a
.0,8Mrcop§er catélyséd sﬁlph§te solution. - It wés-the
moasurement, by Romenis. ,‘df E;'.in this tank at 30°C
that firs% showed the discrepancy between it and that
predicted by Wcsterterp, mentioncd on page (24v) At
'_first it was thought that minute craeka in the araldite
coating of the steel tank ‘and tho eteel stirrer shaft
were causlng olectrolytlc deposit1on of the copp@r
catalyst and thus redu01ng its catalytic effact. .However
on reproducinU the tank in P.V.C. and electroplating

the stirrer chaft heavmly with copper to onsure that no
.copp@r-depositzon could take.place, the &iscrepancy was
atlll a sixteen fold aifference. ~In quoting his value
of k ,a X DA cm/sec.g Westerterp assumed the .~
lreaction/
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féac%ion was chemically confrolled”(eee Chapter-II) and -
tho regulis fram tho following experimontal work show -
that it 1s physxcally controlled over the mhcle range of |
.temperatures use&. h

1.- .Descriptionl. (Refer to fivure (7) for 2 schematic
. repr@sentation)

(a) The Tank Tenk o
This was 20 1nches in helght, 15 inches in dlameter

and fully baffled by four vertlcal etrlps %he fu1l height
of the %ank and 14" wide by g“ thick. It was made
entirely in w P.V.C, oxcept for a A9 P,V.C. base to )
accommodate tamplngs for the gas spargar and &raind 1ine. |
The whole was sheathod in a 1/16th inch 1ayor of - flbre
glass 1o allow it to m&intuln its ri&idxty at high
tomperaturesvof around BOVC.‘~ The 1mpeller,.made.of
brags aﬁﬁ nountited on a.heaVilchoPpbr pla%é& steéi shaft,
wag of the turbine typo w;th sxx aquare blades. It wvas
5 inch@s in dlameter, that is ono thlrd of the tank ‘ |
diameter which was found to be tho most sultable ratlo by

Calderbank (151) bocause 1t gave good gas.dmstributlon

without undue movement of the froe liquid surface. The
tank. %as filled With solution"tO'a“depth'équal fo‘the
diameterD 15 1ncheo, and the impeller set at 74 inches
above the- boﬁtom. T

' A P.V.C. gas spargor naving ono 1/15" brlflca was
gcrewed into the contre of the “ank bottom end fed with
air/ | | |
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air from a callbratad rotameter° Temperature comrol
was achleved by a quartz sheathed "red»rod” 1nfra-red
heater hung in the tank and comected to a Sunvic

controller9 and a glasa water cooler operated manuallyo

*v(b) Stirrer Motor and Assemblg

| The motor was a # H, P° Normand Electrlcal COmpany
D.C., model suspended by a~piano wire three feet 1ong$ |
held by a cantllever wall bracket.v A Crompton«Parkinson‘
A C° Tachogenerator was flxed to the top of the motor

- casing, and was connected electrlcally to an 3o’ Brod
'electronic motor controller, Whlch in turn controlled tho
supply to the motor. A revolut;on counter was ;noorpor—i
ated in tho Brod controller.éod‘the stirrer ropemo;couid'
be varied from 0 to 1500 r.p.m. The top of the tacho-

- generator ‘oasing and the bottom of ‘the. motor casing were
fitted intd air bearings whlch were themaelves contained
in gimbals rigidly mounted on heavy wall brackets° The
dimensions of the air bearlngs were thoae recommended by
the National Gas Turbine Establishment (171)° - An air
pressure of 30 to 40 lbs/inz(gauge) was used. A i foot‘
diameter pulley was fixed to the tachogenerator casing .
to enable the torquo to be mea-ured by means of a cord,
pulley and weighted pan arrangement but this was not

used in the work reported here°

2./ .
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2 2. Operation and Experimental Work.

| Anhydrous eodium sulphite supplied by Britieh Drug
Houeel Limited was used to make up the solutione and it
‘wae found thet it dissolved most readily at a temperature
above 6600. . The tank was charged with hot tap water at -
ebout 70 C and the etirrer motor switched on. “‘A weighed
' quantity of . sodium eu@@hite sufficient to make the reeult—
r ing solution about 0. SM was added slowly. Coneiderable
‘heat 1e evolved in the solution and it was for thie o
reason that the tank needed o' be eheathed w1th Tibre
glass to keep the P. V. C.. rigid., Cold water was then '
‘passed through the cooler. When the solution had |
cooléd to the required temperature tne'cooling‘water was
turned off and the red-rod hester switched on, the Sun¥ic
;controlier having been‘eet'previouely.to controi at the -
 desired temperature. After the temoerature hed'remained |
eteady for five minutes the. drein cock wae opened to ellow
‘the eolution to run out until it was'at & depth of 15
- inches. Sufficient of & IH copper eulphate solution wae
i then added to result in a final concentration of 10 3M.
At this point the stzrrer r.p.m. was set on the Brod -
.controller to the deeired velue and- the air turned on and -
'adjusted to the required flow rate. - : | |

The rise in level of the dispersion eurface wae

Ameaeured by an air jet probe attached to a ratchet
device with a scale and vernier. The air pressure in’
tne/j3 S L o :
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the'eupply line.Wae'measured by aoweter menometer and
as the probe came cioee fofthe surface this pressure
would increase slowly and then jump up ae the probe |
aotually touched the 1iquid surface. . At thie point the
soale was read. The difference in readings before and
‘after eeration gave the increase in heightwdue to the |
gae buobles.in'fhe diepereion, fromcwhich the volumetric< .
fraction of gas in the:diepereion,‘ﬁé, gould be alculated.
| | TWenty'minutee were allowed for'the cafalyet to
~be dietributed evenly throughout the liquid and eteedy
etate conditions to be achieved. 10 ml. eempleo were
then taken at 10 minuto intervals for an hour. These
were removed by a plpette,and jransferred to a flaek
containing a knowh excees’ofAfreshiy prepared iodine
solution, and after ten minutes were allowed for the
reaotion to be completed, the excess iodine -was tltrated '
with & T/10 Sodium Thioeulph&ﬁe solutzon. The analyticel
procedure is dcecribed,ln detail in Appendix 111,

B After a fow test runs it was found that the sulphite .
ooncentretion deoreeeed linearly with time, confirmlng '
. that the oxidetion rate wae 1ndependent of eulphite
':concentretion and 80 from then samplee were taken at '
twenty mlnute intervals during the Truns which lasted from ’
~ forty minutes to an hour. _ Flve levele of agitation
were achieved by-varying the etirrer epeed from 200 to
“450 r.p.m. and the’ euperficlal gas rate from 0. 35 %o |
.}0.51/ | | |
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‘0 .57 cm/sec.;_i'

One rTun was performed using pure oxygen as the gas,
in placo of air, gt 8 hzgher tcmpcrature, 50°C, to seo if
a gas phase resistance was controlling = there was no
‘31gnificant differencc in the velue of k.‘ from this;'

run and that from the alr Uns.

3. Trcatment of Experimental Data
The résults of analysing the samplos by titration

agalnst a'fixed exceas of iodine for'any one run, was a
rate of change in titre volume, r em3/min, the follow-v

ing aquatlon was useds

IRV e (Eamoles, |
. N ... k“ Wér- v"f(cmBSgc) s0éeas (5) ‘

where Hg is the volumeﬁric fractlon of the dispersion

occupied by the gas and %wis_the ;nterfacial»area in
. em? - '
:;3 of dispersion
to convert it to an area per unit volume of liquiad. As

whichlhaé,fo be diVided-by (1-Hg)

air is used instead of oxygen the value of the solubility
is defined by the following equation. -

" . (8smoles o . " ‘
C = p02 ( o ) sosvee (6)
“OHERT  om’ o

uwhere Po2 is the partlal prcssure of oxygen, R thc &as
" constant, T the absolute temperature in °K° and He the
Henry s Law distribution coefficlent. . The rate of
change in titre volume, r cm}/mln was converted to. a
vrate of oxygen consumption in g.moles/cm sec. by |

multiplying it by a constant, C, whose value depended

only on the normallty of the sodium rhiosulphate,.
thq/ ‘



82.

tho'stoichiometry'0£ the basic‘reaction and the;sémple '
volume‘(éoevA?pendix iIi); E So équation (5) becomes N
o o.lesv . N
- re k B Po2/RTHe £ €L§2=-=. sossse (7)
0 Y(1-He) - em’sec, S

or rearranglng for the vﬂue of k; g

kll ._... rC He- 1°H - oem v o 'ooooao (8)
- T e ' sec o :

.18
Prommthe date on the solubility of puro oxygen in |
wator quoted in the Handbook of Physics and Chemistgl

.(168)0 velues of He for oxygen from air into water were
calculated for different temperaturee and plotted in
figurs (tm)°
From the measured 1nterfac1al area and the g
holdup,. the Sauter mean bubble diamoter Dm can be oal—
culated from the following equations o :
p = S8 o vosova (9)

i} a

Bar

4. Results and Disoussions 7'

| Tho experimental aata and calculated values of k;
and Dn are tabulated in Table (4) and the values of k
are plotted in figure (8). They form & narrow band W1th
& distribution of 18% around the best line drawn through
them, ‘Wwith no definite indication that at the higher
agitation level the value of k 19 any different from
that at the loweste.‘ Thls agrees with the findings of .
Calderbank and MooeYoung (167) whose results showed that
‘fo:/ | ' ” |
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for gas bubbles in agitated disperéions-an& én sieve
Aplatéa tﬁe nass transfgr coefficient was a constant
ﬁaiué for."small"'bubbles With'a Dm less thah 0.2 cms
and a larger but again constant value for "large“ bubbles

Dm_ﬂ> 0,25 qms. From the holdup and area measurements

. thé value of Dm in these experlments varied from 0.05 cms’

. to 0,19 cma, which are all "small" bubbles, and ‘should
have the same X, . ' |

The activation energy of the best line through the -
»points of figure (8) is 4. .8 k.cal/g.mole., whlch is |
typ1ca1 of a diffusion processo

The most surprlsing thing about these results is
. that the line has a physical activation energy even
beyond the point, i.e. at'a higher temperature, where the
" chemical reac&ion rate would be expected to control. 'If

- the stirred cell data, wherg the absorption rate was.

chemically controlled and i =k oDa » is superimposéd‘

A
on- figure (8), then it is seen that the stirred cell .
 line crosses the aeratad tank line at 30 C. As the |
ohemical rate using copper catalyst is 80 1ow, then o
below 3o°c one would expect the physical process to
‘take‘over control and the value of kL fall to kL for
the bﬁbble swarm. - But at the point ébove‘30°c, when
fﬁe-chémical reactipn rate increases it should bégin to -
take conttok, and when J;;5“~'is'over twide.kb then its
bqntroL/' i | L

83.
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control should be completeo,"This does not happén and
leads one to the only conclusion that the chemical reac—.
tion rate itself(ys alowed dOWﬂg and is much lower than
in the stirred cell. Now this is possible 1f Schultz”

and Gaden's explanatlon of the decrease . in absorption

rate with agitatlon in stirred cells is accepted,
Their explanation.;s based on the assumption that
the_reactiOn‘mechapiam is a sgeries of steﬁs as'éuggesﬁad'

by Bassett and Parker, reforred to in Chapter II. ~ If

the réaction betwéen,dissblVed,oxygeﬁ or'suiphiie and

one of the intéfmediafes;in the mechanism requires that

the cohbéntrafion of‘fhiélihtetmediéfe islhigh for it.to-
proceed»rapidlyy'and fo Qoﬁplétiong-énd‘if this ;nter4
mediaté élso contains oxygen'as*suggestéd by Baséett and
Parker, then it is reasonabiélfo’éssume thet the con-
éentratioﬁ of this intermediie.will be higher at the
interface tnan in the bulk of the solutzon, and so the
reaotion will proceed rapldly near the interface° If
also a finite tlme is required for this 1ntermediate to
bulld up in concentration, which was suggeated by
'Jestertegg for his inabillty to use copper catalysed
vsulphlte in hl& liquiﬂ jet, then 1ncrea91ng the

agltation 1n the liquld will distribute the intermedlat@ .
mnoxe - thlnly through the solution as a whole reduczng its ._\
actual concentration at the lnterfaco as well as in the -

.bulk/
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Abulk'liqnid. With thefrednced concentration of the
intermediate in. the 1iquid filn':'the reaction between it%
'and the dissolveﬂ oxygen or sulphite will proceed more
'.slowly ‘there, as it will in the bulk liquid.. The reeult
3 would be a change over to aiffueion control and the
absorption rate would drop to that for the phyeical
absorption of oxygen in water. It can then ‘be appreci~
~ated that the amount of agitation could have an 1ncreaeing
effect on the chemieal reaetion rate depending on how -
effioient it was at reducing the conoentration of the
1ntermediate in the liquid film and eo the absorption
. rate could ehange from being chemically controlled to .
physically controlled. A , ,

On the basis of thlB?Piétﬁre it4must be assumed
that the agitation produced in the aexted tank was
sufficiently high at all agitator r.p.m.'s used to keep '
~ the absorption rate phyeically oontrollod. The drop in '
‘absorption rate with 1nereaeing agitation in stirred
cells W1th a horizontal liquid eurface as the interface
has been well established (11 120, 124 126 128 134) bvut
in, aerated veseels, when . no udarfaciel ares measuremente
have been made, an increase in agitation causing an
increase in kL a tells nothing about how much the
'increaee caused in kL a, by an increase 1n 4 due to a
reduction of the bubble sizee, hae or has not been offset

by.a decrease in_kL .o To. discover this one would have

to/
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to work at- 40°C with copper catalysed sulphlte 1n e
bubble disporoion with little or no agitation at first,

where k ahould be (ch )é and where the area of the
 bubbles oould be. measured by say a 11ght_probe teohnique°
‘and then slowly increase the agitation and see at what
llevel and at’ what bubble Size range the value of k

dropped down to k, for that bubble 8iZ6.

C. The Bubble Column

| This piece Bf apparatué'bés built %0 see ifftbe‘
absorption rate was again controlled by 8 physxcal
procees over the whole range of temperatures when the |
'disyersion consisted of muoh larger bubbles, around O. 5
to 1 Cmo in diameter,. In addition 1t was felt that

these largor bubbles would be moro ropresentative of the

J«L bubbles expected in the threo phase oolumn than would be

those in the aerated tank Caldarbank (167) hasg shown

| that for "large" bubbles the vgluo of k is higher than
for "small" bubbles but as long as the agitation is not
| .high anough to cause the decrease in the normalchemical>
reactlon rate, thon-the changeover/ﬁo chemical control
should take ‘place whers k l='(E¢D)£72‘kL_Q whatever
~ the/ ' S L



tha'valué of kL 0 This‘isfwhat, in fact, was found,
with the changeover beginning gt about 35°Ca h

s Deseription

| Réfer to figure (9). ‘The main part of the column
was a 5%" I Do PV, Co pipe section 196" long with;'

flang@e at each end and two diametrically Opposed qw I Do‘

flange& outlets i from the bottom° On top of the
column was a 1° section of 6% I. Do Q. V.F, pyrex pipe to
allow the surface level to be measured and visual

observations ofxthe dispersion made. At the bottom of}

the column a'siev'e'plateV also made of B.V.C., contalning‘

87 1/32" aiameter holes on a triangular grid was held
between the 6" to 1" Q V Fo reducing section and the |
column, Air from the aerated bank rotameter entered
this ré&ucing;aection through the 17 I.Ds side arm and -
the bottom outlet was used to drain the colum. This
1ight ao@rce and ﬁhbtoceilvaesembly“from the light probe
used and described in detail by Célderbank'(?49) were
fitted %o the two 1% flanged outlets as shown in f1gure

“(9) and the photocell cutput connected to a 1ight _
quantity meter linked to an electrlc clock. . Two trans-
parent perepexuplugs were placed in the short 1engths of
tubing of the two 1% outlets to the photocell and lamp-s0
as to be flush with the inside column wall. This
preVentedaair bubbles belng trapped in the tubes,cau31ng

. ‘errors/
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efroré‘in the measurement. In between the 1“‘flénged‘
q.outlet and the photocell and lanmp. holder flangosp two

k brass discs ‘held quartz wzndows between - 0~ring seals to
}Loontain the ‘liquigd, which also allowed the photocell
unit to be removed for- fittlng filters’ during & ™Un,

A thermometer and a quartz sheathed redsrod heatlng

'element were suspendod in the columno;.M

2, Operation and EXperimehtal Work° |

A solution of 0. BM sodium sulphito was made up

- with hot tap wator in the stirred tank and left to cool
to the requlred temperature," The drain 1ine hose clamp
was closed and the air supply turned on. to give a supexr-
‘ ficial oy flow rate of around ER cm/seoo whioh was of

~ the order of magnitude to be used in the three phase
columne About 7é li%r@s of the sulphite solution were

then poured into the bubble column from tho top and were

supported above the sieve plato by the air passang

through it, Sufficient of a IM copper sulphate solution

was added to moke ite overall ooneontration 10 3M° | After

waiting fifteen minutes to ensure the copper sulphate
‘solution was compk%ely disperood and the temporaturo was
| steady a 10 nl sample was withdrawn by pipette and
.analysod iodometrioally in the same way as were the

.. merated tank samplea° A‘run lasted from half-an-hour to

..one hour, after which a second sample was tékeno
The/ | |
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fhe interfecial,eree mease:ementfwae.ce:riedﬁouﬁ%

" “under the seme operating condifiooe as described above.
';‘The light gsource was switched on et leaet an hour before
use to let it echieve & constant 1ight emiseion° The
"light housing was cooled by paesing a stream of eir |
“through it the vhole time. . The dial of the 1ight
.euantity meter was. set tc 10 11ght ugite and the etarting
ewitch deprelsed* this 0peration also actuating the

electric clock which automatlcelly ewitched off when the -

10 units had been received by the photocell. This was
repeated aeverel timee to obtain the average time, t,
secs, for thil number of 11ght unite to yass through the
diepersion° The air was then turned off. “The
solution drained through the sieve plate to fill tﬁe
space below but there was enough in the whc;e‘coiuﬁn for
the.light transmission windows to be etiil‘eubmefged.
A neutral. density-filter, factor 60, was then placed
over the photocell and after allowing time for all the
. bubblee to leave the eolution, tlmes. to, ‘were egain
taken . for 10 light units to.’ paee through the unaerated
csoluticn. - The filter was neceesery.beceuse‘otherwise :
 the time taken for 10 units to pass through the un-
'aerated solution would be 80 short that it could not bé
. measured accurately.

" The gas holdup was measured by know;ng the level of
the column durlng eeratlon, and from the volume of

‘1‘eolution/ S &

.89‘.
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~

solution added calculating what the level would be with

no aeration, from the cross-eectional area of the column..'

3. Treatment of experimental data.

(a) Oxidation rate: . This is calculated from the

change in sample titre volume over the time of the run

- as described earlier for the aerated tank runs.v

7}(b) Area meaaurements"-The value'of the interfacial
area per unit volume of. dispersion a, cm 1,~is calculated}
from the equation: T , A |
2.303 logy, ,'E‘-f.—. %1- (10)
‘where 1l is the path length through the dispersion (cme)
and in thie case was. the column 1n91de diameter, F is
the filter factor of the den31ty filter used and to and
t the times in seconds for the set numbor of light unite

to pass through the aerated and unaerated aolutlon ‘

respectively.

4. Results and Diaeussion

These are tabulated in Table 5 and plotted in
afigure (10) and the best lines from the etirred cell and s
aerated tank results have been superimposed to show more
‘;-clearly whatvis,happening. - It is seen immediately that
in this bubble column there ie'a changeover from physical
“to chemical control. The phyeical part of the line
drawn through the expe&mmental p01nts has practically
the/ " ' '
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the _same slope ‘as the aerated tank 11ne but the values
of k .are about 30% higher which was expected The
chemlcal part of the 1ine has the same slope as the
stirred cell 11ne but here the values of'k . are about
25%ilower° This was not expected since 3;:; | is only
dependent-on temperature. For comparison the results
obtained by Charnock (132) for a taller three inch
diameter buhble column atpaieuperfioial gas_xelooity of
‘5007‘cm/sec are also'plotted"ondfigure'(10)0A*.His-results
lie in-between the aerated:tank and buhble column linesA
and'over the chemically oontrolled portion are 40% lower‘
ithan'the‘stirred cell lineo__ Perhaps some - systematlc
experimental error, posably in the interfacial area
measurement, is’ responsible for the lines not being closer°
However they do show a changeover from physical to
chemical control at the same temperature and the slopes
- of the two portlons are the»'same_° Charnock used a
crude'light and photo cell arrangement to obtain'light

.transmission readlngs and used Calderbank°s equatlon

‘(equatlon (10) here) to~ oalculate his interfaclal area;

5, Conclusion

‘The work in this bubble'column has'shown that it is
possible to achleve a changeover from phy51cal to .
chemical control for the absorptlon of oxygen in copper
catalysed sulphlte as-suggestedlearller andrthe-results
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of Charnock confirm thie. f Whether errors in any of the

measuremente are responeible for the. two sets of bubble )
deta falling below the etlrred cell line or whether the _‘
stirred cell line iteelf is . in error cannot be determined,

‘ but one would conclude thet there is lees opportunity for

1" error in the direct measurements made wmth the etirred

-cell than in the indirect eampling of the liquid and
titration procedure, as well ae the interfacial aree

meeeuremente, involved 1n the bubble column work.

'D.¥5‘§enerel Discussion and Conclueione.

After the eurvey of the 1iterature and this etudy
in three different typee of . gas—liquid contacting
Vapparatue it ie clear that Westerterp wae wrong to assume
.firet of: all thet the. cobalt and copper catalysed ‘

: syetems were eimilar in all reepecte except the epeed of

- reaction, and secondly that the result of. the bullet- |
shaped bubble experiments would apply in an agitated
diepersion of bubblee. : Hie ba91c 1dea of ueing a
echemical method of meaeuring interfaoial ereas in-
Tdispereione 1e eound if the correct experimental condi-_
tious can be found., }ihetobaects.of the,experimental
uork’deecrioed in‘tuisIChapter-Wereifiretly;nto-try and
‘dieco3er~90uethiné'of the heture of the;rate controliing
*eproceeses of oxygen ebsorption into catalysed sodium '

'eulphite/



sulphite under different experlmental cond1tions~ end

secondly to find the experimental conditions under which

f‘the value of the overall liquid phase mass transfer

. coefficient, k; .'could be' reliably forecast and ueed

to calculate the vaelues of interfacial area in the three

phase fluidized bed column, fron oxidation rete data
obtained therein. = ‘ Lo
With regard to the firet object it has been shown
that 1n the case of copper catalysed sulphite the rate
controlling process may be either chemioal or phylical
,depending on the value of the phyelcal maee tranefer |
coefficient, k ,'for the system. But 1n certein
circumstances where the conditions‘would indicate
chemical control, such as at high temperatures in e
‘stirred aerated tank, where although D > 2k, ’ it
is suggeeted that the agitatlon ie such’ that it reduces
the local.concentration,of eomeaintermediate in the
chain reaction mechanism toieplevel that will not allow
the chemical reaction to proceed to completion infthe
liquid film; ‘The absorption then beconmes phyeicslly
controlled by diffueion through the film. _ o
= For cobalt catalysed sulphite it may be phylically

or chemically controlled depending on the eulphite and ’

.catalyst concentretion as well as kL,ae shown by

Van Krevelen end Hoftijzer'e solution for absorption

accompsnied /

93.
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acoompanied by'a second‘order reaction in the liquid

film, and confirmed by Yagi and Inone,. Harrie and Roper
and the stirred cell results here.

| In ‘both catalyst eyeteme there is a gradual change
over from one form of oontrol tc the other as evidenced
by the curved portlone of figuree (6) and (10) '

" In pureult ‘of ‘the second obgect 9f the cobalt
catalyeed 'system was reaected becanee although 1t;1e,A
poseible'theoretically to'predict the‘valne of k' uexng
'Van Krevelen'e plot, if the value of k and k, can ve -
eet1mated, it w111 change as the sulphite concentratlon
changes. In a few. tr1a1 runs in the three phaee column
using cobalt catalysed sulphlte it wae found thet over an
hour the sulphite concentration dropped by O M., It
should be remembered here that 1n Weeterterp 8 original
propoeal he etreeeed that the advantage of using a
chemical method was that the value of K. could be made
to depend only on the reactlon rate constant k and the
diffusivity of the_dleeolved‘gae.in the liquid, both of
which are independent oflhydrodynamio'conditions. - It
hes been shown that thie is not the case with cobalt
catalyeed eulphite unleee the 1nterfacial area per unit
'volume is so. small that the sulphite or solute con-
centratlon remains essentislly constant - and this:
,'condition appliee-eqnally.to the other-second order

reaction/
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reaétion process, 002 - NéOH, suggested_by Weeterterp'

and’use&'by Yoshida (157)0 This condition is seldom |
acceptable in bubdle dis'persiozi work;- In the case of @
‘1copper catalysed system where one would expect the
Vconditions to be satisfied the level of agitation can
still be a factor.

 However it was decidédg'in spite of ‘the last
mentiéhed ?dint,-that the éopper catalysed system couldﬂﬁ
be used in the three phase column assuming that the
hydrodynamic conditions Were between those ex1st1ng in
the bubble column and aerated stlrred tank, - This seemed
- @& reasonable assumption from visgal.observat;ons.in_the
three phase column, where they‘éﬁpeareé'cloaer to the |
bubble'éolumn situation then the>éerated tank, _'Refarring '
agein to-fiéu:e(‘lO)D it is seen that the fegion'of'
least uncertainty about the due Qf é;'is,whére the
chemical line from the stirred cell cvosses the other
_lines from the bubble COIﬁmnland'aerated tahk; At
higher and lower temperatures the value of k couid
lie anywhere 1n—between xhe llnes, depending on the
value of k. at lower temperatures and the other
“agitation effect at hlgher t@mperatureso It was decided
to work at the temperature at whlch the chemical 1ine '
crossas the bubble column 11ne, 36° C, and the value of -
KL, chosen was 4.5 x 10 crq/sec° Thla,ls nid-way

between/
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between the bubble column lihe obtained”here and thé.t of '

Charnock's results ‘and is also :just above the mean of

'the aerated tank and bubble column lines. - The value of

K'y originally suggested by Westerterp was 5.x 10°1 o/

 ‘secs at 30°C based on his own value of Henry s«constant “
of 69, Assuming the value of K doubles in 10°C, then
at 36 C an estimate of' Westertarps value is then |

6:3 x 10 om/sso which is- about 1l¢. times h:.gher than

the chosen value of k’L to be used here,
The maximum possible error is then t 17% of the -
chosen value of' k' L} but in the case of the aerated |
tank the aotual variation was much less t;;an 1'.h:i.s,(-h 8%
So although the oalculated values of‘ interf‘a.oial areas
in the three phase column are uncertain to an extent of
a possible + 17% in true magnitude ) ‘their reproduoibility

should be wi hin : 10%. The smooth ourves obtained for

these areas for series of separate experiments at dif'ferent '

heights indioate that this is so. ,; e

%.
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CHAPTER -IV

Three Phase Fluidization

e

A. Iwmnobﬁdmlowi

The term three phase fluidlZatlon in the context ofi
this th9818 refers to a system where solzd partlcles are
fluld;zed by a liquid to produce an expanded bed of.
practically Uniform éorosity,-iﬁtb Which gas is intro-
| duced through nozzles of porous pletes to form bubbles. _
The result is a three phase, gas—sollde-llquld9 fluidized
bad. VWork has been done (203, 208) in- systems where
Assttled beds of sollds in 8 column of stagnant llquld

are brought 1nto suspen51on, or fluldlzsd, by passing gas
up through them, 1nvolving a transfer of momentum from the
“gas phase to the solid phass via the llquld medium. The

”result is a three phase dlspsr81ontut one whose hydro—

aynamics are essentially dlfferent from those existlng in
Ethe ‘gystem studied here. |
' In the 1ntroduct10n to thls thesls it is stated that
;.its obaect is to study the behav1our of gas disperslons
‘in a‘llquid-solid fluldlzed bed and_partlcularly those -
factors which control the maghitudequ_tha gas-liquid
interfacial area. In.the hext.chaﬁter_thé developmsnt.k
of the expérimental'ﬁrogram is described along‘withfthevs
limitationsnimposed 6n'tﬁs scopé ?f this program by the .

measuring/
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'meaeuring techniques ueed. Below ie a'survey of

prev1oue work on thle type of three phese fluidization.;:"

B, - SURVEY OF'PREvious WORK

Massimilla, Vajuri and Signorini (201) fluidized ~
beds oflsilicateend and'glasevnellets with Water in
columnstjicmeo and 9‘cme;:in diameter. ~ They injected
a gaseous mixture of - 87c carbondloxide and 13% nltrogen
into the bottom of - “the- liqu1d fluidized bed through -
'nozzlee and. elso through the porous plate that supported
‘the solids ‘bed. They observed that when- the gas rate -
was low’ the -£a8 bub%lee produced at the nozzles or porous
plete moved 1ndlv1dually through the bed and there was no
coalescence; the bubble eizee were in the range-z t0 6 mm
in'dianetere . However on increasmn# the gee rate and
ulowering the llquld rete, causing a- lower llqulﬂ-solld
bed porosity9 the bubblee Wthh emerged from the bed
were much larger but of the same frequency ae ’oefore°
'Thh production of these large bubblee was attributed to'
coaleecence and by 1ncreaelng ‘the gas rate even further
they could produce bubblee large enough to form eluge in
the 3 cm diameter columna: They also observed thet when‘
gae was injected 1nto the fluldlzed bed of particles -
the height of the bed dropped, and the ‘greater the gas o
rate, the greater was the drop. Thls phenomenon is

etudied/ ;
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etudied by Turner (204)9 OStergaard (210) and Stewart

‘and Davidson (200) Whoee work will be dlscueeed 1atero,

Their next etep was to measure the efficiency ef

gae-liquid contacting by analyeing eamplee of 11quid

' for their carbon-dloxide condent and expressing thls ae

| a percentage of the velue that would be obtained 1f the d

liquid were in. equilibrium W1th the gae. On this basis

they compared the efficlency of contacting under

different condltione of gae flcw rete, liquid flow rate
and bed porosity, end aleo for the column operated

‘ with end w1thout eolid particlee preeent. 8 They

| concluded that the presence of eolld particlee reduced

the gae-liquld interfaoial area9 end that thie |

~ reduction was more marked ae the gae rate wae f[
increased for e niven liquid rate, end as the bed
poroeity wae reduced for a given gae rateo- In addition

- they found an effect ofparticle 31ze, increasin the
particle size for a given gae and llquld rate reduced
the efficiency of contacting. These reeulte bore out .
thelr visual observatione° K The comparison betwcen the
cases of Operation ‘with and without partlclee wae made ,
by placing a ”Olld cylinder in the two phaee bed of such'r

-'a size as to produce the eame free section aveilable to
the gas and liquid as would be evallable in- the three B
phaee bed whoee contacting efficlency was to be compared.

The/
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The emounts of 002 absorbed“wene in ellAcaeee lower

when sollde were present than wben they were not._ ~Thel"
amount of absorpt1on was also higher when the ges wes '
injected through nozzles into the columne than When 1t i
‘wae allowed to pass through the poroue plate bed support,
'and this they explain by the observatlon thet gas’ gathered
below the porous plate before pa531ng through it, whlch |
.wculd facilitate the: formation of 1erger bubbles on
emergence into the column, and so reduce the initial
interfacial area in both the two phaee and three phase
cases. o | ‘ |

g xdaeeimille.j Solimando and Squlllace (202) followed

.up thie work by a photographlc etudy of alr bubbles'
emerging from water fluidlzed bede of sillca sandg

glass beadsﬂandviron sandg and by, meaeuring rise -
velocities of 31ngle bubbles through theee beds° The - _
.column ueed in the photographic work wae 4 feet hlgh with 3
- a rectangular crOBeueectlon 3.4 1nches by 2 4 inches, H
and alr wae injected throgh e sinele nozzle at. the

bottom of. the bed, above the ‘bed support plate¢ E&
varying tho quantity of eolids put in the column .
different helghte .of the fluldized bed could be obtained
rfor “the same degree of bed expaneion, or poroelty, and
photographe teken of bubbles emerging at eech height
allowed them to plot average bubble dlameters agalnet

,bed/
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bed height. This'tgchnique Waé}necessary.sincé @olide'
1iquid fluidized beds are ,e'e.s.en'tiallly opaque. - They
 found that after'ailargé:numbgr.of experi@enfs involving
‘changiﬁg the bed'expénéion'fiém th&t'just‘above._
1noipient fluldlzation to 100% of the settled bed height =
and using the dlfforent partlcles mentloned above9 that _
the change_in:bubble dlameter with height.was mainly e
.débendent on bed éxpansiono,‘.AsAa first approximation
they assumed that the average bubble dlameter increased
' proportionately Wlth the dlstanee above the nozzle and
therefore wrote the follow1ng correlatlon‘ ”'_f "

e 6P

' Z avl : :

in which szz and Dmo are the average bubble diameters

atvheight 4 end immediately above the nozzle respectlvelyg
LQAAL is the reciprocal of ‘the . bed expan91ong Io being .
'the eettled bed helght andALL the inorease; and & and E,
numerical constants w1th values 2 7 x 10 =3 &nd 1. 3
reapectively. -Thhy p01nt-out-that this correlatlon is
only valid in the rangc of values of 2 in which the
proportion&lity between Z ‘and szz exxsta, and also that
a8 it is purely empirlcal iv is- unlikely to be valid.in L
wsystems of different geometry to their own.». There was -
a 1arge scatter of p01nts around this correlation.
Bubble rise valocitles were measured by - tlming the
1nterval between the releaae of a bubble and its

emergence/



106

'emergence,fnom the‘be'@° 'The4bub51e ?olune was
~_meeeured before'injecnion:byaieolating lf in an
inepectlon ‘tube, For these experiments a 3 5 inch
diameter perspex column 5°2" hlgh was ueed end the bed

height alwaye set %o 4 5 feetov Their reeults showeﬁ

- that the rlse veloeity 1ncreaeed steadily: W1th bubble

"diameter and approxxmeted the analogous curvee that
- may be iound for viecoue llqulde° Thls 1sqpite
different for bubble velocltles in water, where a
plateau is. reaehed where the rise velocity ie feirly
| constant over a range of bubble sizes from 0. 12 to 0. 78 in-
‘inches (215) ' R |

A theory of bubble coalescence was aleo advanced
based on_ the fact that a dletribution of bubble velocities
is necessary for coaleecence einoe one bubble can only ,~
vcatch another bubble 1f 1te rlse velocity ie hlgher than
that bubblee Using thelr experlmental bubble 81ze and
riee veloclty date the theory predlcted the number of
bubble paeees that woula reeult in 0011181ons, compared |
to the total number of bubble peeees, expreseed as
_the fractlon Co Under certeln conditlons C was found to
Vabe greater than unity. Thle diecrepaney was explalned :
by their bubble velocities determined for single bubbles .
~being applied to. velocitles of bubble swarms, " The
&1fference between the two has been recently studied by

nMarruecl
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| oﬁarrucci (211) o _ . |
| Turnor (204) in. the dlscussion of his general
- paper on Fluldlzation refers to experlments in which sand .
'particles (44 to 60 mesh) werse . fluldlzed by water into ':f t
‘.whlch alr ‘or nltrogen was then 1n3eoted.‘ He reports

that upon 1nject10n of the gas, the fluldzzed bed |
cont*actedo : Thlu contraction, already notioed by

- massimllla (201),‘was most marked at the highor values

of bed por051ty and was brought about by a. vory small

58S flow rateo' On the passago of gas at the guper~‘

' flClal linear veloolty of. 0. 2 cm/sec, a. bed of origlnall"'
porosity 0 74 foll to a por091ty of Q. 69 and a bed of

4 oas9 to O 57. As the gas rate was 1ncroased further

the bed continued to- oontraot but to a muoh 1esser

‘degree until at a gas rate ofO 8 cm/sec no further

contraction occurred._ His range of . gas rates extended

" only to 1. 2 cm/secogi Nelther Turner. nor Ma991milla a
offer an explanatlon of this phenomenon°_~ -

Stewart and Dav1dson (209) sought an explanationo T

They carried out simllar exporlments to those of Turnero

. but used a bed of the two dlmensional type whose crosg= L
}sectlon was 2. 5. inches by O 25 inches, whlch allowed

them to take photographs, w1th sultable lightzng,,‘.
.show1ng 1nd1v1dual bubbles w1thin the bed and the _
particlesp‘ The particles used were glass ballotini and -
lead and iron~shot,-;”Thelr,results weroag;m;lar.to ‘

Turnér'gi_} L
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EEQEQQ?S'encept.that the‘bedloontrecxion‘waeAless.marked
and in the case of.ballotini'ebove a superficial gas |
velocity‘of about 0.4 cm/eec thelbed actuaily‘begen to
‘expand, elightly, again. From the analysis of thein 3
photographs they show conv1n01ngly that 1n the case of
dense particles such as lead shot, which when ‘
fluidized by water contain visible water bubbles, the
'preeence of small air bubbles ébabilieee thesp water

‘ bubblee %0 e much 1arger,s1ze° In ;he case of lizght
particlee'Such as glaes:baliotini for'which the
indigenous bubblee in a water fluidized bed are very
_small or nonoexistent, thc 1n3ected air. bubbles form
air-water bubbles which they describe as an air bubble
followed by a water wake containing few. or no particlce.
In both cases the presence of air bhbbles has produced ‘
_either water bubbles or wakes which oamain none or only
a few particles and which move through the bed with the
velocity of the associated air bubble. Thia in effect'
'reducee the reeidence time of ‘the water end the bed
contracts accordingly°

Ostergaard (210) also'cerried out experimente

similar to Turner using glnes bellotini fluidized by
water into which air was injected and obtained practically
identical reeults for the degree of bed contraotion.r

’He ueed a 7.6 cm diameter column and took photographs

of bubbles emerging from the bedp which .showed them to -

ve/
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be followed by & epout of particleeo‘ He thue
‘aeeumed that inside’ the bed these bubbles had a wake _
coneieting of partioles of a. similar porosity to that f
. of the bed 8s & wholeo : This wae in direct oontraw '

.diction to. the eVidence of Stewart and Davidson 8

photographs end similar resﬂlts reported in chapter IX i.;A
of . thie thesis. A semi-empirical theory 19 also
presented to prediot the overell ‘bed porositJ in a three
~phase fluidized bed upon aeretiono which involves 1 '
.assuming (a) that: the poros1ty of the wake phaee is
identical to th&t of the 1iqu1d fluidized pha e add
moves with the velocity of the associated gas’ bubble ’
and (b) that the~volume of the wake phase in the bed'.<
'increasee with increasing gas rate and aleo with
inoreasing liquid rateo ,

,‘ The' theory pgrees quantitatively very well with
-"hie own reeulte and those of Turner, but only

_ qualitatively with thoee of Stewart and Davzdeon°

This latter discrepancy he euggeets is due to the
differenoes in bed geometry, which is quite poseibly the
‘cause of 1ower contractions than Turner s being reoor&ed.
The particle movement is restrioted 1n a two dimensional
ved to flowing only around the eidee of a ri81ng bnbble,,,'
the front and back of the bubble ‘being flat against the
column faces. E |

He explains the oontraction in. the: bed upon

aeration/



'aeratlon as belng due to the liquid assoclated with tho .

wake mov1ng through the bed more qumokly than the

‘ average liquid: velocity, causlng the remalning llquid
to move more slowly than the average, and hence to have-
a ;owor porogity. But if thls is so ‘tlien the wake

~ porosity must be hlgherwthan that of the remaining

liquid and ‘this 15 inoonsxstont with his original

_assumptlon in developing bis theoryb. ﬁstorg&ard’

work will be referreddto-again in fhe disouesion of the

results of experiments carrled out in a two~dimensionali*

bed reported in chapter IX° }
Adlington and Thomson (205) discues the flow

-'ﬁroperties of gas—l;qu;d«solld fluidized eystemsgand'
give qualitative rolétionships betooeﬁ the process
variablés based on okpofimehts carried out in a 3 inch
diameter column uéing alomiha particles and white spirit
and in & 10 inch dismeter. column using sand and water.
Air was the gas used in. eaoh case° The llght trans—
mission method of Calderbank (149) was used to measure
the gas=liqu1d interfaclal areas above the fluidlzod
<’bed ;n_the 10 inch column.  Their findings are. as
,followsz | o

i;_ The gaewllquid interfacial area. :

(a) fell as height above the column ‘base increased g

" (see 363))
() inoreased with gas rate

. (e)/
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(c).wae independent of llquid rate over the range
investigated’ - |
(d) increased sldghtlyfwith increase of settled
 bed height f -
2. Gas holdup *~_;'. e | Lo
(a) increased with helght ‘above the column base
(b) increased markedly with gas rate \
(c) was independent -of llquld rate - ‘
(d) was independent of settled bed height._
(e) was depressed by ereeence of solids et high
gas rates espec;ally at 1ow bed porositles.
3o Bubble dlameter ‘ ‘ |
| (a) increased w1th helght ebove the column bese at
- five times the rate which could be accounted
' for by ohenge of hydrostatic head. (i.e.
‘ there was merkedfcoeleseenee)r
(b) was indepeﬁdenf‘ofigae rate. |
(e) waedindependeht:offliquid rete
'(d):waé indeﬁendent of settled bed heighto |
‘ They also notieed'the bed cOntraetibn effect upon
aeration and found it to be moat marked w1th small .
particle sizes at high expans;one end almost Zero gae‘
‘flow rate° ‘These qualitative flndinge a'ree well w;th
Ma991m111a°s and . those reported 1n Chapters VII and VIII
of this thesis. | |
Letex/
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Later in thelr paner the authors raport br1ef1y on
mass transfer work done u51ng oxygen and copper catalysed
aqueous sodlum sulphlte solutlons as the - gas and liquld
'phases in a three phase column 3 1nches 1n diameter. .
The results showed that the 1nterfac1a1 @xea and gasA
'holdup at any gas rate fall as the bed expanslon ratio,‘
i.e. the bed porosltyg falls9 and that they are both

w.f'lesg son91tive to llquid rate and particle ‘size fhan to

“bed - por081ty; This agrees W1th the results of -

5exper1ments oarrle& out 1n chapter VIII.}
Co . SUMMARY

'ih the above survey‘threé groups‘of WOrkerég

lurner, Stewart and Dav1dscn and ﬁstergaard studied the

phenomenon of bed contractlon upon aeratlon, whlch was

, observed when the supexflcial gas velocitles were in the
_range 2ero to 2 cms/sec. The agltatlon caused by the
:pwasagc of bubbles at hlgher gas rates’ than this in a

- fluidized bed makee 1t very difflcult to determlne the
actual top of the solld~11qu1d bed and in fact the
system 1s no longer one in whlch a small amount of gas

: rlses through a uniformly fluldised bed of sollds but
one in whlch the solid and gas phases are’ hlghly

' dlspersed in’ the 11qu1d apé»a Wide dlstr;bution ofléas
'reéideﬁcettimeémékists;"fAs gméf gaééliqﬁid'cpntEGROrs



‘of commer01e1 intereet would operete in theee higher
rangés of ges £low rates- (141) the: results of the work
by Ma591milla et’ el end Adlington ere of more 1ntereet

from ‘the . point of view of the aims of. thle study 1n
particular end the development of commer01al three
'phese reactors 1n genereloA These letter Workere have f_

made quelitetive obeervetlons on the behaviour of three

- phase’ fluidlzed reectore end Meeslmmlla (zaz) ettempted

to make quantltetive predlotions of the emount of

'coelescenoe to be expected for given operetlng oonditlone

end to correlate bubble 31zes with bed expaneion° " He
was: not entirely euccesefulo v So there remelns aliack>
- of 1nformetion on the relationehlp between dispersion
properties ‘and operetlng variables. For example9

Adlington end Thomeon and Me331m111e have obeerved thm

a decrease in bed poroelty 1noreesee the emount of gae

bubble coaleeoence but the exact reletlonehlp between '

‘them has hot been etudled. Queetione euch ae the.

following are stlll unanewered. | |

1) How is the rate of bubble coalescence releued to bed
poroeity? | o

.'2) How does. the bed porosity effect the formation and

' smze of gas bubblee at the p01nt of- 1n3ect10n into
 the bed? ' _ 4 ‘ o |

3) Whet are the reletlve effeots of 1nit1e1 bubble |
‘formatlon-end_eubeequent coaleecence on the eff;oienoy

of/
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of gas«liquld contactlnﬂ? | ,‘. o j; _

_t4) what 1s‘the r931dence time dlstrlbutlon of the gas -“_. ;~%f

. phase 1n a three phasa system; and how. is it related | T
‘%o bed poroslty? ‘ B ' ‘

The anuwers are of prlmary 1mportancc o the process

' d091gner and the work carried out and reported in the

following chaptera attempts to provide some of them..



© CHAPTER Y

It is the obaect of thiethe31s te study the

f,behev1our of 8’ gas»lzquid~solld fluldlzed bed and -

particularly thpse facters:whleh<centrol-the-magn;tude,~f'

.of the geealiquid interfeeial'areao'” In'a three'phaee o

fluldlzed bed there are three obv1oue Operating varlableeA"

which w1ll influence the disperelon propertles and they
| are the llquid flow rate, gae flow rate and the con« \
'centration of eolld partlclee preeent° However the :.
f effect each has depends on’ the partlcular values of the

~other two at the t1me0~ For example in the work done _

here one extreme wae the e1tuat1on wherep if the eolide°

concentration was euff1c1ently low and the liquld flow
' rate sufficiently highg the gae flow rate could be
varled over a Wlde range and the only effect on the

dieperelon wae an increase 1n the bubble frequency as

1H:the gae rate Wes - increasedo»i At intermedlate velues of
. solids concentratlon and llquld flow rate it wae possible‘

lto have the eltuation where at first the bubble frequency

",would 1ncreaee w1th 1ncreaeing gas rate and then at a -f'

particular helght uyp the column the frequency would start';

‘to drop as coaleecence commenced° _ The other extreme
| wae that when the liquid rate was eufficiently low and
| the/ ' |
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the eolids'concentration sufficiently'high, the gas

'Abubbles began to coalesce almost 1mmediately, even at

the lowest gas rate., The 1nter-relation of these three';

main process variables is very complex as the survey of

previous work has shown (201, 202, 205), but additiOnal't

variables‘aretintroduced~in‘the nature of~the‘particles

4themse1ves. suoh ag their size, shape, density and size -

range. Increasing the partlcle eize was shown by

Nagsimilla (201), to reduce,thevcontacting efficiency
when the three. main variables were held constent and

Stewart .and Devidson (209) "shé‘”red m distinct types of

dispereion when particles of low and high densities,
glaee ballotini and lead shot, were fluidized. " Yet
, another variable is the column geometry and the .
existence of wall effects. especially when the bubble

eize approachee that of the column.

", In any one project it is 1mposslb1e to etudy ell theu

variables mentioned and eo;an attempt was made to study

those which are, of most interest to the process designer. -

The four questions posed at the'end'of the‘previous‘

‘ chapter represent areas of considerable importance from
\.the mass transfer p01nt of v1ew and the experimental |
;program was developed to - try to answer them as well as
provide more general information about the behaviour
i”of three phase dieper51ons. o “‘

R The apparatus used ie described in deteil in the

116, .



next chapterO. Two solids particles were used, number
- seven glaee'oallotini and gilica eandz they'were of

different ehapeeg‘the be;lotini being approxinately .
| epherical‘and the sand granularj and had different |
eize distributions, the ballotini being all of &
similar size and: the sand ‘being a wide cut of partlcleS'
'from 30 %0 100 meeho The phyeical properties, sizes
and-fluidization curves for these particlee are given
in AppendixIV : | » | |

The program of experiments was dlvided into four

sections:- '

1) ‘Bubble Freguency lleasurements

Experiments were carrled out to etudy the

phenomenon of ooaleecence in three pheee_dlepersione

and how it was related to gee/rate, liquid rate and bed

poroeity° This was done by.nsing two‘etripe of

aluminium placed round the column, connected eeparately |

. to an electronic capacitance gauge° ‘The signal was fed
to a pen recorder which recorded changes in the
'capacitance of the three phase bed in the form of a
'wavy trece with peake corresponding to the paeeage of

bubbles. - It was poeslble to count_the number of peaks

in a given period of time. and thainna bubbie frequency

at any height at which the strips were placed° The .
decrease in frequency with height provided & measure -

of the rate of coe.lescence°

2)/
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2)-7 Interfacial Area Measﬁrements

. When planning theec experiments it had to be boylrne
in mind that the sulphite aree measuring technique
produces only values for the ave:age.specif1c3inter=
faciallarea‘over the total height of the column.,

The effect of calescence on reducing the local inter-
facial area‘es one moves up -the column ce.nD thereforev'
only be detected by measurlng overall areas for a
number of columns of 1ncreasing helght. , It—should alsc
be appreciated that large changes in local areas Qith
helght are necessary to produce reliably measura@dbe
changes in the overall average valueo To this end the
scope of theee experiments had %o be reduced and areas
were meaeured in columns of increasing_helght for
different bed porosities, but only af.one air:rate9
which_wds-selected by a study;of the frequency
measurementecresulfs; From these results an_air‘rate
was selected for which coaieecence was detected within
one foot‘of fhe'bed euppcrt gauzee This aif rafe was
6.75 cm/sec and lower than;woﬁld have been preferrcd
but was the.hiéhest'air faté at which the tallest
column, Sufeet, could be‘ccﬁvenienﬁlyjcperated without
excessive foaming and the formaticn“of.bubbles
approaching the column diameter iﬁ‘sizeo At the
1cwest\column height used areas were meesured at four
different porosities for a range of air rates up fo

that/
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* that used in the area vs height'measuremehts.

- 3) Two-d1mensiona1 bed work

_ Here ina bed similar to that used by Stewart and
Davidson (209) visual observations of gas bubbles
emerging from the injection #ozzle were made aﬁd some
photogrephs taken. Thh phenémenon of solids bed |
contraction was also examined. | |

4) Gas Residence Time Studies.

EXperiments were carried out tb measure the
residence time dxstributlons of the gas bubbles in the
oolumn under the same operatlng conditlons as used for
the interfacial area measurements. Thlg was done by
passing alp saturated-with mercury vapoﬁ:}through the
column for a period of time and then méking a step'changé
to pure gir. The gaS'emergihg frbﬁ the top of the
column was aﬁalysed for its meréury vapour content by
its relative absorption bf umtra-violet-light, as
detected by a photo=cell,- and ‘the resulting data used

to construct F-diagrame.



| CHAPTER VI

tion

Thh Three~Phase>Fluidization Aw-aratqs'- Descri

A. ~ GENERAL

‘Figure (11) shows schematically the flow directions
and'layout of the apparafts uééd fof the experimentgl
studies of three phase dispersionsin;be described in
Chepters VII and VIII. The colum end its ancillery
inlet, take-off.'éooling and sampling sectidné were made

of 6" I.D. Q.V.F. pyrex pipe sections and. fittings. A1l
liquid side piping, fittings aﬁd valves were of 1" I.D.
rigid P.V.C . except for a 1ength of 1" I.D. flexible
P.V. C. tubing oonnecting the take-off section to the
cooling section - this being necessary to- accommodate
- changes in column helght. The gas-gide piping and
fittings from the tOp of rotameter’Rz up to and including
the distributor were of " 1. D. rigid P.V. C. and from the
reduclng valve V7 to the bottom of rotameter R2% of é"
I. D° copper. Care was taken to avoid any contact

botween the liquid and stalnless steel or iron and to

‘.this end a KOrannite float wes used in Rotameter R1 and

the stainless steel’ float supports were removed and
‘replaced by copper ones. The rotameter-fittinge and
connectioné were made of‘bréss. The:Stuart-Turner

centrifugal/
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THREE PHASE FLUIDIZED BED APPARATUS - SCHEMATIC DIAGRAM

A r .
liquid retg‘nllne

<

thermometer
\ gauze
cylinder air
pressure
?
A .
column compressed
| air '
supply
S [
Vi2 # R2
o !
_ support
S -y
B = heater 8 (ED‘
thermostat reducing filter
valve V7
vil

water
Y
r—l air vent
V6 weigh
scale
L\ V9 v8
- il
RI ¢ ‘<
cooling E
water @—
Vi
: heater
' ke=up
e |
by- pass F tap tonk
VI3
¢
v4
V2
—0 -
{v:o comp v3 V5
todrain

FIGURE




121,

centrifugal pump was fitted with a brass impeller and
gserved to circulate the liquid and to charge the column
from the’ make-up tank by euitable operation of the

valves)_to be described later.

B.  THE COLUMN

The column itself comprieed sections A, B, C and D
shown in‘figure (11). Section A consisted of _i
. combinations of; 1, 2','3’, 4* and 5' lengths of Q.V.F.
pipe sections so as to give heights from one foot to
ndne feet in one,foot increments.' ‘The bottom eection
had the=bed-supbort gauge flanged assembly, shown in
an exploded view in figure 12, attached to it to- allow
~it to be removed from section B whilst still containing
the bed material. Section B, 8. Q.V. F. tee piece, acted
as the column inlet section. The llquld, after paseing
ithrough rotameter R1, entered & 1" to 6" Q.V.F.
expansion;section attached to the bottom of the tee. .
A 4" thick P.V.C. flange onthe side-arm of the tee carried
the ges inlet line which terminated in a cruciform |
distributor containing'1/32" holee in each of the
four arms, and which dietributed the gae below the bed-
eupport gauze. : Pigure (13) ehowe the dietributor in
detail. The P.V.C. flange aleo held a 1% kw immersnn
" heater and a &nnVic thermostat pocket. . Section C,
another Q.V.F. tee piece, acﬁed'as the take-off section.

v.It/



APPARATUS DETAILS
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| fIt was provided w1th a 100 mesh copper gauze cylinder

flttlng flush with ite walls - end coverlng the eldeaarm

" outlet, that was held . in poeition by two tightly fltting

‘-6" 0.B. perepex collars above and below the 31de arm.

"Thie gauze cylinder prevented the bed meter1el from :

V'enterlng the side arm and also helped to oontain the

“jgee bubbles within the column9 reducing the emount “of

| gas carried over wzth the liquid, A 6" to " Q. V. F.- ‘1",
Adreduolng seotion was attached to the. eide arm, with two o

4" 1.D, outletsg one with a 1" hoee ccnnection to the

.flexlble P.V.Co eturn line end the other with e brees

flenge holdlng a standard 'Ovarlng sealed. thermometer

"‘flttingo Section D was a further plece of Qo V Fo pipe‘
.of approprlate length to accommodate the increase in

' dispersion hezght on eeration° - Before- aeratlon the

liquxd level was set. three inchee above the top of

section C in all experiments.'v

Co - coox.mo AND SALIGSECT IONS |

‘These. two eectione, E end P on figure (11), were
' 'joined together end were remote from the main columno,
'c The oooling eection E was a etendard Q V Po f1tting
vcontaining a pyrex coil W1th1n 1t provided with two.
::outlets through the side of " the fitting to whioh hose
1connections were medee Cold water clrculated through

" the/



the coil controlled by wve V9.  The liquid return line
entered the aaction through & i* I.D., inlet and any gas

bubbles that had been carried over rose to the.top and_

could be vented to atmoéphere through. the 1" I.D. outlet
there and velve V6. Section P was another Q.V P. tee
piece with a &" P.V Ce flange on its side arm and a 6"

to 1% Q.V.F. reducing section on the bottom outlet.

A sample tep, 3" B.S.P., was screwed into the flange snd
a §" P.V.C. tube led frbm this tap to the centro of the

toe to onsure samples were withdrawn from the main stream

~ of the liquid. "A 1 kw heater was also mounted on the
flange and switched manually to provide booater heating

to &seist in raising the liquid temperature.
D. HAKE UP TANK

This was & 32 gallon rigid polythene tank mounted

" om a John White 300 1b. weighing 'scale. A flexible hose

"connected the tank outlet to the pump via V4 and to
ﬂrgin.via V5. Cold water could bé used to fil; the
fank or wash it out.from the oupply. through valve V8.
The provision of the scalcs allowed the volume Qﬁ .
liguid chargea to the column and ancillary lines to be
oalculated from the weight of water in the tank before
end after charging '

The/
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The opéiat;on of this apﬁaratus'varies in each
of theﬂthree‘seriEQ,of’experiménts_and.will theréfore
'be‘describéd in the appropriate chapters. Modifications |
made during the course of the residence time studies

are fully deaoribed in chapter X.



CHAPTER vn

A.  INRODOTION

Angelino, ~Chai~zat and Williems (214) published a

 paper in which they described a method of detectlng
bubbles in a gas-liquid and gas-solid fluidized bedD o
by measuring the change in capacltanoe at a partlcular
point of the column as a gas bubble passed° " Two thin
~strips of metal were plaoed around thecnlumn wall %o
act as the two plates of & capacltoro with the column
and contents acting as the dielectric materialo - Since
~ the dlelectrlc constant of the gas wes different from
that of the golid or 11quid, the passage of a gas bubble
resulted in a mgmentary change in the column capaoitance,
whichlwas detected by a suitablo ipstrumont.‘ ;This _
| method can be‘applied.to tbe detection of‘gas bubbles¢
in a liquid-solid fluioizod‘béd provided the difference
in dielectric constant of the gas and. the liguidesolidb

‘bed is suiteble, This was found %o be so for water .

fluidized sand and glass ballotini, but not for sodium

sulphite solutions as the fluidizing medium. This was
due to the fact that'the présence of thetsodium sulphite

~ reduces the dieloctrxc oonstant of water which 1s 78 @
5°0/ | o |
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25° (168).to between 5 and 10 (é16) and the
sensitiv1ty of the column capacitance to the passage of
“air’ bubbles is" thus reduced about ten timeso
The capacitance measuring apparatus ueed.in'this

work consisted of two é" wide strips of aluminium foil
attached to the column by. means of two rubber bands
'holdlng the ends togetherg but separated, 50 that there
was no électrical contact between them (see Figure 15).
A coaxxal cable having the central core. attached to one
strip and the screen to the other was connected via a

co-ax plug to ascapacltance gauge whlch was built»to,the
specification given by'Attree'(éiB); the circmitkdiagram.
_of which is shown in figure (14). The main‘conponents
of the circuit are a triode valvs type IT4 w1th a tuned
'anode circuit cons;stlng of capacitors 02, C3 and Cy and
the choke L1g end a 4-mega cycle/sec crystal_osciliator
which is buiit»intojthe-grid:cirCuit of the velve, The
~ tuned anode’circuit is so desiénedwthat at‘the reeonant}
frequency of the crystal, the anode impedance is slightly
linductivee_, Under these circumstances a small change in
capacitance at the anode causes a large change in.the
strength of thefosciliatons; in the'anode current and:in'
the voltage drop across the anode 1oad R4° Tha voltage
fluctuations at the bottom of R4 oansed by the change in
the column capacitance due to the paseage of bubbles,

:wera/
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were fed to the ampllfier of a Southern Instruments

Limited pen-recorder and appeared as a wavy trace, with
peaks representing lsrge bubbles sud.°n01se° representiug
‘smaller bubbles;anu fluotuatlons in the solids con-
centration. VAFigure (15):shows‘two exemples'of the traces.
The detalled operetion of'this'equiﬁment'eill be given:.-
later. Using this method bubble frequencies were.
measured for fluidized beds of send and ‘glass oallotini
over a,rangewof llquid and gas'flow‘retes and bed

'ﬁorositiesg at*variouslheights‘up'the]oolumno'

B. - EXPERIMENTAL PROCEDURE.

.19 Column Operation

The epparatus is described in deta11 in'. _
chapter VI and for this serles of experlments-no
modiflcation was neoessaryo~. Refer to figure (§1)\

" The column eeotzon A was. bullt up to a height of elght
 feet. Valves Vi2; Vi0, V2, V3, V4, V5 and V9. were
“closed and V8 opened. to f111~the,make-up tank with water
" and switched off when it‘was‘fullo 1'Tﬁe pump was'then‘

-sw1tched on and water was w1thdrawn from the tank via V4
through V1, and the liquid votameter R‘Io into the bottom _
of column section B to f£ill the column° When the level
rose above that of the takeooff tse sectronc, weter over-
flowed down?he flexlble return llne to flll up gsections -

E and F, When these were full valve V6 was closedD the,

pump/-

427, -
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pump switched off and V4 closed. Ve ‘was‘ the‘n"opene’d.
rwhich completed the 1iquid side closed circuit between
-all sections of the column. Sand or Ballotini was - then
dropped 1nto‘the column through the top section D, which
was three feet in length. - The water displaced by the
solid- particles was drained via valve V3 until the level
‘was three.inches above the top of tee—section C. ~ Prom
Athe fluidization curves for the solid particlee, given in
Appendix:lV' the appropriate settled height of particles
was calculated to achieve a bed of the highest porosity -
4to be etudied, which would fill the unaerated column

to- the top of the tee section C. To cover the range of
.increas1ng bed porosities:m was & simple matter to add
more solid- panticlee and reduce the liquid flow rate
accordingly. After the correct amount of solids were

' added the pump and both immereion heaters were switched
on to raise the water temperature -to 36°C, and when this ,
' was reached the booster heater was. switched off leaving
Just the controller heater on. - The required liquid
"flow rate wes then set by operating the pump by—paes
fvalve V13 for a coarse adgustment and the rotameter
control valve Vi, to give the rotameter reading indioated
.by the calibration curve. | The column was then ready
.for'aeration.iv |

. Before V12 was opened to admit air to the column,

'reducing/
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treducing ua1Ve \i Was set'to give an alr pressure nuch

- greater than the hydrostatio,pressureAon-the‘liduid side
of V12, to prevent Water.filling up the air lines.

f?when V12 was opened the lnitial surge‘of'air'due to the

- high supply pressure,_coalsscediinto'one.large slug.whicn |
rose to the topAof‘the column; ~ Once the gas flow was |
“established V7 was.réadjusted‘td givé~the rofameter 'n
readingvfor;theAdesired fiéﬁ'rate, indicated by the
oalibration éurve; The alr flow rates, expressed
throughout as superflclal 11near velocitles based on

.. the empty column cross—sectlonal»area, are those

exlstlng half way up the column. | .

Upon completlng measurements at one bed poros1ty
fhe pump and contni-heater were sw1tched off and the
gas flow discontinued by 01031ng valve V12. "Mofe‘
'sollds were then added, the llquid level reset by using
V3 and the same procedure for start-up followed as-
prev1ously described. ‘

To change from one solid.material tovanother the .
golids already in the column were highly fluidized and.
'syphoned out, using a 1" I D. hose-pipe, into large‘
buckets where the solids settled out and the water
overflowed away to the draln. A |

2. Operatlon of the Capaoitance-Gauge

‘ Refer to flgures (14) and (15) The
valumlnium/ |
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v'aluminium-stripe were placed around the colemnnes shown
in figure (15)'ét the*deeired“heighta' <Before~aerat16n5 '
when the bed had been expanded to the d931red por081ty,
-switech S1 was closed bringlng the column capacltanoe'
iinto the anode clrcuit° The oh@off switch was then

- switched on connecting the 45 v H T° and 1.5 v L To

e batterlesol' Next, ‘the variable capacitore Co end 03

- .were used to tune the anode c1rcu1t ueing the meter,"_
.oonnected as shown, to indlcate,when_the anode current
was a maximum. }.The meter wes‘then.dieconnected end-_
.p01nts A end B connected to the 1nput termlnale of

the pen-recorder‘amplifier -a steady trace was produced
on the'reoofder chart; - The air supply was turned on.

" and the pen fluctuated back and §6rth in response to the
capacitance changes in the column due to the presence »i
,_end passage of gas bubbleso,‘ When the air_flow,settled

. down the chaft motor'Was switched to give aichart speed 3
of 2.5 cms/eeo and a wavy trace was produced, simllar

to those.shown»xn,figure (16). . About 100 cms of chart

were run out for eaoh'frequency measux‘ement°

Co TREATMENTOF EXPERIMENTAL DATA RESULTS .

The ekperimental data were‘a.eeriesiof'stripe of“.}
pen recorder chart peper-with;trecee on %hemo ' Tbe
numbef of iarge peake,'correSponding to largehgae-
bubbles, were counted foi a cha:t'papervlengfh of'from

30/
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30 to 60. cms. - The chart speed during the runs‘was

fized at 2.5 cms/sec. It.was thue a simple matter to
calculate the correspondlng bubble frequencies. ; These
were plotted against the helght, in cms, at whlch they
,were determined on semi-log graph paper for each bed
‘porosity studied. The'results are shown in figures (17)
to (19) and figure (20) has 48k the resolts soper— '
~j1mposed on 1t, together with the correletion developed

ehown as a family of solid lines.

D. ADISCUSSION OF THE'RESULms

. The following points of 1nterest can he seen
immediately from the results as they ere plotted in
figures (17) to (20):- ‘

1) The slope of the line drawn through the p01nts
for each bed porosity, whlch gives a measure of
coalescence, is different for each bed porosity,
increeslng as the’ por081ty decreases. | _

2) %The bubblevfreques01es do not begin to £all
until a particular'point'up}the colomn is
reached, and the height.of this point depends
~on- the air rate and bed porosity.. This point -
will be referred to as the coelescence p01nt.

3) For a given bed porosity the lower the gas ‘
rate the greater the height of the coalescence
roint sﬁd,for & given gas rate the lower the

" porosity/
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_porosity the 1owergthe'height“of;tne-’ t ' BT
coslescence point. . . =
" 4) In the region before fbelcoaleecenoe point is L.
reechedp the bubblewfreouency is independent Of
bed poroelty and llquld rate and depends only
on the gae £low raté. '

5) When -the coalescence linee are extrapolated
back to zero on the helght axis they all cut |
the frequency axis at approximately the same
:point, namely-at 7 bubbleelpen eecondo 2

_ The following &iecues1on will be lelded 1nto N
three parts9 the first diecussxng the region in which
. the bubbles are coeleeclng with each other, the second
the region before thie coalescence begine and the third
a comparison with other workere° resulte, namely those

of Calderbenk ot alo,, (206) and Me.ssimilla (202)

1. The Region of Coelescence :
The fact that the eloping coalescence lines all -~

‘paee through ome value of the bubble frequency at-zero
height meane that all the bubble frequency data in thie
hregion can be correlated by the equation belows
g o= e [195-am]) e ()

'where £, 1e the bubble frequency, sec j, b is the helght
above the bed support gauze, . cmpland Q is the gslope of
the coelescence llnes in figuree (17) to (19), cm 19 and7
-depends on the bed poroeity° ) |

When/
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When Q is plotted agalnst bsd porosityu-e y On-
i‘.llnear paper, ‘shown in flgure (21), the points. 11e on &
ssmooth curve except at the higher values of € where .

' there is considerable scatter. - Values of Q at } |
increasing bed porosities are lsss re-iabls because the ,
i experimental bubble traces at these values of«i showed
| less differentiation between the hlgh peaks of the
;large bubbles and the background ‘noise’ due to swarms
of smaller bubblss and ones of an intermediate size.
bThis made countlng them and deciding which to consider
as large bubbles and whlch not, much more diff;cult
then it was at lower . values of bed porosity, where the
{tracss showed much less evmdence of smaller bubbleso
In fact at a por081ty of 0 51 only 1arge peaks.wsre ~
 Idetected which indicated . that most of the gas was
formed into. large bubblss immedlately after passing
through the gauze° | ‘ _
. As figure (21) shows a smooth curve of,Q‘agaiASt o

' porosity this. indicates that the rate of coalescence }

'is a unique function of ths bed poroslty, ‘the nature A
5f;of the particles forming the bed and the liquld flow
rate have.no influsuce«on it. The fluldlzation
sharacteristiss of tuevsand and ballotini were quite
:differenf_aud'fhs7liquid rates required to produce
“beds of the same‘porosity‘wers{differenf.4 For example

o/



| e.eater flow rate of 25 lltree/mlnvet 36°C would give
bed porosities of 0.92 and 0.57 for sand and ballotini
"ereepectively;  However it must be boiﬁted out that the
magnitude of the'eupefficiel.licuid velocities used |
varied between l ehd 4 cm/seclwhich is small compared
‘4o the riee‘velocities‘expected, for gas bubbles
detected by the capacitance prcbe, end would therefore
" not be expected to have much influence. -

When the veluee of Q are plotted agelnst the
reclprocel of bed poroeitg a straight line can be drawn
through the points, es shown in figure (22). ‘.Thue the
~rate cf'coeleecence,'in'thie column,'veriee’ihvereely
as the firet power of the bed porosity, and the . |
equation relating them iss~

Qx 1073 = T2/ -39 e L.l (2)

which gives ac average perceptage deviation of.0.75%
for porosities belcw 0.8 ;, but ¢gfr13.6% fcr,pOrosities
above this. - | | ;
Comﬁihlng equations (1) and (2) e correletion for-
all the resulte in the coalescing reglon can be givenz
‘f‘s" = exp [ 95 - (7 12 - 4. 39) x 10 3 Y I
| ) Ceenees (3)
The femily. of linee for this ccrrelation is given.in
- figure . (20) with the results of gi& frequency

. measurements euperlmpoeed. _
. It/ | . '.4 . “\
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It should be noted also that the line in -

figure (22)'intercepts the Q axis4stve.+ve'vélus,
namely 2.6 x~‘iO"'3 ém”‘, which-indicstes that‘at s
porosity of 1, or when no particles are present, some
coalescence w111 still occur. This is in agreement o
with observations of gas bubbles in the column when
no particles were present - at the hlgh ges rates |
used in these experiments bubbles in pure watsr

coalesced, although large. bubbles would break up again
due to the high turbulence° 'f '

2. Tha Reglon before Coalescence

Figures (17) to (20) show that the bubble
frequency depends on the'gas'flow rate and notxon the
bed porosity in this region. ~ At first'sight this
would indicste'tbat all the bubbles are. the same size.
Unfortunately the capacitanceprcbe does not give any
'quantitative information on bubble siees although for |
a larger bubble, a larger peak‘on thevtrece.would be
expected. Observations'in the tuo dimensional column,
discussedpln Chapter IX, showed that the size of the
‘bubble formed immediately above the injection nozzle is
related to the bed.poroslty; being larger as the béd
porosity is decreased. : With'this in mind,'one is led
‘to the conclusion that in the column, at any one gas
rate the frequency of the bubbles is constant but

their/



" their size increeeeé,With decreeéingjbad porosity.

The fact that their size increases With-decreaeing
porosity is also supported by the fact that.thellower
the bed poreeity, {he lower the height at which they
begin tovcoaleecef_lwhich in turn indicatee that they
must have been bigger to start w1th9 80 needing to grow
'1ees beforelcomlng oloee enough to}coaleeceo But there
" gtill remains the anomaly of a constant ffequency and
inereaeing size fof the saﬁe overall gas flow rate. f
Thls is recon01led by coneiderlng that not all the gés.
is formed into bubbles of the size of those detected by
the capacitance‘gauge;A‘1ndeed if”thls were sop then -
the bubble sizes cerrespOndihg $o the frequencies .
measured would vary from 5 to 8 cms in diameter at the
loweet and highest ges rates usedg and bubbles of this

size would not have escaped notlceo _From observations.

of the column during opéretion it ie cerfain that a lafge

proportion of the gas is present in fairly small bubblee
of the order‘of 4 to 10 mm in diameter. It is theee
bubbles that allow the growth of the other larger
bubbles (by being overtakenend ceeiescing iﬁ the

manner described by Calderbank (206) to the size where

" they are cloee enough to coalesce with one another.
The anomaly is thus solved if the dietrlbution of the
gas between large and small bubbles is dependent on bed

porosity/



porosity. As mentioned earlier, the pen recorder
traces give an indicationeoflthe'bubbiee present
besides the large ones by the amount of 'noise', and
this ‘noise' was greater the higher the porosity (and
led to the difficulty of measuring frequencies for
ponosifies higher than 0,8). It can then be assumed
that qualltatively there is a wider distribution of
bubhle sizes at the higher porosities. '

This point will be discussed in more detail in
examination of the gas bubble_reeidence time
' dletrlbutions in chapter X. |

Figure (23) shows & ‘semi-log. plot of euperficial
gas velocity, against height of the ooalescence point
abdﬁe the bed support gauze through ehich-the gas
enters the column. The points Were'obtained_by
reading the Value of bed height at?which the best
‘horizontal line through the frequency fesulte for each

air rate, cut the sloping coalescence 11nee on

flguree (17) to (19) for the four values of bed porosity '

shown . This family of llnee;marks the boundaries of
column opersastion to avoid the onsetxof gross coaleeoence,

end shows the sort of praotiéal information necessafy

for designing bubble column reactors where the ocourrence'

of gross’ coalescence must be avoided. Figure (24)
shows the bubble frequency determined from the best

lines/
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BUBBLE FREQUENCY- VS SUPERFICIAL GAS VELOCITY

(In the rcglon before coalescence commences )

EQ.OF LINE:  fg = v50-3|6
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"lines through the data plotted against the euperficial

fgae velocity. They are related by the equation°"

£ = so -316 sec’1'f. LT eves (4),"

3. Comparison-mith‘results of other'WOrkers

The onl& published~WOrk'on the coalescence of
- large bubbles mmving through a. dispersion of smaller .
ones in a deep pool is by Calderbank (206) and
Massimilla (202).

(a) Calderbank et al's Work (206)
Calderbank using a solution of glycerol and water

at a v1sooeity of about 70 centip01se in a 10 foot high
‘colum 4 1nchesvsquare 1njcroes-eectlon,'passed carbon-
dioxide gas through a‘4"'x.4" sieve plate, containing |
"56 3@4" holes, into the column at superficial gas
‘'velocities’ from 0.5 to 2 cms/sec. T He measured the |
height at which spherical cap bubbles first appeared

and their frequency at various helghts up the column

thereafter. : He presented the results on a semi~log
1‘

Peon

_plot of bubble frequency in sec - against:x:, cms,
‘Whlch is the distance up the column above the height
at. which epherical cap bubbles first appeared for the
corresponding gas flow rate.l His sloping line cut the
bubble frequency axis at 5.80 bubblee/sec which is
lower than in the three phase column, which may be due

~ to the different column geometry. He suggests that
~ the/ R |



~ the frequency of bubble formatlon may be determined by
~ the resonant frequency of the dlspersion w1th1n the
column° He correlated his results by the follow1ng
’equationz L
| 'f,, = exp [1 764 - 4. 375xx 10"3] T (5)
,whlch is of the same form as the correlatlon for thls '
‘three phase column. - If his value ofj( is assumed
equlvalent to ‘the value of h in equatlon (3) then the
~value of- poroslty e.to make the negatlve parts of the
exponentlal 1n both correlatlons the,same9 i:e: an
identical coalescence rate, Q; is 0. 81, |

This result, coupled with the dlscovery that in

this work, the rate of»coalescence_ls a.unlque function =

" of ‘the bed porosity, led to the.consideration that'perhans
. the bubble coalescence rate 1s determlned by the vis0051ty
or psuedo—v1ecos1ty of ‘the llquld or llquld-solld
fluidlzed bed through whlch the bubbles are rlsing.

Calderbank, also found that at low gas flow rates -

"nelther spherical caps formed nor dld coalescence bccur
'until h1s llquld v1sc031ty exceeded 69 cent1p01se.

,(In this work at the low gas rate of 1 46-cm/sec‘no
‘coalescence could be detected for porositles of . 0. 88
end 0.94 - ,aee figure (18,)9) He unfortunately did not
' measure bubble frequencies éf liqulds of viscosltles

much greater than 70 cent1p01se. -Massimilla'(ZOQ)

when comparing hls slngle bubble rlse ve1001ty data,&q

.y
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1in his liquid-solid flu‘iaizéd: bed. with those in
vscous llqulds, found that if he assumed his bed had a.
viscoslty of 62. 5 cent1p01seg h1s data could be"'

correlated by the equetxon_of Oseen»(217) which he

‘quotes asi- - ' ‘ L
. A - ‘ 4
Vp = 3 + (‘1‘23-43). + 0,593 8T eeeees (6)
Ty o
0.3 < Vbrp’
. i

where Vb is the‘bubble rise velocity; r its radiuss

/4end P the visc091ty and density of the medium through .

which the bubble 1s rislng /and g 1s the grav1tyy

;constanto He also notes that 62 5 oent1p01se is of the

‘same order of magnitude as values whlch ‘have been found

by Traw1nsk1 (218) for fluidized beds s1m11er to his.v"

However work done recently on measurlng the v1soos1ties

‘of fluidized beds of ballotini beeds w1th water, by

Anderson and Bryden (219) gave values of between 9 4

and 16.poise for a por051ty of 0.49, dependlng on,the
rate of shear. 'They‘used’en‘annulaf-sbeee between'

an 1nner rotatlng cyllnder and fixed outeroone9 to
contain the bed and varled the shear rate by the speed A
of rotation of the inner cyllnder° As the shear rate
was increased the viscoslty levelled out at about

9 poise. This value is: very high compared to the

value of 62.5 centip01se of'Traw1nski@ More work in '

vthis field is required before any conclusions can be

drawn/
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drawn about coaleecence rates and‘dispereion viecoeity.
An experimental study of spherical cap, oftlarge bubble,
coalescence rates in liquideaof varying‘viecoeities”'

. much greater than 70.centipoiee, nould provide'data
that could be compared with the results of thisvetudy
in a fhree phase bed. Gas rates Of‘between 2 and

9 cmg/sec and a 6" I.D. column ehoula be used to-
provide a better basis for compariSOn than Bibby's

-smaller square column,

(b) Massimilla's Work

A true comparlson with M&BBlmlll& 8 work, which was

dnnc thh & gae-eolid—llquld fluldlzed bed, 1s dlfflcult |

because he measured the average dlameter of all the

bubbles emerging from the bed at different helghte,
whiereas tlis study measured the frequency of large o

: bubbles only and no estlmate of bubble size or rise -

' ve1001ty could be made. ~ In addition the euperficlal

gas velocities used by Ma881mi11a~ranged from 0.01 to~
0.12 cm/sec. whereas: in thle work they ranged from 1. 5 to.

8.7 cm/sec. However the effect of porosity and bed-.
expaneion on the coalescence rate can be qualltatlvely
compared, although the bas1e of aseeesing the coalescence

. rate is- different in the two casee.i Ma591m111a :

measures the change in average bubble diameter w1th

, helght and this etudy meaeuree the change in 1arge .

bubble/ ' D
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‘bubble‘frequency with height.
He correlates all his coalescence results by the
equation already quoted in Chapter IVi-

Dmzz - Dmo = IJO b . obooo‘ao (7)
Z : *aT . -

where'(LQAL) is the‘reciprocal of the'bed expaneion.'
To see if his data correlated with the bed poroelty it
is necessary to know the values of porosity corres=
ponding to these reclprocels of bed expanelon. This
_.data was supplled by Massimilla in a private com=
munication (222) ~ His data given in the log-log plot
3from which he calculated the values: of a and b in his-
.correlationg were extracted and replotted as.

Dmzz ~,Dmo.

¥

agelnet the values of porosity glveng'on 11near paperD |
"f in F;gure,(25). The log-log plot. data was - also plotted
; on linear'pgper, in Figure (26)9»ae'it‘stood, to compere
- the two sets. There does not :seem to be much dlfference
”1n the scatter of experimental p01nts from the two curves
- drawn in the figures. -No’definlte'conclusion that his
rate of coaleecence‘uas a unique function of‘porosity
" can be drawn, in view ofithe wide scatter, but it
does appear to be 80 as a general trendo_»
‘The values of bed expan51on corresponding to the
por051t1es used in thls work were ueed to plot Q against

o the/
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- _ e ballotini

0 sand

FIGURE 27



/

the reciprocal of bed expansion on linear paper, shown ’

in flgure 27). Here there is & more deflnite
indication that Q is not a unique function of the bed
expansion, and two curves can be drawn, one for each |
materlalo |
It can be noted ‘here. that in Pigure (24)9 showing
Maseimilla g data, the curve passes through-the ZEero on
tbe_bmzz - Dmo/Z axis indicating no coaleseence'would
'take place at a porosity of 1. This is quite |
reasenable since'at the low gas flew rates used:there

would be no coalescence in pure water.

E. CONCLUSIONS

1) The distribution of bubble sizes formed at the
| bed supporting gauze was related to the bed
~ porosity. At very low pofoeities ﬁ08t~of-the
~bubbles were large with only a few small ones
- that could be observed, and at the highest
‘ porosltles'therenappeered to be_a_w1de range of
sizes;b o ;. |

2) In the'region before tbeebubbles began $0

coalesceg the frequency of generatlon of large |

': bubbles was 1ndependent of the bed poroelty°'
and related to ‘the . superfic1al gas veloc1ty9
Vs cm/secp by the equation

£5 = vae32 g !

- 3‘)/
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3) The rate of coalescence of 1arge _bubbles, as

4)

‘indicated by the change in bubble frequency

w1th helght wass

~(a) a unique functlon of - the bed poroslty and

independent.of partlcle s:.zep and

(b) inversely proportional to the bed porosity

to the first power.
All the bubble frequency results 1n the region
where the large bubbles have begun to coalesce

were correlated by the equationo,

fg = exp [ﬁ 95 - 7 12 -4, 39) x 103.] soc‘

where h is the height above ths bed suppom

. gauze, cm.

- 5)

‘ rate of. coalescence of gas bubbles measured by

The rate of coalescence agrees well with the

Calderbank et al (206) in a. llquld of viscosity '

“greater than 70 ccntip01se.

-

6) Flgurc (28) shows a plctorlal representatlon of

the above oonclusmons.vf"'



PICTORIAL REPRESENTATION OF
LARGE BUBBLES IN THE COLUMN
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- CHAPTER VIII

Interfacial Area Measurement

A.  INTRODUCTION

"Inuchoosing-the operating=conditions for the column
when using the sulplite method of measuring gas-liquid
interfac1al areas, the con91derations discussed. in
chapter V were borme in mlnd. The scope of the
experlments designed to measure the variation of gas
liquid 1nterfacia1 area'with-he;ght was thus limited to
those-conditions which would‘ensure large:changes'in o
- local areas w1th height 80 that they would be rellably
reflected in the change of average areas for the overall
column heights used. To this .end figure (23) was
consulted, so that an air rate could. be. selected at
which it was certain that coalescence began very near tov
the bottom of the column. Another limltatlon is
1mposed by the tendency ‘of the dispers1on to foam
excessively at the top of the highest column used 8'9"
and for?the bubbles to approach the elze-of‘the column
diameter. A compromise-was‘made'by'selecting an air-

rate of [6.75 cm/sec., halfway up the 819" column, and

" average interfaclal areas were measured for columns

increa91ng in helght in one foot steps-from 119" to 8'9"
at bed porosltles of 6’85 and 0 T2 using sand, and 0 55

uslng/
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using ballotinioi

' Gas holdup measurements were made durlng the mess
transfer runs described above but their accuracy cannot
be better than pa 10% because of the dlfflculty of A
measuring the level of the aerated dispersions which
-fluctuated up and down as the gas bubbles emerged, this '
was . partlcularly difflcult 1n the hlgh columns because
of the larger gas bubbles and the presence of foam°
Holdup measurements ‘were also taken for water fluldized
dlsper91ons at each column nelght used in the mass
transfer runs. In these cases there was no'foam and
the difficulty of measuring the aerated dispersion; -
levels was much'reducedo.'_' | e

" At tne 1owest column‘height of 53.3 cms~(1°9“)'
1nterfa01al area and holdup measurements were made for
a range- of air rates up to and 1nclud1ng that used in
~ the runs described above, and at four different bed

p roeities,_'

'B.  EXPERIMENTAL PROCEDURE

1, Column Operatlon

v(a) Charging “the column and measurement of total
+ .. ligquid volume.

The column charging procedure~was -the same as that
described in the previous chapter with the following

modlfxationso

1)/
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1) Before the valve V4g’connecting the make up tank .

to the pump, was opened, all liquid in the column and
lines was drained out through valves V3 and V10, and .:
the Weight of water in the tank recordedo |

2) : When the water 1evel was eet to be 3 inches above
the top of teeeeection.c, the excess‘water,was drained

. back into the. nake—up tank vie V4 instead of to drain '
via V3,  The tank weight was then read and the Aiffer—
v'ence between the two weights, before and after charging,
used to calculate the total 11qu1d volume in the column

and lineeo

'(b) Preparation of the sodlum eulphite solutlon

Hot tap water at about 70 C was poured into the

‘ make—up tank, whose values V4 and V5 were cloeed, to an -
appropriate volume depending on the height of column
‘being ueed° . Suffic1ent anhydroue sodium eulphite was
added to give a lulphlte concentration of about 0:s7
Molar, and. the -solution. stirredo,- When all the suiphite_
" had diesolved a sample wae withdrawn and analyeed to _
determine the actual eulphite concentration whioh was

- used to calculate the oxygen solubilityO“ The detaile‘i
of the analyeie\procedureAare_given in Appendix lllo

_(c)-' Charging the column and its operation during
' - the mass transfer runso E

'1 While the sulphite solution 1n the make-up tank

wae/
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- was stlll hot it was pumped into the column following

"'-the same procedure as already descrlbed° Ae the solids

v(were already 1n the column this was a quiok operation° ' )

The eulphite wae then clrculated around the cloeed circuit |

and the cooling water to Sectlon E turned on at valve v9° |

,.When the temperature fell to within a few degrees of

136%C, the water was turned off; at V9 and the témperature
control heater ew1tohed on, " ‘The liouid flow rate wes |
adgueted to the desired level . by rotameter control valve

SRR T2 Sufficient of & solution of 1 Molar cupric sulphate,
‘nalculated from the total 1iquid volume in the column,'

to give & final concentratlon of approximately 2 x 10° -3 g

Molar, was added through the top of sectlon D. This |

A.formed a green precipltate when flrst contactlng the

‘f sulphite eolutlon but 1t qulckly redlesolved as it was

- 01roulated around the apparatue° The air was then

turned on, observing the: precautlons deScrlbed before,‘
and adjusted to. the deelred flow Tate vy V7o The.~l'
column was then left for thlrty mlnutes to ensure that
the copper sulphate eolutlon was evenly distrlbuted
throughout the llquld° | - §

At the end of thle periodv any alr that had: been
carrled over to seotlon E through the llquld return 7_
llnep was vented to atmoephere by valve V6 . The air
‘and llquld rates were readausted if: neceseary, and the
aerated{d;eper51on level_;n sect;on,Dvwae rea@ from a.

- transparent/
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traneﬁarent calibrated sellotape ecale‘fixed-to the
glass,and'reoprded. The-femperature indicated‘by the
 thermometer was eheeked te{eee\if it was at 36 * O.SOC;‘
"and if so, then the run:wae eemnenced by taking'the
flret eample and recording the ' time. Durlng the run -
'cheoke were kept on the dispersion level and any gas

» carried over the return 11ne wae vented to the atmoe-'ﬂ
‘phere. If the gas carrled over was not vented, then '
‘it would displace 1ts volume -of liquid from section E
which would appear es an increase in the aerated

'dlsperelon volume°

(a) ',ggnjying and'waehing the column

After the 1aet‘samnie'wae taken fhe fellowiné‘
procedare~wae carried ouf; The remalnxg eulphite
,solution 1n the make-up tank wae dralned off by valve A
‘V5 and V8 opened to wash’ out and then fill the tank with
coldeater.:r,Without turnlngfthe air off or the pump,
“valve V4 was opened and V2 closed. The diepersion"
level then “began to rise as the water was pumped into.
the column.\ "By opening valve V3 the eulphite eolution
was drained from sectione E: and R and replaced by water
that had entered the column from the tank and overflowed
down the return line. | By leaving ‘the water supply
. valve; V8, to.ﬁhe‘tank open;'the'tank was maintained |
full of waterL'_ In this way, a eteady supply of wesh |
'water was passed once through the column dleplacing the

'eulphzte/
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;

sulphiteisolution. The agltation caused by the
‘aeration helped the sollds washlng process which was |

”continued for one half to one hour.

| 2. Sampling

A sample was w1thdrawn from the sample tap located
in the flange of column sectlon F, to oompletely £ill
and overflow a 25 ml,stoppered flash-untll itwwas certain
that the stagnant liquid in the line leading from the
tap to the centre of the-colﬁmn sectlon was purged, and
a‘true‘sample of the clrculaiing liquid wasIOhtained.

The liquid was,fed,into the botfom offthe flesk hy‘a .
thin_gless_tube so that afterioverfIOWing for'some:'
seconds, only the 1iquid that -overflowed was exposed to
the air. 'The_tmbe was ﬁhen quiokly removed and'the:
stopper replaeed. The spllt liquld waes returned to the'
column through the top of sectlon D«

After preliminary runs, where samples were taken
-‘every ten mlnutes for an hour, or longer, had shown N
there to be no. deviatlon from llnearlty of the sulphlte .
‘aonoentration with time, samples were taken at twenty
- or thirty minute 1ntervals ~during runs which lasted

from one hour to one hour. and a half.. The samples were
J~enalysed-by withdrawing 10 mls from the stoppered flask
| by pipette . and addlng them to a freshly prepared excess

' of 1od1ne solutlon of known strength, ensurlng that the

tip/



tip of the pipetteiwas submergedyrto avoid anj_oxidation
"of the sample by the air., This‘solution Was'left for
hten minutes for the reactlon to. prooeed to completion and
'then the excess 1od1ne was tltrated W1th N/1O sodium
~thiosulph1teo " The value of thls titre was recorded,
land its change W1th tlme gave a measure of the oxygen

consumptlon rate.

3. The Values of gas flow rates for 31mulet10n of the
§EII’C61umn R )

As hae been mentioned in Chapter VII on. the bubble

Afrequency measurements, the value of the’ superflcial gas -

.VGIOClty quoted_was ;noall ceses the.value exlstlng_half-
way up the column. - For experiments where the. column
,height is unchanged'this.is;a.conVenient choice of yalue’
for comparn.sono When a'series of columns .of increaslng
height are used to simulate sectlons of a column which
has a height equal to the tallest one of the serles9 then
the gas flow rate must be changed for each column in the
»series. " Consider a tall column containlng a dense .
,;llquld, | When gas is. sparged in at the bottom it ist
under a pressure due to -the helght of _the. llquld and so0
it expande as it rises up the column, If a column of

: one—foot is to simulate the bottom foot of the tall |
column, then a lower mass flow rate of gas must be usedo
If the ‘same mass flow rate is used then, under the lower

, pressure/
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: pressure'due %o only one foot of liQuid,'the volumetric
flow rate of the gas would be that of the top, and not
the bottom, one foot of the tall ‘column. Therefore to -
effect the correct volumetric gas flow rate for a true
91mulat10n of the sectlons of the tall column, the
volumetric gas flow rate referred to standard oondltions
used in the small columns, must be reduced by the amount .

- that the pressure is reduced.l. ,

As the change in area due to bubble coalescence is
‘being studled, the contrlbutlon of the areg increase due
to the expansion of the gas'would have to be calculeted, a
which would be difficult because of the - change in shape
- - of the bubbles, and allowed for if 8- phys1ca1 method of
area measurement were belng u-ed. : However 8 mass
transfer method is used here, and it hasvthe advantage
that the rate of mass transfer depende on the area and
the gas pressure. -When the pressure becomes less the
area of the bubble becomes greeter. - As the area. varles
with the gas volume to the tWO thlrds power, then these
two effects do not cancel out exactly, but a dlfference'
proportlonal to. the preseure to the one thlrd remains.
At'he pressures used in the column in this work, this
would result in a difference of from. zero to 3.7% in the
"calculated areas, which . would result in thew~being this
much hlgher than if the 1ncrease 1n area due to expanslon
were not present. - But thls 1ncrease, is offset by the

depletion/



depletlon of. the gas flow rate by the amount of oxygen

o 7‘,coneumed in. the chemical reaction which aleo varied from

‘a minute pmworhon to about 1.7% under the eame conditions.’

So the net 1ncreaee is of the order of two per cent at

the worst: whlch in view of the -other 1nherent experr-
mental errors 1nvolved in measurements such as the totel
_ 11qu1d volume, gas hcdup, dlsperelon volume, and 80

-.forth, was neglected.

Co Tréatﬁent of the experiﬁeﬁtal data and results.

The experlmental data for each Tun were. the
.follow1ngs , . |
1) Overall column helght H (cm)
‘2) Sclid—liquid bed poroelty (€) and density,
L e (et
' 35 ‘Inlet gas pressure, p; (atms) -
4) Gas Flow Rate, VG(l/mln) at 15°, & 1atm,
5) Total liquid Volume, Vi, (1)
l'6) Solid-llquld diepereion volume, Vb ’ (l)
7) Rate of change in eample_titre, r,’(mle/min)
..8) Swlphite Normality | o |
- 9) 'Dlepersion levels before and after aeration.
Tke 1nterfaoial area ak; per unlt volume of solid-
liquld disPereion was calculated becauee the volume " of
the aerated diepereion could not be ascertained with

sufficient/ -
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eufficient eccuracy_due-to,theldifficultiee described in
B above. ‘. _ | 'A | | ‘ | o

\  The gas holdup, Hg, was calculated by d1V1d1ne the
1ncrease in d13persmon helght upon aeration by the total
aerated dlepersion height, and expreeelng thls as &
lpercentege of the aemted dispersion volume. The-Sauter
mean_bﬁbble siZe‘ie ﬁhus-celculated from the following
equations N . o -
: o 6 Hg S
Dbm = | a (1 _~ngr cm L eeeees (1)_

The SpGleic 1nterfacial area was calculated from

the equation

A . -8 ' :

4 IR G W )
wﬁere.Péé is the'mean partiel pressure of the oxygen in
the gas bubbles et theftcp"ehd'bottom of the column.
The derivation of this equatlon, wh1ch is simller to
equatlon (7) in Chapter III 1s given in detail 1n
Appendlx I.

Table VI presents the experimental data and cal-
culated results from all the mase transfer experiments.

The results are also plotted in figures (29) to (35) as.

followe° _ .
Flgures (29), (30) (31) (34) - Interfacial area
‘ _ - ‘resulls.
- Figures (32),(33)- : '..‘. - Holdup resulte.»
'JFigure (35) fl'_ V»' . Mean bubble- dlameter

reeulte.
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D. ‘Discussion of Results

,‘Interfacial Anea and Gas Holdu measurements at
.increasing columnithel A :

The results of the.interfecial aréa measurements in
the series of small columns'of increasing height to
1mulate the sections of one tall column are shown in

figures (29) and (30) . The speC1f1c 1nterfacia1 area

~drops eharply in the firet 100 cm of column and then~more

slowly above this height° As the por091ty is decreased
the drop is steeper over the whole range of column
heights. - It wae considered easier to understand what
these changes in epeciflc interfacial area meant ‘
physically by multiplying them by the volume of the .

solld—llquld dispersion, 80 obtalning a measure of the

total 1nterfacial area, A in the columns.‘ Figure (30) .

shows these results, and surprlsingly the llnes were all
straight (the 51gniflcance of the dotted line forAE

0.55 w111 be explalned 1n sectlon 2 of this discusslon)
When the runs at €= 0. 55 and E - 0.85, which were done
flrst, gave straight lines 1t was decided to save time
.end do onlytthree runs at € = 0.72 to 1ocate the line.
These three runs also gave points 1n a straight line

vindicating this decision; .. To explain why there is no

further decrease in ares &s bubble coalescence proceeds

beyond a column height of 50 cms or S0, it can!be .

postulated/
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postulated that 1) the large'bubbleS'formeé'by coalescena

',pass through the dispersion 80 quickly that they con-
tribute very little to the nass transfer compared to the
large number of small bubbles present, and so represent
an effective by-pass of th1s gas, and 2) the reduction -
in area as a result of their coalescence W1th each other

and smaller bubbles is made up . for b y the regeneration

of smell bubbles by the turbulence set up by the passage~'

of these large bubbles, caus1ng sheerlng off of some
other large bubbles into showers of small ones. This

1atter process was observed by Braullck ‘8t el. (141) 'in

a 6 inch dlameter column for air sparged into water and
odium sulphite solutlons° _ As~the three phase_dis—
persion is opaQue the actual behaviour of the bubbles
in it.cannot'be observed, but "small" bubbles in the
.range from;j to 10 mms;‘were elways visible at all
heights near the walls of the column° As'the porosity
was decreased, fewer of them were ‘seen. At all operat-
ing conditions the presence of very minute 1onlc bubbles
was,observed but this will be discussed later° _

' The observation that the number of "small® bubbles
visible attthe'weils of'tbe colnmn appearsbtoAdecrease‘
as the bed poroslty decreases; would 1nd1cate that more
gas is pes31ng through the d1spers1on 1n the large ~

bubbles° If the first postulate above, is true, that‘

the gas in these large buRﬁﬂes effectlvely by-passee the

_column/
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column,‘then a smaller interfacial area would be'expected,

because only the "small" bubbles would contrlbute to the
area measured by the mass transfer method°  “ |
This being so then the only way for the area to

remaln constant as one proceeds up the cclumn, is for.

~ the populatlon of these "small" bubbles to remain constent .

In addition to coalesc1ng with each other the large
bubbles will elso coalesce.wlth a number of the "small"

bubbles that lie in their path by overtaking them and

- "capturing” them as described by CaiderbankA(QOG)d Thus
in oz#afer to maintain the smén_ bubble -fpopulaiiong "t‘he '
'second ﬁostulate, tbat of thefregeneration of small'
bﬁbbles in.the way described above and. Obserred“by‘
Braullck (141), must be cons1dered as an explanatlon of .b
.the maintenance -of the speciflc 1nterfacial area at a c
constant level. There.is‘tbus some measure of inter-
action between the gas inmsome of thevlerge.bubbles and
in theA"small" bubbles;"but the bulk of the gas:ih the.
1arge b ubbles can be considered to byupass the column.
Referring again to figure (30) it is seen that the
lines of total area against height do not pass through
the crigm° In.this event,‘the situation just described
cannot be trueiright down to the botfom'offthe'colﬁmn.
There rust be a pcict°in this bottom part’of'the |
" column where fhere is & changeover from & large specific
interfaciai-area'tc the loWer constant one that is

meintained/

156,



157 .

maintained thereafter. This must oceur during the
formation of the large bubbles° In the'turbuient ‘
conditions of the. d1Spers10n and with the flow of liquld
-through the bed support gaugs at the same tlme as the gas
it is unlikely that the large bubbles are formed as the .
'Jgasaemerges through the gaugsoA: It is more 1ike1y thst
they are formed from}alnumbef of small,ones,'that:are
formed st~the’gau2e‘and'then detaohed quickiy;'coslesc~
ing within a short distance of the gauz-e° If this is
80 then there’ would be a. relatlvely hlgh SpGlelO
interfacial area within a few centimetres of the gauze
which Would'then drop to an extent depending:on,the
size of the large bubbles t’ofmedv and at aidistance £rom
the gauze possihly depending'on the amount of tnrbulenoe
}in the dispersion. "The work_in Chapter]K,using a two-
dimensional hed was earried'out;to obserte what actual-
ly occurred at the bottom'of a three phase”dispersion at.
the point of inaeotlon of . the gas and the ba31c _ |
mechanism suggested here was . verlfled,_ ‘A more extensive ,'
discusslon is presented in that chapter._t‘ R
The gas holdup measurements taken at the same time

as‘the mass transfer runs, referred to above, are shown
in figure (32)'and it can be seen that they follow &
'_similsr trend to the spédifictaress,;dropping sharply
:st-first, especially‘so'in the csse of €,=’O°55,5andl :
;then levelling off, -Holdnp measurements‘using:water

instead/



1nstead of sulphitep at the same gas flow ‘rate, were
,made after the columns had been well washed to remove
‘all sulphite salt, and these values are also shown in

:figure (32) They are»roughly parallel to.the curves

for sulphlte, but lower, so that the holdup 1n sulphite

.fluidized.dispersionebat this gas rate is about 17%
~ higher then in Watero‘ This{is attributed to the
formation of the very small'iohic.bubbles mentioned
earlier, -and described by Yoshida (140) These bubbles
ocecur. in well agitated bubble dlsper51ons in aqueous
‘ solutions of electrolytes and do not coalesce with one
another-du69 it is thoughtggtOuan ionlc.potentlal on
their surface Which.causes them to repel each other.
Both Yoshida and Braulick found this dlfference in gas
holdup between water and sodium sulphite solutlone, in
their two-phase air-water and air-sulphite eolumnsc_
From their published curves of'ges holdub in 6 inch‘
diameter columns, at the gas rates; used here they
both found the difference 1n,holdup in sulphite and
'water was about 20% of the holdup in water, although

their actual values of gas holdup wers higher. Braulick
found that below a-superficial.ges‘rate of about 3 em/sec

‘there Was'little.differencefin the holdup meesured:for
.the;two systems,-concluding;that a certain amountlof |
agitation is required tofbreekfup“the bubble dispersion
'into{these smsll iohic'bubbles;'that are'abOuﬁ.i mm in

diameter/
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diameter and quite stable when‘formeda" He states that
the 1nterfacial area and contact time of theee ionic
‘bubble clouds is far dlsproportionate to the amount of
' gas contalned in them and thue they may be a maaor mode
7of mass transfer in electrolyte gystems which would be
absent frcm hydrocarbon mixturesand pure liquid systeme.
Thls is a dlsadvantage of the sulphlte method for |
assesslng gas-llquld reactor performance°

" From the difference 1n ‘the ourves shown in
flgure (32) it would then appear thaet approx1mately 12%
of the gae 1n the column at a height of 266 cms is
occupied by ionlc bubbles at'é O 55 and 15% atiE-C)Sso
These ionlc bubbles are a. portlon of the gae with a
stable area contribution that will be practically con~
etent throughout the. column and from obeervat1ons here.
and by Braullck a portlon ‘of the gae whlch has an
.extremely 1ong reeldence tlme compared with the rest of
the gas.  This is becauee they are 80 emall that they
are carried with "the liquld eddles and have only a very
fsmall buoyancy force to help them escape the eddies and
rise ehrough the column. . As thenllouid phase is well
mixed by the large bubblee, it can be ‘assumed thet
they are d1etributed evenly throughout the dlspersion.
o To summarise brlefly, it is suggested that the.
gae flow through the three phase column be thought of

as being div1ded into three portlone° |

N/



ﬁ) A'portiOn»which'passee rapidly through the
dispersion es large bubbles and as- far as the mass
~'transfer process ie concerned the gae comprlelng |
:them effectlvely by-passes the column, serv1ng
| only to produce 1ntense agltatlon and thev
*tgeneration of. "emell" bubbles° o ,
1"j2) An ionic bubble portion, which is falrly
gconstant in 1nterfac1aloarea throughout the
coiumn.end-which hes'en,entremely long residence
time.. | o _' - o
'3)  An intermediate sized «'_‘bubble porticn,‘.Witn
"e tange of:sizesfoetweencthe large bubble size
- and about 4 nm.. The magnltude and size
-'dietribution of this portion depende on the
donditions of bubble formatlon near the gauze
and the ag1tatlon 1n the column as a whole°
The - experiments descrlbed in the following two
.chaptere were deelgned to test the validity of tnle
suggested gas ilow model° h Bubblee:could-pe seen in-
side the two—d1meneional column descrlbed in Chapter IX
end gas residence.time dlstrlbut;cn functlone were

measured inichapter X

2. Interfaciel Afaa Measufements inithe'SO cm column.r

At thie the lowest cclumn helght used in the previoue
mass transfer experiments, 1nterfac1a1 areas were neas-
ured for a range of alr flow ratee. ' It ie‘in this

ttbottom/
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gas velocity of about 1 8 om/se0¢ o

bottom: section that the dispersion character is formed and

it Was hoped to throw scme light on this by these experi-

mentsa The results of the area, gas=holdup and bubble

size measurements-are shown'inffigures (31); (33); (34)
~end (35)s S " | _
Figure (31) shows that the specific interfacial area

inoreases rapidly with increaslng gas rate in an expon- ,

entlal fashion and is higher at higher porosities for a

glven gas rate. Figure (35) shows the holdup results,,: S

Which for the sulphite runs ere rather erratic. ‘The

values for Water runs are less erratic because of the -

easier determination of the aerated dispersion 1evel¢ ;,_‘{;

They show that the trend of differences between the values |

for sulphite and water, becomes noticeable after a gas

N

rate of 20 l/min., which is equivalent to a superficial |
TR j‘-; EUIRE
It would appear that porosity has quite a large
effect on the: area even at quite 1ow air rates which does
uggest that the bubble formation is strongly influenoed
by ite 'The rise in area above that’ expeoted from the B

increase in gas flow rate alone,'may be due to a greater.

- amount of the gas being broken down 1nto ionio or "small"

bubbles by the inoreased agitation caused by 1arger bubbles

rising through the dispersion. .

If the values of the specific interfacial areas

. measured at the three heights 53. 5, 175 and 266 cms.,

for/
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SPECIFIC INTERFACIAL AREA(O&)- VS POROSITY
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for the same gas flow rate, .are plotted agalnst the bed

‘porosity then three stralght lines are obtained, all of ,

. which intersect the € = 1.0_11ne at 4.4 cm 1; _See _

figure (34) This'indicatesxtWO thingss'vﬂ) That the
' mechanlsm of coalescence that causes the reductlon 1n
'1nterfa01al ares at the bottom of the column is agein -

ia unique functlon of the bed porosity and independent

of partlcle size and shape and 2) That at the hypothetical

value of the porosity of one, the spec1f1c 1nterfacial .
area is the same at all heights in the column, .and thus
the line drawn on the total area versus height plot of
figure (30) Wlll pass through the origin...xf

It .can thus be_concluded that if thereﬁwere no
particles in the colum then the small bubbles formed
at the gauze would not-coalesce:into large'bubbles

within a few centimeters, as they do when solids'are“

present, and that thelr spec1fic interfaclal area would'

-1

be 4.4 cm throughout the columns. ] This is dn accor—

dance w1th experience; although some coalescence of air

bubbles in the column filled W1th weter does occur at sucﬁ a

l

L= high.c-gas flow rate, the hlgh turbulence causes the.

1arge bubbles to break up aga:m°

 One more point about figure (34) is it shows that
the velues of‘the specific aree for‘e,_ 0.55 ae‘s height
of 53.3 cms is inconsistently high and it would seem |
that a value of 2,65 o™ o
'the/ ' -

would be more reasonable. If



“the total areajle calculétediusing fhis value of tbe~
‘speclfic lnterfacial area at 5313 cﬁs and plotted cn
flgure (30) then the curved line, shown dotted, can be
drawn smoothly through all the po:.nts for 6 = 0.55.

It would then appear that at thls lower porosity in-the
tall column coalescence of the large bubbles is having

a glight effect in reduclng the local SpGlelc area as
one moves up the column. Thle oould be due to -the
lower . level of turbulence and the euggestlon that there ‘
are fewer "small® and 1onlc bubbles formed at the bottom

of the column, at such a low porosmty,

3. Bubble Sizes

Figuré (35a) shows the Sauter mean bubble diameter

‘plotted'es a function of gas flow rate at four porcsitiesgv

which were calculated from the interfacial areas and
gae.holdups measured ln fhe753'3 cm. colﬁmn ”l The
reason for their lack of any well defined ‘relation to
‘bed porosity or gas flow rate must be due to the in—
'accuracy of the holdup measurements, whlch are plotted
on flgure (33) and are very erratlc° " The dlfflcultles
of measurlng the aerated- dispersion level have already
been described in the introduct;qn to'this che.p't:e;:"9 and
it was stated‘thei errors of.fbebordervofeﬁv16%Acoulq:
. be expected} This errer eppeare,twice'in“calculating
the value‘oflfhe holdup from;therincreaee'infdiepersion

- height/
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A. BUBBLE SIZE (Dp,)VS. GAS FLOW RATE

H=53.3cm €
6.9 o 0.4
® 0.56
© 0.72
e 0.92
- 0.7
E
(8]
B £
L
o]
-0.5

Vg I/min

20 30 40 50 60

1 i A

B. BUBBLE SIZE (D, vs COLUMN HEIGHT (h)

6.9 < gas rate=6.75 cm/sec

FIGURE 35




.helght dlvided by the total disper31on height upon

eration° ~In calculatlng the mean bubble diameter the

value of the holdup ie used twice in equatlon (1) t,»

is not therefore surprlslng to find thls large scatter

of bubble snzes° The only trend that can be dlstln— o

guished is that bubble dlameters are smaller at hlgher
gas rates, which would be expected due to the greater
turbulence produced° '

Figure (35b) shows ‘the change in mean bubble pize

- with helght up the column for the three poroeltles

-used in the tall column _ Here there is a much more
‘vcon51stent set of resnmta which means that the holdup
~meaeurements muet have been much more rellable. See
figure (32). '. At the hlgh gas rate used the change in
dleper81on helght upon aeration was greater than in the
small column at the low air rates, thus reducing the

| percentage error for the .same readlng emr, and as the '
columns were built up hlgher thls-change increased still
more . Thie:may'well aecount for the obvious improre-
ment in'accuracya  The plots-of bubble‘size against
height show that only in the caee of the ballotine bed,
of poroaity 0 55, does the mean bubble gize increase
_‘31gn1f1cantly with height. Thls would 1ndicate that
the speciflc 1nterfac1al area is decreaslng w1th e
helght9 SO that the curved line- (ahow dotted) on figure
(30) is probably a truer representatlon than the.

original/
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- original straight line drawnoﬁ'

CONCLUSIONS,

Above a height of 50 cm in the tall column, there .
is no change in specific area with height, except
at the low porosity of 0. 55 where a slight decrease .
is measured. The change in total area with height
varies from O 16 cmz/cm at € = 0, 55 to 0. 8 cmz/cm

at e,- 0.85.

The specific 1nterfacial area at any height is a

vunique function of the bed porosity for the gas

flow rate used 1n the tall column,

The measurements in. the 53.3 cm column show that -
the gas flow rate and bed porosity have a large
combined effect on the interfacial area due to

the amount .of agitation they engender° ‘The higher .
the gas rate enduporosity the greater the agitation

and the smeller the bubble gize.

The gas holdup 1n sulphite solutions parallels the
zZas holdup in water for the same operating con-
ditions, but it is higher by en amount which

represents the portion of the gas existing as

ionic bubbles in the sulphite solution,’

The gas flowing through the three phase dispersion.

can be considered to consist of three portion9°

a)/ _‘ o | ,i_y . - u :



8) Iarge bubbles with a very short residenee time. -
b) "Small" bubbles with 8 dlstr1butlon of 91zes
" and residence times and |

c) Ionic bubbles: whose residence time may be

| much longer then that of either of the other

two bubble portlons°



CHAPTER IX -

The Two-Dimensional Column

A. INTRODUCTION

‘From the work,in_fhé previous chapter it was clear

that what happenéd to_%he gas when it first entered the |

columnYWas-all,important~and it was suggested that the
observed variations in inferfacial area in;the boftbm of
the column were due to & chenge in the bubble 'size
disiributidn during formation, és the gas entered the -
bed through the gauZe; " In the 6 inch column it was
'imﬁoséible to observe_the forﬁatiqnjdf bubblés-abo#e‘thé
'gauZQ ahd it was'theréfo:e decided\io'usé e column in
which they could be'séeﬁ; - A perspex. two-dimensional

coluﬁn was chosen in whibh gas bubbles*couldfbe

' distinguished within the eolidvliquid bed because the

number of solid particles in front and behind %hem was
smoll. Bubbles that would normally have 8 diameter
greater than the space;between-the frnnt and back faces
of the column would.éppear as cross;sécti;hé'oftsuqh
bubbles . with 6nlyié few ﬁarticles passing'dbﬁﬁ.the
column;in front apd'behindg,; As theée'bubblgs'rose o
through the'coiumn‘mOStijifhe.liguid aﬁd;maitiélaé
‘fioWed arbund'either'side of themcf"Byiétrongly
1-illum1nat1ng the . column from behind with diffused light

'even/
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even quite small bubbles could be seen.

B, DESCRIPTION OF THE COLUMN

The column was made of two 20 thiek pefspex eheets9
6 x 5" with two 6° x é" and one 4" x 3" square perspex’
- strips acting as spacers at the/eidee and bottom9 so |
that the internal cross-section was 4" x %"o It was
held together by 2 B A.’ecrewe and nuts, and the joints
were madé water tight with Boetlk sealing compoundo

A ehort length of 1" I, D, perspex pipe was cemented
'_1nto the front face of the column from which9 a hose ied
the llquid overflow via e cons-tanhhea‘d‘tank9 which also
acted as a solide'eeparetoro to‘drain'° .?he'top of
the'coiumn was open. The liquidfdistrioﬁtor wee a
horizontal flatﬁened " copper p&ﬁe, with‘six elite.,
facing downwards, eoldered to a 4" B.S.P, brass |
fitting that was screwed into thee%“‘pefspex'eide‘d
spacer one inch from the bottom of the column° ’

Air was 1njected through a single nozzle formed from

a horlzontal 0.44 mm I D. hypodermio needle bent |
upwards at the end, brazed to another %“ B So Po ‘brass
fittlng aleo screwed 1nto the side epacer one inch above
the liquid dletributoro.: When & horlzontal gae
dietrlbutor made of %" copper tublng was ueed it

1mpeded the clrculation of partlcles and liquid at

‘the bottom: of the columnplwhich caueed particles to

settle/



aAeettle out in areas of stagnant.liqnid>abote'and bélow-_it°
“The hypodermic tublng overcame this problem because it
~was too thin to cause any notable faow disturbance°

Sand or ballotinl were dropped into the column from:the
topo . A transparent calibrated eellotape scale was |
fixed to the left hend side of the column, Air end .

_ water were ueed as the gae and llqu1d phaseso..

o;,f,oBSERVATIONs

Over the range of gas flow rates used9 up to a
,euperf1c1al gae Ve1001ty of 1.41 cm/sec9 the bubbles
emerglng from the hypodermlc tublng nozzle were of a
’s1mllar small size, bout 5 mm, with ‘their frequency_
increaeing'aerthe &8s rate 1ncreaeed° Their detachment
'from the nozzle was encouraged by the upward flow of
water from the liquid dlstrlbutor below° However,
within a short dletance above the nozzle there was
coalescence of regular numbere of these small bubbles
into larger ones, whicthhen rose np throngh the bed
cauelng c1rculat1ng eddies of liquid and partlcleso
There was & certain amount of circulation in the
: fluldlzed bed before aeration due to imperfect 11quid
‘dietribution, but as this had also been observed in the
eix'inch column,'it was decided that a oloeer comparison
would be obtained if this wasleft as it was.

1. Effect of bed porosity

For/
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For a given gas . flow rate the number of smell

bubbles that coalesced to form -a large bubble 1ncreased

as the bed por031ty was decreaeedo ‘It was as 1fD for

a glven poros1ty,there ‘was a eize to whlch an a1r bubble
‘ hed to grow before it would begln to rise through the
bed and thls s1ze was»larger the lower the poroslty.

The fact that the emall bubbles rose a few centlmeters

after detachment from the nozzle was due {0 ‘the imperfect -

11qu1d dlstrlbution causlng a channel of upward flow1ng
liquid whlch swept pastthe nozzlee ‘ When thls.rnltlal
channelD or eddy, d1551peted as it came against the other
eddles ‘set up by the" aeratlonv then the small bubbles',
net ve1001ty was reduced and each. one was caught up by |
the succeeding one.. Whenlthe resultlng large bubble
bouyancy wes sufflclent for 1t to overcome the downward
components of the eddles and the reslstance to flow
caused by the drag of the partlcles, 1t would rise in -
a zig-zeg_fashlon through the-bed. The_process wes then
repeated and a succession of large bubblee rose through
the bed. | | |
2. Effect of gas flow rate

For a given porosity, increasing the air rate
increased the frequency of initial smail'bubbles and so0
also the frequency of the iarge ones formed from them.
.FHowever the_higher'thefgas rate the greater the
'variation in the number of small bubbles actually
comprising.each_large bubble, which debended on the

eddy/
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eddy flow sltuatlon in 1ts nelghbourhood at the tlmeg-
‘and 80 the varlation in the 51ze of the large bubbles
;‘.mcreased° K It follows that wmth an 1ncrease in the
number of bubbles they wculdvbe closer together-andl
'theirbvariation in'size would'csuse-theirfriSe |
;velocitles to dlffer, so leadlng to coaleecence by

-thelr overtaklng9 and belng overtaken by, each other

in the way descrlbed by Calderbank et al° (206)°

Do DISCUSSIONV

'Although the method of injecting. the gas into this

| two-dimensional'column'by a single nozzle is quite

dlfferent from the gauze dlstributor used 1n the 6 inch -

columnp and - the superficlal gas flow rates used here are
much lower, it does help to indicate how the-large
bubbles detected by’ the capacltance probe in the large
column, were probably formed. ' |

It will be recalled from the results of the bubble
- frequency measurements that before coalescence of the-
large bubbles began, thelr frequency was. a functlon onlj
of the air rate. This behav1our wes also observed here

and can be explained if one considers the gauze as a

source of nozZles‘producing small bubbles which coalesce °

to form large bubbles~of,fhe~appropriate sise, a short

distance above the gauze. As the air rate is increased.

‘more smell bubbles are formed and lence. more large ones.

The/ .
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The 11qu1d flow1ng through the gauze w111 ensure that
the bubbles are detached when qulte smallg as they were
in the two=d1men51ona1 columnp S0 1t would appear |
unllkely thet bubbles of the eize detected by the
capacitance probe near tne bottom of the column would
actually be formed at the gauze. Thls small section
of bed above the geuze- would then have a hlgh sp601flc
:.1nterfaclal .area, which would be decreased rapidly as
the large bubbles were formed This sectlon -of
high 1nterfacia1 area WOuld ‘also explain why the stralght
lines in figure (30) do- not- extrapolate to the orlglno_ .
In the two—dlmen91onal column, the air rates were.
often so0 low 4t every small bubble that left the
nozzle became part of a. large bubble, but in the large
column a range of relatlvely hlgh air flow rates WaS'
usedo When h;gh gas rates‘areeused cau31ng conditlone_
of high turbulence_it‘is easy to visualise many of
the small bubbles being'cerried up in.ebreng liquid
eddies end never beceminé part of”e large bubbleo
There is‘alse_the probability that the peints through
which the bubbles emerge from the gauze'may chaﬁge':
positien with tberliquid~sblid flow pattern above it,
taking the line of least resistance. If these positions.
change, then a range of bubble sizes will be produced, -
from the largebubblep characterlstlc of the partlcular
bed porosity, to the smallest ones det@ched singly from
the/ V '



the gauze, dependlng on how many small bubbles had 301nede

together e little above the geuzeg before the poemtlonlﬁ'

of emergence changed. Hence it cen be seen that
1ncrea51ng the gas rate cculd 1ncrease the dlstrlbutlon
of bubble'sn.zes° If thle is so then the frequency

of the large bubbles detected cannot 1ncrease w1th the
gae rate to the flrst powerp but a power less than one.
In fect_the frequency 1n_thev6 inch column increased

- by the 0.32 power offthebeuperficiel air'velocityo :

The indicatione7of the'obeervationsv just'diecueeed,gA'

of how the emount of turbulence in the column can affect
the dletrlbutlon of bubble elzeep supporte the
explanation put forward in Chapter VII, pagesns tol§7
for the apparently anomaleus eltuatlon of hev1ng a
constent frequency of bubbles which changed in 5120
without the gas flow rate belng changed.- This wae,
brlefly9 that as the poroeity decreeeed for a given air
rate, the large bubbles were 1ncreased in size, but this
increase was achieved at the expenee of the number of
°small' bubbles, a hlgher number of wh1ch were present

at-higher porosities.

The next chapter deals with the measurement of gas - -

bubble_reeidence time distrlbuticns which will‘give
quantitetive‘evidence of the relative amounts. of gas'in
tthe large, 'emell° and ionicnbubblesp af-different bed
pcroeities. |

"E./
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B. "BED_CONTRACTION ’ON AERATi’o'N, |

As a matter of interest, measurements of the
contraction of the liquldesolld fluidiged bed height
upon aeration were made at two ballotlnl bed expans1onso
- The results,are shown»;n.figure (36) With-the data for
beds‘of baIlotini'of-meenadismeter 0.46 mn end similar

bed expansionsp obtalned by ‘Stewart and Davidson (209)

The two sets agree well.

Fo PHOTOGRAPHIC WORK "~ '

An eleCuronlc flash gun was used to provide back ,

"illumination of the columng that was dlffused oy tracing

. paper, Tﬁb diffused llght shone through the gas bubblesv

but was obscured by partioles° ‘The photographs were -
taken fromethe front of the column with a 35 mm Exakta
singleelens‘reflex camera usingtKodak Micro-file film
type 5453ytnat was developed-for marimum contrast'in

full strength Kodak'D11gdeveloper for 4% minutes at

64°F° However they were not entirely'successful because’

the bed width of 3" was not narrow enough to prevent

layers of partioles belng present in front and behind
all bubbles except the very 1argesto These partlcles
obscured some of the iight meking'for poor‘definition

and a loss in contrsstD 80 thet good prints were not

possible. Stewart and Davidson’s bed was 2" wide and

their/
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TWO-DIMENSIONAL BED EXPANSION (o)
VS GAS FLOW RATE (ft sec™')
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"thelr publlshod photographs show good deflnitlon of the
' gas bubbles and water wakeso,* Figure (37) (a), (b), (c)
end (d) shows four of the more ‘successful photographs
taken here° They were all taken while gas was passing'
. through the bed at a set flow rate. No slngleububble'

_1n3ectlons were made.

Figure (37) (c) shows a bubblep 1.5 cms in diameter9 in r-‘

- ballot1n1 bed of poros1ty 0.66 at a gas flow rate of
0.4 cm/secoyp Other bubbles can just be dlstlnguished
and they appear to be. mov1ng ‘in a 21g—zag fashiona i

| However9 what is. clear from this photograph is the - walke
behlnd the larger bubble whlch is practloally v01d of

partloles (as are those behlnd the smaller bubbles) and ‘

the vortlces, that have been shed by it and the other

bubblesg contalning few particleso.

) Flgure (37). (b) shows a larger bubble9 2 2 cms in dlameter

at its base and th1s is of the . shape commonly found in
gas»eolld fluldlzed beds° . The ballotinl bed has the

same porosity as in (c)9_0°669 but the air rate is

1 cm/sec. Again there is a”fairly clearly*defined'wake"

w1th few partlcles in it. The zig=-zag path of these:
two bubbles is 'shown by thelr angle and the wakes that

have been shed earller follow1ng behlndo_, Stewart and

_Dav1dson s figure 3A is almost identical to this
photograph in its main features° . ‘
Figure (37) (a) shows a bubble which is- a perfectly
ehaped/
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TWO DIMENSIONAL BED
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shaped spherlcal cap w1th a flat base, and behind whlchv
there appears to be no part1c1e=free wake . There 1s
evidence that a wake has just been shed. by the llght
.streaks snaklng down below the bubble, from each edge, '
‘ending in two vort;ces largely free of pe.rt_loles° .
A smaller spherical cap bubble, also having just shed
its wake, is disfingﬁishable.af the botfom of the"
.phoﬁogreph° The bed poroslty here is O, 53 and the ’
air rate 1. cm/sec, as 1n (b) :
“Figure (37) (d) shows a bubble  just hav1ng emerged from‘
_ the top of the ballotlni bed whose poros1ty is 0. 53 and
air rate 0.64 cm/seco_ It is 2. 4 cms at its base.

Another bubble in the bed can be seen about t0 shed the'

wake from the left hand edge. .The- bubble that has just -

~emerged has drawn up a spout ofxarticles w1th 1t,
simllar_to the spouts shown.ln the photographs_of

gotergaerd (210) end from which he assumed the wake of -

. . :
‘such a bubble contained particles of the same porosity:
as the main bed. : o . '

The flat based bubbles in all the photographs taken

"‘here do not show areas v01d of partlcles 1mmediate1y

behind them as do the smaller round, ellipsoidal and |
concave-bottomed cap bubbles such as those in Flgure (37)
(b)and (c). However they do have voids or vorilces.at
their edges which are shedrperiodioally. Thisbcreatioh
of voids or Vortices,:here has the same,effeot~es

having/ |
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| having'e void right behino the-bubble since it also
.eredaces the volume gf 11qu1d oontalnlng partlclee°

| These vortloes moved upwards with the bubble at a
e‘slower rate than the bubble9 as descrlbed by Stewart

"and Dav1deon9 and it 1s the swirllng action of these

tifollow1ng vortioes whloh draws up. the’ spout seen .
behind bubbles leav1ng the. ‘bed, in & s1m11ar manner, to.
.~ that described by Rowe (220) for gas bubbles r191ng
through a gas-solid fluldized bedg The negatives

show bubbles of the shapes in figure (38) (b) and (c)
vemerging from the beds, also w1th e spout of partlclesp
;so 1t 1s not poss1ble to say that the presence of.a-
spout on leaving the bed 1ndlcates there is notﬁ;ater

wakep containlng fewer partlcles, as5001ated with the .

bubbles°

G. - CQNCLUSIONS

1) When gas enters the three phase'dispereion‘it does

80 as small‘bubbles;,which are detached from the -
' nozzle or gauze by thevuPWard fldw’of liqﬁid pas
| them; and then within a ehort'distance coalesce
‘.into large bubbles. - | | » , l A
2) The size of the large bubbles formed by coalescence
of the smell ones 1s a functlon of bed por051ty,

belng greater the lower the porosity, and is

probably conmected with the buoyancy force~required‘

"to/
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tO'OVercome the drag imposed’by the bed of particlest

The distribution of bubble s1zes between that of
the approoriate large bubble for the particular f‘;
bed porosity and. the small bubbles entering the :L .

bed, 1s a function of the turbulence in the three :

phase bed. Large air rates and high bed porosities

give rise to the W1dest range of bubble sizes and

. low air rates 1n low por031ty beds produce large

4)

'comparatively very high just above the gas.-

bubbles almost exclus1velym

The specific gas=liquid 1nterfacia1 ares is

'distributor in a three phase dispersion, but it

; drops rapidly as’ the small bubbles coalesce 1nto

5)

'large ones.’

The negatives of the photographs taken bear out 2)

'above, and show the existence of water wakes ‘and

. vortices largely: free of partlcles associated with -

7)
. all sizes as. they 1eave the solid=liquid bedg but‘

- gas bubbles of all shapes in a three phase bedo,
6)

‘ ballotini upon aeration agreed quantitatively w1th

The contraotion of the llquld fluidized bed of

the results of Stewart and Davidson (209)

Spouts of particles follow behind gas hubblesfof

this should not be taken as’ an 1ndication that they

have: no particle free wakes or voids associated

with them when they are in’ the bed (see |

¢stergaard (210) )
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"CHAPTER X

GaevResidenceATlme”Dlstrlbution Measurements.

A. INTRODUCTION;

It was postulated in Chapter VIII that the gas
flowing through the- three phase dlsper31on conelsts of
three portlons. | -

1. Large bubblee with a very ehort residence

time. _ .
2. Small huhbies'with"a'distribution'of sizes
and reeidence‘times;fand» o
'3,. Ionic'hubblee‘whoee'residence time is
n‘-  extremely long compared with that of all
| the other bubbles.

‘It was. therefore decided‘to meesure the residenCe‘
~time dletributlon of the gas in the three phase column -
under similar operating condltions to thoee used for
- the 1nterfac;a1‘area»meaeurlngvexperlments,-so that the!
reeultS'uould be compared with them and more reedily |
interpreted. Thls was done by paselng air contalnlng
mercury vapour through the -column for a perlod of tlme ‘
‘and then making a step change to pure air. - The gas
emerglng from the top of the dlsperelon was analysed|”

for its mercury vapour content by 1te relative

absorption/



absorptionoof ultra-violet 1ight,'as detected by a
photocell, ‘and the resulting data used to construct
'F-diagrams., | | '

" B. MODIFICATIONS TO THE MAIN APP%RATUS

1% Mercury Vapaniser

Refer to the schematic flow sheet of the main
- apparatus flgure (11), Chapter VI and flgure (38) here..
‘“A 176" length of 2" I.D. pyrex glass pipe section w1th ‘

A" I.D. s1de-arms at om from ‘the top and bottom, was

used as the meroury vapourlslng chamber° The bottom c

of this chamber had a blank %" P.V.C. :ﬂange and the top
a similar flange but one whlch carrled a length of

é" I.D. P V.C., pipe that protruded 2" from the top and
1°5A" below the flange, 80. just dlpping below the A '
surface of - a pool of mercury contained in the bottom of
“the chamber° The air’ l1ne-from the top of the roa-
meter R2 was broken above V12 and a An P.V.C, tse

fitted. . The. side-arm of th1s tee was connected ‘via a d

"flex1ble A" P, V,.C, hose to the 3" PV, C protrudlng from

the top flange of the vapo;d’rlser° ‘The bottom of the

tee was nmoined to the valve V12. _ The 11ne was broken |

again below V12 and a three-way glass stop-cock inserted°

T

. One outlet was reaoined to the bottom of V12, one- to

the air llne to the column, and the other was connected

vy
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" MERCURY VAPOYRISER

SCHEMATIC FLOW DIAGRAM
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.bj:flexlble P.V.C. hose to‘fhe top 3" I. D. outlet of the
vapoﬂriser- the bottom é" I. D.}outlet wae blanked off by
a small P V.C. flange. S "

By turning the glass etop-cock the a1r from the
rotameter could be paeeed through~v12 or the vapoﬁr;serr

_to. the column or the column could be closed off. V12

wae ueedAto_adJuef the_pressure'drop~throughithe line by-

paeeing'the:vapoﬂriaernso that on changing the direction
of air flow uo:change-in~flow rate to the column would

occur. .

_2._' Mercury vapour detector section.

Refer to flgure (39) This sectlon con51eted of
the 1'6" length of 5. 75" I. D P V. C. pipe W1th two 1"
I, D. ‘'side-arms: used as the bubble-oolumn in the eodlum
eulphlte ox1datlon experimentsvdescrlbed in section C ofl
Chapter III. - -
' It was. placed on the top of the column 80 that the

gside arms were one foot above sectlon D. The braes

. flanges carrylng the quartz w1ndowe were kept 1n place as

‘before and two housings made of 1" 1.D. rlgld P. V c. plpe
eee—@éguae—44», containlng ‘the photocell and U-v lamp
were attached by flangee to the four studs protrudlng
from the braes flanges, ae‘ehown in figure (39). The -

top of the seotion had the %ﬁ P.V.C., sieve plate used in

" the bubble experiments bolted to it. A 2" diameter hole

~was/
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" was made.in'the centre of the sieve plate to accommodate.»

the shaft of a stirrer which‘was driven by a motor above.
The stirrer was necessary to ensure that the gas in the

detector section was perfectly mixed, a requirement that

is explained in the theory to follow in section D of this

Chapter. It was‘found-that“by enclosing the gas in the
detector section w1th the - sieve plate in this way, air
from the laboratory was not sucked into the section by
the action of the stirrer due to the niatively high
ve1001ty of the gas flow passing out the central %"

and other small holes in- the plate.

C. DETECTION AND RECORDING EQUIPMENT -

The basic part of the detection equipment was an

| EngelhardéHanovia'mercury meteriuhich-provided a constant‘

voltage supply to the ultra-violet lamp and also ampli-

fied the signal voltage from the photocell._ This signal

was then fed to a Cambridge Instrument Company, recorder -

which produced a record of;the amplified photocell out-
put voltage on an'eightdinch roll of'chartfpaper. ’ The
~.U-V 1amp was a 100 watt mercury vapour type requiring a
500 volt supply. ‘ | .
| . Operation - ‘
The column was assembled to a. height of 8'9" and'

filled with the appropriate amount of solid particles,
~ @mnd/ | '
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sand'or ballotini. It was then charged w1th sodium
‘ sulphite and brought to 36°C 1n the way described in
'earlier chapters. - The . air was turned on, the 3-way
cock. being eet 80 that it by-paesed the mercury vapourizer
and set by V7 to the desired flow rate. The aerated
dispersion leve1~was then adausted-to be leveltwith the -
.top of column sectiOn D bv»draining from valve.Vj-or‘-
pumping more sulphite into the column from the make-up
‘tank, The pressure drop adaustment valve V12 was set
by changing the direction of air flow through it and the
vapourizer until both flow paths gave the de51red flow
rate and-operating the 3-way.cock quickly,jproduced no
change, and only a minute 1nterrqtion, 'n.the air flow to
the column. | | 'i | » | |

| | Having allowedvthe:Hanovia meter;'U-V‘lamp, photo-
- cell and Cambridge recorder at least one hour to warm
up, ‘a run’ could ‘be. commenced. The air was passed 1nto
. the mercury vapourieer where it bubbled through the pool
of mercury, becoming partially saturated With mercury |
_vapour which . was detected a8 it passed between the
w1ndows in the detector section after leaving the dis-
ppersion._ The recorder chart was run at a low epeed and
after 10 to HS minutes, when the pen was giving a constant
reading, it was 1ncreased to 1% inches per minute. When
!the pen crossed one of ‘the reference lines on thk chart,
© the 3-way cock was turned simultaneously 80 that the air

flow/



£low by-paeeed the vapourizer,'and it was sealed off.
This produced a step change to pure air. jAe the firet
jbubblee contalning pure air: reached . the detector section
the pen began to move across the scale producing a plot
whlch could be used to calculate the change in mercury
content of the air with time (see below) It was foundd

that the’ pen reached a steady reading after about ten to.

flfteen minutee, but that the greater part of the distance

between the 1n1tial and flnal pen positlone was covered ‘
w1thin about two minutee.» . : ‘ |
The prooedure desorlbed above was followed for runs
at four different bed poros1t1ee of O 5,40 6, O. 68 and .
U 8. A gasg rate glving a: superiioial linear veloclty of'

6. 75 cm/sec halfway up the oolumn wes ueed in each case.

- D, TREATMENT OF THE RESULTS:

1. Theorz '

It was aeeumed that the photocell gave an output
that was directly proportional to the inteneity of light
falling upon it and that the proportion of the light :
abeorbed by the meroury vapour wae in acccrdance with

uLambert's Law expreeeed~as followe;

" I.= I.e

<K Lp C
(o} R

Ceeeees (1)

where Ip, is the path'length of the light passing
throughfthe_gae_miXture |

- ﬁ/ _j

184.



K, the absorption coefficient of the light-absorb-- -

ing phase

LG, the concentratlon of thls phase

into the gas mlxture
a.nd ' ‘I,, * the 1ntens.1ty of ultra--violet light which has
| passed through the gas mlxture to the cell..
o This law can then be rewritten m terms of the cell

output voltages, for intens:xhes I and Io as follows-

V: U’o &’K ch cesees (2)

" In the system used ‘both K and'Lp were constant 80 - '

o

they can be replaced by K . ~ Taking 1oga'ri"chm‘s of both

side then gives:
. 1 LY/ ' S :

C. = - 10 S—— ) XEEEEXN
sy e T 3

‘-).

or, if Xo and X were the d{e‘flections on Afhe ohaft,due “to .

voltages Vo and  V ‘x.'_espeotivfe_ly,, ‘then:

C - ’ 1 v log __ . 4 : R - eeo0eee (4)

K X

For the eva}.uation."of'resid’ence ‘time.functions the

‘-absolufe value of C is not necessary,l the fxfaction of the

makimum véiue which C attains being all that is required.
’l‘he maximum value which C attalns is thus taken as
unity, and corresponds to the minlmum deflection, x.mln,

1

of 'the recorder. K. may _then _be evaluated vf;‘om- the

- equation/

. the 1ntens:Lty of the ultra-v1olet llght passmg'
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“equation: |
1= K log, Xo/Tmin . el (5)

. Thus the fractionloffthe naxinum value of C.Was.'
calculated at any time by substituting the values of X%
taken from the reCorder'chart ineequation‘(4>; ‘ The~value
of. K{ was calculated by'substituting the'value of the )
steady chart readlng when mercury vapour had been pasnng
through the column before the start of & run asJC in’
‘and the steady value attalned after changlng over to pure
air for 10. to 15 m1nutes as:ﬂo, in equation (5). )

The step change from.mercury vapour and air to :
pure air is a change from C =1t C=0 and cumulative;
residenoe time'functions are usually presented in'the
form glven when the tracer concentratlon changes from 0

to 1. The values of C obtalned in the above way were |
t thus subtracted from unity to convert them to - the usuall
form of presentation., | ‘ |

As the detector“sectionimuat be welilabovebthe
dispersion level toianalyee{thejgas phase emerging from
‘the column to prevent‘splashing liquid obsouring the'_
1light beam, then the residence tlme distribution of the
gas in thls seotion must also be known 80 that is can -
be allowed for in order to<ca1culate the actual res1dence
time in the dispersion.‘ If the gas moved in plug flow
through the detector section then the values of C cal-
culated by the above-procedure would;be the same as

those/ .



those at the top of the dispersion..’ However-with thelil

.,detector section open. to the air the nature of thei
violent motion of the dispersion surface would cause a-
reciprocating piston—like movement of gas in the section
' and the large gas bubbles emerging would give rise to )
~ some superimposed agitation. Obv1ously under these
'oonditions 1t could not be assumed that the emerging gasi
moved in uniform plug flow through this section. - The
,alternative is to assume the emerging gas is perfectly

mixed in'theldetector section, © This is Just as doubt-

ful as assuming plug flow: “but if the section is stirred

thoroughly to produce a 1arge degree of back;mixing of
_the gas in the section then this latter assumption is
more reasonable.. There 1s a. danger in stirring the
open section that air from the surroundings would be

sucked into.it‘by the action-of-the'stirrer, diluting the

| gas emerging from the solution to an unknown degree, and -

for this reason the sieve plate was bolted to the section

as described earlier. Under these circumstances it was

- assumed that the gas in the detector section was perfect— \

© 1y mixed and this is allowed for in calculating the
i.residence time.distribution funotions as follows. -
Let T be the concentration of the tracer 1n the
Sbepelnput to the bubble aiumn;p S, the concentration |
of . the tracer.in,the perfectly‘mixed gas'space,after
time, t;;=V”',Jthe volume'of-the perfectly mixed gas

space/ . -
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. space; Va the volumetrlc gas flow rate through the
column;- and F(t) the fractlon of the etep 1nput whichA

has’ reached the top of the dlsper81on and is about to "

‘enter the perfectly mixed gas space, which is the value‘a

of - P(t) required° Then a mass balance across the; .

gvperfectly mixed gas‘space gives:et .o

-v ds - Q-'-Tv:‘"ﬁ(t) ”—44"SIV'2 e (6)
MH = , G s ‘ C] ;. toooooo»
Div1ding through by TV ' gives°

accT—
.

*Now T is the fractlon of the step input in the perfectly

mlxed gas sectlcn after time, t, and is the . value obtained

from the recorder chart deflectlonl subtracted from

unity: ioe.‘ﬁ

let X =_§ = 'i( » é1 loge Xo )fﬁ'vﬂiAng;ogio(Sjr'

Now T is constant, 80 differentlating (8) gives~'

X=g ds  or . dss MK (9
- ’Subotituting.(g)iin (7)-itéﬁéc6mesé"f:

Ve QX meay ER

T Xw - P X

or rearranginga

F(t)

'-“ﬁ; .

The/

R ds . =‘5 F t ."‘ &f- Sr : -f 0;;1;;"

' %%ﬁ, £ X L i (10)
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The ratio V" can be obtalned from. ‘the volume of
the detector sectlon occupied by gas, and the volumetrrc
£low rate at the top of the column° The value of dt
..at any time ie obtained by plottlng X as a. function of

~time ueing the values calculated from the recorder chart .

deflectlons by equation (8)9 and taklng ‘the gradients

“of the_curve at various valvas. of t.

2, Results

, _ The exper1menta1 values of t, and X~» and‘the
calculated resultslof V"'d? yF(e) and the reduced tlme
defined as 0 —. Yo 4, where Vy is the volume of the
gdlsper31on, are all tabulated in table To The curves
of P(0) againet (9) are shown in figure (40) In

treating the results it was. assumed that mercury was

_ effectively 1nsoluble in water° 'Sledell (160) quotes the

data of Stock who gave the solubillty as from' 2 to 3 x.
gm/cm of’ water at 30 Co'

E. DISCUSSION OF RESULTS

The first point of interest in the FKO) dlagrams

. shown in figure (40) is the sudden rise in FGQ) after a

few seconds to & level depending on the porosity in the

bed. Thls rise represente the paseage of ths large

" “bubbles qulckly through the dlspersion carrving that

) fraction of the gas flow indlcated by the velie of F(e)o,
This/ " |
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This then'shows qualitatively'and quantitatively.how
much of the gas is formed into large bubbles for each
,porosity and that the amount 1ncreases as the por031ty
:decreases. , By plotting the fraction of the gas remain-
'ing, I~ F(e), against por091ty, a8 shown in flgure (41),
‘together with the total 1nterfa01a1 area_at the - same
cclumniheight against porosity, it is seen that the two -.
lines are parallel on the semi—log paper, which means the"
two quantities have the same dependence on porosity as
.’each other. This 1s.what,would,be expected if the gas
in the 1arge bubbles effectiuely by~passeS'the column,ﬂ
. as postulated in Chapter VIII, and the measured inter—
'facial area is wholly contributed by the remaining gas in
lths form of "small" and ionic bubbles..

The second point is that the F(@) curves level out
~ at a value of F(®) of around 0.88 to 0.91. This is also |
what is erpectedvif it iS‘considered that the ionic
bubbles have a residende time that.is‘extremely long'
compared to all the other bubbles.. This fraction, of
from 9 to 12% of the gas,agrees w1th the fraction of gas
existing as ionic bubbles 1ndicated by the difference in
~gas holdup in water and sulphits solution at the same
.column height and gas rate. - } T

The remaining curved part of the F(e) curves is
'due to the distribution of bubble sizes in the rangs
intermediate between the large_bubbles and the ionic
.bubblss/ - R '



THE POROSITY DEPENDENCE OF TOTAL AREA (A)
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| bubbles. To account for the'complete‘F(G) diagrem for
each bed porosity; the following model 1s proposed.
o Consider the gas to be d1v1ded 1nto three portions-~4‘
1) Large,bubblesf. whose flow rate, expressed as a
‘fraction of the total;flow rate, 1e Uq, that’
occupy a volume frectlon; Vp;‘of‘the'diepersioné
'and move in plug flow through the. dlspersion. .
'é)" Ionic bubbles: that in the time, scale consldered
for these measurements-remain within the dlspersion;
whose fraction of the: total gas flow is Ué, ;and ?
 that occupy a volume fraction, Vi, ' R
3) ' Intermediate sized. bubbles- whose fraction of the
'I-total flow is Ué; and that occupy a volume fraction :
Vb' R o ! .
: From the point of view of mix1ng 1n the dispersion
as & whole, the conoept of cross—flow between all these
'portlons of the gas is accepted ‘on the grounds that the
' whole dispersion is well agitated by the passage of the
‘large Bubblesiand some of these large bubbles may be :
. sheared off intO'ehawere'of "amall" ones, and on the
) other hend some of the small ones may coalesce to reform
1arge bubbles. " That this happens to some extent was
put forward as. an explanation in Chapter VIII, pagelif
tfor the fact that although the 1nterfa01al area of the
"gas is reduced by large bubbles coalesolng with them-
'selves and small bubbles, no decrease in 1ocal speciflc

interfaclal/
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interfaoial areas ocourred as one moved up thercolnmn;
it must therefore have been kept at a constant level by
~ the regeneratlon of "small" bubbles. '

The model proposed is shown sohematlcally in

fignre (92) and below is the-type of I(G) ourve expected l

'from it, if the following assumptions ere made-
1) That the actual volume of the dlsperslon
'oooupied_by thevlarge.bubbles, Vp,‘is_small
compared to Vp . . | _
- 2) That there is oomplete-crossrflow betneen 3
Vi'end Vy (212). | .
. 3). That the distribution'of residence times of'
the 1ntermediate 51zed bubbles is 91m11ar to
that of a perfectly mixed system. | _
~Portion CD of the I(O)Aourve is representeo bj
I(e) = U}e fe' for the case of perfeot mixing of the
pbftion’of gas UE.} All that is then requlred to plot
the theoretlcal FKQO curve is the velues of Ub and 03 for
each experimentel condition.‘ Thie is’ done as follows:
@1gure (43) shows en example of the experimental FKG)
- curvé}

The velue of US 1s determlned from the difference

in F(G) where the curve levels out and where the vertlcal‘

‘section ends. f~Values of .© are selected and I@) = WS 9

'calculatedifor'each." Then the theoretlcal value of F(E»

is obtained by the relation-

¥/
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EXAMPLE OF AN EXPERIMENTAL F(O)CURVE

V, (ionic bubble fraction)
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bubble fraction)

]

Vi ( large bubble fraction)
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’0) = (1= vy - 0™ |

' . S since the  curve
"~ for the intermediate 91zed bubbles does not attain a
‘.value of F(e) 1 but F(G) = (1 - vz), due to the - |
presence of the 1on10 bubbles. In plotting thedvalues'.
of F(6) to obtain the theoretlcal lines shown in flgure‘

(44) the fOIIOW1ng values of v2, v3 ‘were used for the

~appropr1ate porositiesz

€ ;‘vz'p‘-; vy

0.80.°  0.10  0.58
'.}9‘58' 0,09, 0.4
" 0.60  0.09 - "0.33
o500 0.08  0.20

Figure (44) shows the calculated F(e) curves for ', |

the intermediate sized bubbles with the experimental |

values superimposed. A reasonably close»fit‘ls obtainedl

flor all porosities and it can thus be concluded that the

"distrlbutlon of re31dence tlmes of the intermedlate

- sized bubbles ie close to that expected from & perfectly .

_mlxed systsm, or.in other words the range of residence
times 1s very large. ~ The smmll curved section which is-
Vrepresented~by‘AB'on the I(O) curve in figure (42) Was',
not detected for the experimental measurements since

the time 1nvolved was too short compared to the chart
speed, used and the magnltude of the change in chart
reading/’ - . '
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.reading from F(e) 0 to F(e)

, Other work on re91dence time distributions of gas
bubbles in tall colums was carried out by ____1 (207)
and K8lbel KBlbel (221), gi__lv whose work was a continuation9
using the same apperatus and gaefliquid system, of that

of Calderbank (206) deecribed earlier in Chapter VIIp

pages )3Y towo , measured‘the reeidence‘time dietri-

4 ‘bution of carbon dioxide bubbles rieing through a- |
-:solution of glycerol in water under conditions such that
‘coalescence oceurred (see Ch. VII), also haing mercury
vapour as the tracerab He found~the small bubbles

emerging from the 91eve plate that reached the. top of

| the column w1thout being ‘overtaken and captured by large\

bubbles formed as a reeult of coalescence, exhibited a
range of residence times, but he did not attempt to see
how they‘approached the'range ekpected from euperfectly
mixed eyeteno His gas @1ow rates ueed were up to a
maximum of 2. cm/lec and eo there would have been much
less agitation in his column than in the three phase
dispersion examined here. He did explain the
distribution of residence times as- the resultvof the

- liquid circulation induced in hiefcolumn'by.the passage

of the larger spherical cepibubbles: ‘'some small bubblee:F. .

: were'dragged-down'or held sfationery by thevciroulating.r
eddieeinear the walle, and ofhers'movedlquickly through

1 the column by the upflowing streeu;of liquid in the
centre; . | - ‘ |

K¥lbel/
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- K81lbel used columns from 4 to 19 cms in diameter
and from 70 to 200 cms in height. Gas. was bubbled

| into the stagnant column of water through a 31ntered metal '

plate and the residence time dletrlbution functio n

‘measured,by<introduCing‘a step- change in the gas from

hydbcgen to carbon-monoxidef“: His was not a coalescing

eyetem,";For the 200 cm coiumn;,9 cms in'diaueter,:he

found that.by varying the gae rate‘over‘a range ofueuper-

;.ficial 1ineaf.velocities from.QOS_to 7 cm/sec, the.

distribution of reeidenceetimes could be ccmparedfto

. those of a number of perfectly mixed vessels' in series.

At a gas rate of 0.5 cm/sec the number was 2, rieing to

- & maximum of 15, ﬁbe closest approach to plug flow, at-

3 cm/sec, and then falling back to 7 at 7 cm/sdc. |

Unlike _i__x he aid non start W1th bubbles of & uniform

 size but quite possibly obtained/a range of sizee to ,

begin With,_frcm tbe sinteredfﬁlate‘dietribu-t_or° .,How-"

ever this makes his work-mofe relevant to thehthree

phase column studied here where a'range‘of‘eizes-is

l formed at the bottom of the column. From the frend of f‘
' KBlbel'’s resulfe-it'wculd nct appear unreaeonable'tbat
"increasing the degree of turbulence in the column, by .

| having coalescence taklng place and prcducing large

bubbles, would yield a wider distrlbutlon of reeidence

times approaching that of.a perfectly mixed vesselo.~

_F/



P CONCLUSIONS

The measurement of the residence tlme dlstrlbution

of the gas bubbles in the fluldlzed bed has prov1ded a

qualltativs snd quantitative picmure of the behav1our of

gas inithis three phase diSpersio_n° It has‘slso pro-

vided evidence to support the model first‘proposed in

Chepter VIII which is enumerated belowo'

1,

3o

4.

The residence time of the iomic bubbles is

very long compsred‘to that for the othér bubbles.

" The size_of the,portion‘of gasxcomprising the
_ ionic bubblés agrees well with that calculated
- from the difference in the ges holdup in water ,f;-

- and sodlum sulphlte under the same experlmental

conditions (8 15% of the gas flow)
The size of the portlon of 88 compris1ng the

lsnge bubbles 1s-1nversely proportlonal to “the

. bed porosity, and the gas in these bubbles

effectively by—passes the column. |

The actual volume of the dlsperslon occupled
by the‘large'bubbles is small compared to.the'
fractlon of the gas flow they represent.' At
a porosity of 0.8 they occupy about 4% of the

dlspers1on but represent 32% of the gas paseings-

and at -3 porosity of 0.55 they occupy about

vg9% and represent 72%.
55 .

The distribution of_residence'times'offthe

intermediate/
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_ intermediate sized bubbles is similar to the
b aistribution associated with a perfectly mixed

system, at all valueshof bed porosity.
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CHAPTER XI

General Discussion

Al ‘BUBBLE’F:ORMATION ANDEcOALEsCENCE L

AThe results of the measurements of bubble
"frequencies 1n Chapter VII gave rlse to & number of
'conclus1ons about the behav1our of the gas 1nside the
pthree-phase disper31on but the onlywyantltatlve data

'obtalned was the frequency of bubbles large enough to

'»',cause a dlstlnct peak on the recorder chart. »It ‘was.

::flrmly establlshed that there were two regions in the
tcolumn: one. 1n which the large bubbles that ‘were formed
_-near the gauze moved ind1v1dually up the column, and

'a second in whlch the coalescence of these large bubbles~
with one another occurred. The height up the column

- of the transltlon p01nt between these two reglons, the
;:coalescence p01nt depended on the gas flow rate and bed”
chroslty'as shown 1n figure (23) ~ From the decrease in{
frequency of the large bubbles w1th helght, a measure |
.'of their rate of coalescence wae obtalned, and was found
‘pto ‘'be 1nversely prOportlonal to the bed porcelty, and
1ndependent of particle size. Thelr rate ‘of coalescence j

jagreed w1th the rate of coalescence of. gas bubbles

~measured by Calderbank et al (406) in: a llquld of

v1scos1ty/
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viscosity greeter than 70 centipoise. - Once coaleScence,
had begun in the three phase column, the rate was |
in&pendent of the gas flow rate, see figures (17) to (19)
It was further found that the frequency of large bubble :
* formation at the gauze under conditlons such thatv‘
| coalescence of the large bubbles begsn immediately, at
e gas rate of about'9-cm/sec,'was 7'bubbles‘per second.
It was thus poss1b1e to correlas all the results in the
reglon of coalescence by one equatlon containlng only
the value of bed por091ty and helght.above the‘gsuze
(see Chepj;er VII pagei3t). -. -Figure (28) shows a
pictorial representatioh of the bubbile situation
suggested byiresults from this series of experimehts;"
It was shown later, in Chapters VIIT and X, that
the gas in these large bubblespeffectively by-passed’ the
column from theimass.transfer,poinb of view. Thus the
effect that their coslescence:with each"other had- on the
change in measured interfacial area with height was
probably small. Unfortunately it is a-shortcoming of-
the frequency:measurements\that they giVe.noocuantitative
.data about the size of the large bubbles; so‘if was not
. possible to estimate how much their growth was_due.to-
coalesoeuce With each other in addition to the expsnsion
caused by. ﬁhe change'in hydrostatic hesd, and to coalesce
ence with small bubbles that were dlstributed throughout
the column. If a large number of the small bubbles whlch |
contribute the bulk of the effective mass transfer area,

were/
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were removed in th1s way then the large bubble
coalescence would be a declslve factcr in reduclng the
mass transfer rate° However the»;nterfacial area
~measurements reported in'Chaﬁter VIII‘showed that after
an initial decrease near’ the gauze, to be dlscussed ‘
laterD the sp901flc 1nterfaclal area remained constant
'1nspite of ‘the large degree of bubble coaleecence°
-Thls led to the conclusion that if the large bubbles

did coalesce with small ones, which seems 11ke1y from

the work of Calderbank (206)D ‘then thls was compensated :
for by the regeneration of emall bubbles as a reeult |
of the turbulence set up by the large bubbles, whlch
sheared off some other large bubbles 1nto showere of
small ones.. On page)5Z, in Chapter VIII the
observations of Braullck (141) of just such small

bubble regneratlon in a two phase system‘are recordedo‘
There was evidence;;at a bed porositv of 0}55,:of‘a
decrease in specific interfacial’area‘With height as
shown by the dotted curved 11ne in flgure (30) and it
was suggested that the degree of turbulence in a bed j
_of such a low poros1ty may have been too low to permlt

' sufflclent.regeneraticn of small bubbles_to maintain .
the.specific'area.b:~From obeervationsuof the three -
~phase column in'operation"the number of small bubbles
visible at the walls of the colum decressed with

decreasing/
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_ decreasing porosity, which indioatedgthat'a larger ‘
fraction of the éas.waS'contained in the-large'bubblesl.
- as the porosity was deoreaseds thie explained the a
anomaly of & constant gas flow rate produ01ng a constant
| frequency of bubbles of an 1norea91ng size as the
porosity was reduced° " See Chapter VII pagesl35 to|37 |
It seemed. that the large bubble size and the distribution |
of gas between the large bubbles and smaller ones; were |
important parameters which were dependent on the bed
por051ty° h |
A qualitative idea of the effect of bed poros1ty on

large bubble formation and smze was obtained by v1eual
observatione in the two dimensional bed, reported in
detail in Chapter IX. It was clear from the-observations.a
that for'any bed porosity there was a:charaoteristic"
large bubble sizeO" The’ growth of the bubble to thia
characteristic size .was by the coalescence of small
bubbles produoed at the gas injection nozzle? It

was observed that the size‘of the small bubbles leaving
.'this riozzle was fairly constant{under all conditions of
air rate and bed poroeity and the reason for this )
appeared to’ be-that the liquid flow1ng past the nozzle"?,
- from the liquid distributor, ass1sted in the detachment _'
of bubbles as-soon as they were formedo By oonsidering
the gauze in the s1x 1nch column as analogous to a
eeries of nozzles this same prooess of large bubble ;i’i

formation/
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1formatlon was env1saged there tooo The examinatlon

of this analogy is glven in Chapter IX pages|7l t0|73

No conclusions could, be drawn about the coalescence
.between 1arge bubbles and smaller ones because at the
zlow degree of turbulence in the two-dlmensional column-g
‘at the low gas rates used9 very few small bubbles were'
'observed to leave the nozzle without coalesclng to

"form darge ones. '

The effect of the degree of turbulence in the bed

_on the dlstributlon of the gas between largelandfsmallv.,
.bubbles was discussed in Chaptermlx_pages\lt.to}73 ) 88
a result of - the observations ofilarge»bubblevformatiOn
in the two dimenslonal bed° -1t was concluded that a
A'greater degree of turbulence, leadlng to a greater

; distribution.of sizes, is ach;eved the_higher-the gas

rate and bed porosity. | ' o _ .

This concluslon is banne out by the results of the |
residence -time measurements,to be discussedllatero It
also gives an 1ndication as to why there is a finlte N
time required before the" large bubbles begin to coalesce -

with each other,»representediby the p091t1on.of the'h,

T

coalescence.point in the,column'shoun in figure (_23)°
‘Coalescence between 1arge bubbles occurs when the
separation distance between them is reduced to a crit1cal r
value which 1s a function of thelr dlameters° The

separation distance between the large bubbles is reduced

by/
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by the following three mein factors in. thie columns

1)

2)

The gas flow rate - 1ncreasing thie for a given

‘bed porosity increases the bubble frequency and

hence reduces the distance between eucceesive
bubbles. .

The bed porosity - this 1s a factor in 80 far as ;
ht decides the size of the largest bubble° . Thns
for a given air rate, 1arger bubblee will be
formed at 1ower poroeitiee e.nd9 einoe their

frequency of formation is constant as mentioned

. earlierg their separation dietance w111 be smaller°

3).

The bed turbulence - the gae rate and: bed poroeity

together influenoe thie_andiae ie.expleined in

Chapter IX pagel?}-,-there.can be a renge.of,large

bubble sizes, from that hharaoterietic.of-the,bed
poroeity~downwerde; n This would mean exrangerf‘ '
bubble riee velocitiesjwhth would'reeultnin larger
bubbles catching up emaller onceo ‘ Thie wohia .

accelerate the achievement of the critical

| separation distance, to a degree depending on the -

extent of the size dietribution°

THE SPECIFIC INTERPACIAL AREA NEAR IHE GAUZE

In the prev1oue eection it wae mentioned that .after

decreaeing 1nitially near the ‘bed eupport gauze, the .

specific interfacial area remained conetent in the

.remainder/
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remainder of . the column - except at€ = 0. 55o ’.It.isj,
jconoluded from the;observatlons discussed in that

" section on the.formatiOn.of‘large bubbles in the two-
dimensional bed,-that a high"specific interfacial‘area
_exiets near the gauze in the six inch column due .to

the small bubbles that emerge from it. | These bubbles

; then coalesce9 w1thin a short distance, to form the
large bubbles and others of intermedlate s1zes. ' Thls
causes a rapid drop in spe01flc area to a level which
‘1s maintained thereafter. The extent of this drop in
area depends on the size distribution of bubbles fammed
- from the small ones and this 1s a function of the bed
turbulence as discussed in Chapter IX page|72 e« ~In the
six inch column the same air rate was. used in measurlng
1nterfacial areas at three porosities and the results
of the total interfacial.areas, A, were plotted againste
height in figure (30). The main- features of these |
results have already been dlscussed here and in

Chapter VIII pageslfw—tolso., but .the extrapolation of |
the lines below a height of 50 cms wes not clear at

that stage of the 1nvestigauono‘ On the basls of the"ei
‘picture that has emerged since, of the coalescence ofp

‘the small bubbles formed at the gauzé it is suggested‘

)

that the extrapolation of lines in flgure (30) should

be as shown in figure (46), which is a diagramatic
representation of the bottom section oT figure (30)

enlarged/
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enlarged. Line AB is the line corresponding $0 no

| '.,coalesoenoe of the small bubbles, S line-for € = .0'»_ |

on figure (30), and 1ines CD, EF and GH are the ends of

the linesfbr different porosities. The rapid change in

specifio arealat the point of,coalescence of the smali ‘
,bubbles is shown taking plaoé atipbints G, E and C, and‘
at a greater height above the gauze, points I, J, and
K, as the porosity is 1noreased. The dependenoe of the
distahcé from the gauze’ that the small ‘bubbles travel
,before ooalescing can be explained by assuming that the
t strong liquld currents coming through the _gauze, which '
. cause the detachment ¢ffthe small bubbles as they are

formed, can travel further before being d1951pated, see

ggain Chapter IX page170,<in_a bed of higher porosity.

The extent.of fhe decrease in,speéific area is givenb
by the change in‘siope‘from that of the line AB.

From figure (30) the meximum diétance from the gauze
‘that the small bubble coalescence takes place is about
30 cms, at £ = 0.85. ~The fact fhaf'thisbis of ‘the
seme order as the distance:that the large bubbles
_commence to coalesce With,éééh‘other'for the same -
air rafe, shown in Figure (23) may indicate that the
fmeqhapism involved in the éoﬁmenbementvof'coalescence
s similar in bof- cases. - As no plot like figure (30)
is available at any‘btber.gaS'fldw rate for.comparison ,
with figure'(23), the poSsibility of & coincidence '

cannot/
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. cannot bo ruled out. . The actual coalescence of large .

bubblés has not‘beeh visuaily obsorved'in;this work.

C.  MODEL OF GAS PLOW_THROUGH THE DISPERSION

So far in this general disou331on the behaviour of
“the gas has been examined with respect to the formaﬁion,
coalescence and size distribution of 1arge.and 'sma11°.
bubbles and their intérfacial éroas but no mentioh hes -
- yet been mode of - the prosence'of'the ionic bubbles.

The phenomenon of~the existenoe of fhese minﬁte bubbles

L of approximately 1 mm diameter, has been disoussed in

d;Chapter VIII and it was shown1here that they representedd
N between about 8 and 15% of the total volume cof gas |
;fipresent in the disper91on9 dpending on the bed porosity,

J~at the gas rate used° ' It was also suggested that theiro

: residence time was very long compared to the other

bubbles for the reason that their small buoyancy did not

R allow them to escape from the 11quid eddies and rise

S up through the column° It was also explained that the |
) ;nterfacxal area and residenoe time - jof ‘these bubbles
was dispropvrfional to the‘amount‘ofigas'contaihed in
them and that in view of this they may be a major mode
.of mass transfer in this oolumn and in electrolyte

' systemsgenerally. This will be dlscussed later.

}In Chapter VIII a modelvwasﬂpfoposedbto»reoreéent

.the/’.



the gae flow through the three phaee dleperelon. ,.It
' con31dered the gae to conelst of three portlone ael
‘ followe. ‘ .4 | ‘ : .
1) A portlon whloh paeeee rapldly through the dispersion
as large bubbles and as far as the maee transfer '
1 procese 1e concerned, the gae oomprleing them
‘effectively by-paeeee the column, eerv1ng only to
» produce intenee agitation and the generation of
| 'emall' bubbles and 1on1c onee. |
.. 2) An ionic bubble portion, which. is fairly constant
| .1n 1nterfac1al area throughout the column and whlch.rf
: 57' “hae an extremely 1ong residence tlme.e‘, .
Aiﬁ 3) An 1ntermed1ate sized bubble portlon, referred to
ae 'emall' bubblee, wmth a range of eizee between
~ the large bubble. 31ze and about 4 mm. ihe .'
'magnltude and elze dletribution depende on the
‘oonditlone of bubble formatlon near the gauze and
the agitation 1n the column as a8 whole. ' ’ |
. This eummarlved the general pattern of the gae
o behaviour as’ far as 1t oould be aecertalned from the
. bubble frequency area and gae holdup meaeurements made
in chaptere VII and VIII, but no quantltatlve data -as to
the relatlve eizes of each portlon could be obtalned,
except for that of the 1on10 bubble portlon ae measured ,
by the dlfference in gae holdup between water and
ulphlte used as the liquld in the dlepereion. However-

the/



the measur@ments of the residence time distributlon
_function of the gas in the tall column under the same
.operating con&itions ag used for the area mcasurements
provided thio quantitative data.

The model pr0posed was conflrmed in practieally

“ . every respect by these meaﬂurements.-l The fraction of *

the gas compoeing the ionlc and small bubble portions
together, was ralate& in preezsely the same way to the; 
' bed por051ty see figure (4%) as was the total interfacial
area calcul&ted in the tall columns indicating that the

gas in. the large bubble,portion aid in fact by«pa@s the .

column as fax as mass trangfer was concerned. The 4
percentage of ges with a longer residenca tine than
0= 3 was of the same order as that calculatad for the:

ionic bubblez from hddup measuremantao The fraction of

the gas in the large bubbles wae inversely prOportional'f-

to the hed porosity, anﬁ-the-residence time of the

~ bubbles was of the order-df 4 ;6 5 seconds.

| Adaitional information that was gained was of the
.distributionvpf.?ésidence,tiﬁes bf'the 'small® bubbles.

At all bed porosities the distribution was close to that

.éxpected'frqm a.perfectly mixeddispersibn,-which.meant
that even~atvtho Ibwest.porosity there was a very wide:
V diatribution of residenée'timés. So although few small "
" bubbles were;observédAgt the c§1uﬁn_walls.at.theliow |

. porosity/
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poros1ty of é, O 55, there must have been a slgnlfloanth

jquantlty of them throughout the disperslon.» Another '

: point of 1nterest is the fact of the short resldence of'i'

"fthe large bubbles whieh means that at‘c_- 0. 85, tney

',occupy only 4% of the dispsrslon volume yet contaln -
_ 32% of the gas. end at € = O 55 they occupy 9% and
‘ contaln T2%. Thls p01nt is. referred to in the next

‘section,
D, "REAéTOR DESiGNlCONSIDERATiONs_‘

In evaluating the results and conclusions of this E
study of gas dispersions in a solid-llqu1d~fluid1zed '
: bed from- the p01nt of view of reaotor design, there are
onecr two faotors that must be kept in mind. _:The
'sulphlte system 1tself, used to measure the interfaeial
iareas has advantages and dlsadvantages. ‘ The advantage
:that it has being e mass transfer method, over physical
,methods such as light transmission, is that it does

give the effectlve interfaclal area of the disperslonl

: for&mass transfer.‘ For example the area associated W1th

the large. buhbl'es is csmavlzle:ptee,f and so.is the increase
_in area, with reduced hydrostatio'head, ceused by the.

.iexpanslon of the ‘bubbles. It's main disadvantage

' 'however is that the presenoe of the small ionio bubbles

;could prov1de a major mode’ of mass transfer that would be

absent in pure liquid or llquid hydrooarbon mixtures.A ‘

The/
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- The extent.of the contribution of'these~bubb1es_to the
,interfeciel areas measured in this work cannot be
essesse&. The fact that their residenoe time appears
to be extremely long could dween that in the case of a
dilute gas mixture like air, they would become
‘effectlvely exhausted of oxygen for the latter part of
-thelr stay in the dlspersion and so contrlbute nothing
during that time. This would-not be the case if a‘pure
gas, oxygen; was used. A second dlsadvantage is that .
the method, by its nature, only obtelns 1ntegral average
values for the interfacial areas: the change in area
with clumn height.has to be measured by using a series
of small‘coiumns of increasing height to}simulate one
tall one.l This imposes}thei;imitations discussed in
Chapter V, namely that opefsﬁimg conditions must be
used that produce lemge ohahges in specific area with
height so that changes in the average area with overall
height are rellably measurable. | o

These points having‘been‘raised, the effect'of‘
the process variables, gasiflow‘rate, liquid flow rate, -
'bed~porosity'and perticle'sise;ahd shape on the mas-
liquid interfaoiaifafea and ouoble coalescence can be
still assessed qualltatively and in some cases, such as'
the large bubble volume, quantltatively from the work o

done here.

In/



In trying to ascertain the optimum mode of operation
of a three phase reactor in which the gas-liquid inter;'
facial area is an important . parameter, the basic opp091ng
factors are a) the requlrement of a 1arge amount of
agitation to .produce small'bpbbles,~wh1ch means using

high gas rates and_-b)‘the ppevention of bubble hoa—lv

lescence and gas by-passing, which occur‘readily'et.hign :

gas rates. The passage of large bubbles through the
dispersion provides very efficient agitation, which
might be an importent factor depending on the reaction

mechaniem at the oetalyst,,an@ the by-passingkcould |

then be'oonsidered és‘an'agi{ation cost, or the gae could

be recycled. Thiefletter euggestion would depend on
the reaction prodﬁots; whethef-they remained in the
liquid phase; in Qﬁich caselges recycling may be>eimple,
" or whether they were gaeeouslin which case a separation
would be neceesary. Obv1ously the design of a reactor
of this type is not a 81mple maxter of optlmlelng the -
gas-liquid interfacial area. although this is an

important aspect.,. The 1nterfeoia1 ares experimente'in '

~ the short column showed that inofeasing the gas rate
caused an exponential rise 1n interfa01al area but there
are limits on the gas rates that can be used in a g1ven
column, such as the onset of elug flow caueed by rapid
rates of coaleecence. | |

The investigation of{this work; of the inter-

relation/
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relation of the procesé'variableé4suchiés;gas flow rate, -~ﬁ*i
liquid flow rate, bed potosity'and»particle.éize‘has |
been of an explpratory'nature«and in mény ways.limited o

in its scSpé;-.'HQwever it hés_éhown clearly;thg factdrs'
affeéting’bubble forméfién,'§Oélescehce‘and{the‘gas .

 liquid interfacial area, and provided basi¢ qualitative

and quentitative data which can be usedito point th

'difectionAof future réseéféh;ihto‘the siécial-asﬁe@tsl-

related to-a particulaf‘fhfée'phése fiuidizéd‘reacfor. '

It has also shown the impértanCébof;résidence time

studies in helping to understand flow systems. .
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CHAPTER XII -

“A. General Conclusions
" PART I

dThe chemical methodLoftmeasuring:gas—iiquid

" interfacial ereee dsihg’the oiidatiOn of.a.copper
catalysed eodlum sulphite solution ‘was etudled
‘exten51vely and developed S0 that under the condltlons
used for the work 1n Part II a value of the overall 4
liquid . phase maes transfer coefficlent could be predicted.
This value wes,_kl = 4.5° i O 75 x 10~2, ggc. when-u81ngu
0.4‘to‘0,8M eulphite'solutions at 36°C contalning'at
least 10™3 g.moles/litre of oﬁpric ions;”';This comparee
with a value of 0°63 cm/sec, proposed by . Westerterp
-()30) who orlginally suggested -the use of the sulphlte
oxldatlootreactlon as & means of measuring interfacial
areas. ‘See Chapter II eeotioh;B‘for an “explanation

of“the dieorepanoy.betweeh>theee two vaiues.,
. PART II -

“An exploratory experimental 1nveet1gatlon of the
'1nter-relat10n of the process varlables, gas rate,
llquid rate,. bed por091ty and partlcle size in a gas-

-solid-llquid dlspers;on was carried out. The effect

of/
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of these variables on- the formatlon of gas bubbles as
they enter the bed, the onset and subsequent rate of
bubble coalescence, the efficiency of gas-liquid
contacting and the mode of . gas flow through the
dlspersion_was studied,<' The study showed that the two |
most‘importantiprocess variables are gas rate and solid-l .
liquid ‘bed poros1ty°,- The scope of the experiments and
thus the information obtained was restricted by. the
'limitatlons imposed by ‘the. experimental techniques ueedp
but the general conolus1onsp botn qualitative and . -
'quantitative are 11sted belowob _ |
”‘1ev4Gae enters the three phase dispersion as small
.‘hbubbles whlch are detached 1mmed1ately from the
gas dlstributor, gauze or nozzle, upon formetion
:and travel e short distance before coalesoing into
}large bubbles and small ones w1th a dlstribution
of sizes. The distance they travel and=the .
- distribution of bubble SlZGS formedg 1nnreases
”as the degree of turbulence, as observed in the
- ’two dlmensional bed9 above the distributor 1ncreaees°.
2. There is a characteristic s1ze,'1nversely |
- ,ﬁproportional to the ‘bed porosity” to which the
large bubbles must grow .before leaving the
‘v1c1n1ty of the dlstributor in a bed with a very
Clow gas rate° -This size_beoomes ‘the maximum

size/
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* the equation:

size of 1arge bubbles formed under burbulent

4

_conditione. | .
The frequency of formation of large bubbles is a

lfunotlon onlyvofvgas flow rate and is glven by _

fB ='«V80f3?h eec-1 f AWhere

= cm/eec
(see flgure (24), Chapter ViIi).

.. The 1arge'bubb1ee commence to coalesce-with
each other after a certaln time, dependlng on the
gas flow rate and bed poroelty (see flgure (23)
chapter VII). '

The rete,of coaleecence of large bubbles, ee

~measured by the change_in"bubble'freqnency with
:helght, is invereely proportlonal to the bed -

pcroeity and independent of perticle 31ze and gas

' flow rate. All the resulte from the bubble

: 6 ;

frequency meaeuremente,ln the region of large

bubble coalescence were correlated bj the equation:
fg = exp['1.'95'-(;‘€l?.'— 4.39) X _10.'3 h-l sec™!

where h = height (cm) (See fignrel(QO) Chapter

-'vII) | : | .

The speclfic interfac1a1 area, meaeured as the

area per unit volume of the unaerated solld-llquid

' disperelon, is relat;vely-hlgh.gust_above the,gas -
distributor but drope rabidl&, as the smeliA |

‘.bubbles/. . o ERRS
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‘bubbles coalesce, to a level which is then
‘meintained throughout. the géluan " The

“reduction in mess transfer area by the coalescence

of large bubbles wifhlsmall-oﬂeé_distributed

" throughout the colum is thus assumed to be

compénsated for by the régeneration of small

bubbles from larger ones as a ieéult of agitation°

See Chapter VIII a.nd the work of Braulick (1)
The speclflc 1nterfac1a1 area increases

exponentially w1th increaslng gas flow rate and
bed porosity (see flgure (31) and (34) Chapter

VIII) and the ‘mean bubblé size deéreaées'(eee

~ figure 35). , .
- The gas flowing through the solid-liquid—gas

disper91on may be convenmently regarded as_‘
consistlng of three portzonso

a) A portion which passes rapidly (w1th1n a
reduced -time equal to approximately 0.13) through
the dispersion as’large bubbles.sand, as far as the
mass transfer proceséﬂis cbncernedg tﬁe'gas |
comprising them efféctively by-passes the
dispersion, serving bnly:to.produqa'inténse .
agitation and the generéfioh»of "small’ and'iqnié
bubbles. ) This_portion>contains,'af‘the fléw'
rate used, from 30'fd'70%»qf the“totgi gas flow
at/ : - _ o
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at bedchrosities of from 0.85 to 0;55
,respect1vely. | | . : .
b) An ionic bubble portion, § to 15% of ‘the total
gas flow used here, which is fairly constant in
interfacial area thronghout the column and,whlch
has an‘extremely long'residence,tine compared to
gtbe other bubbles~(a;rednced'time greater than
3.0) | R
c);A portion consisting of intermediatebsizsd
bubblee, with a_range Oftsizes_between.the largera‘
‘ones in~portion a) and sbout 4 il in diemeter. The
sizeﬂof this portion.depends on the other two.

At the'flow-rate used here the distribﬁtiOn of -
residence times associated with thls gas portion
wes close to that for a perfectly mixed disperslon

at all bed poros1ties.

Recommendations for Future Work

Since the rate of coalescence of large spherlcal

cap bubbles measured by Calderbank (206) in a

liquld of viscosity greater then 70 centlpdse was
the same as found here for a bed poroslty of O. 81,

1t would be 1nteresting to measure coalescence

- rates in two phase_gas-llquid systsms using

liquids of much higher viscosities;u ‘The relation

between coalescence rate and v1scosity could then be |

compared/
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4.

compared'to that between coaleseence'réte and bed'

porosity found in this work,

A follow up to the'aboveewoﬁld-be to meaeure the

viscosity of the solid-liquid beds used in this

work, begun by Anderson and Bryden (219). The

- fact that they found a ballotini bed of porosity‘

‘0-49'to have a viscosity of approximately 9 poise

ey’ explaln the great’ 1ncrease in coalescence rate

at the lowest por051ty used here of 0. 51,oner

that et 0.94.

'Eiperiments using'Water end air but a much wider

range~of particle siZe and density~td further test:

the result'thatirafes'of coalescenee ehd infer-

facail areas were unique functions of‘bedvporosity,t

for a given gas rate. -

With the model developed;hefe for gae flow through

& thtee phase diepereion as & guide, residence

time studies in diepersione of geses end solids in

1iquids such as hydrocarbons, would give

quantltative data of the fractlon of gas by-pas31ng

'and that likely to’ take part in a reaction, when
I.there was no method available for measuring the

 <gae+1iquid interfacial area.
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APPENDIX I

e §

Equatione for calculating the values of k; and- inter~

“fa01al areasJ 8.

Ao STIRRED CELL‘EXPERIMENTS',’

The’ experlmental data oon31sts of rates of absorptlal.
of oxygen expressed as (om3fsec) obtained by measuring
‘the- movement of the soap film down the bugtette and the
'llquid temperature° The effect of the reduction in the
; gae volume above the 11qu1d in. the oell as the liquid ‘L'_t,
cools is ehown in flgure (47). This reduotlon in
volume, expreseed as (cm%/eec), must be eubtracted from‘/i':'
the measured absorption rates, as 1ndioated in Chapter .

I1I section A (3). .

$he'basio mass'tramsfer equafion ehown_beiow holds
if it is assumed that the concentration of oxygen in the
bulk liquid is zero. .'i | ] _—

/ % ’ ‘ o7
Noo = k. a ¢ cessoe - (1)
.wh_ere‘NSc = gm. Oxygen absorbed per second (gm/seo;)
_k_ = overall liquid'phase_mass trensfer co-

| efficienf (cm/sec) o

ao'.=-interfaolal area (om3)

Cc - =.solubillty of' oxygen in the sodium sulphite ‘
solution (gm/cm | ‘

The/ hn



'STIRRED CELL COOLING CORRECTION

(to be subtracted from the observed absorption rate
given by the soap tilm meter,cm? sec' )

measured whenroom °
temperature at 20%C

- 5 ¢

ca? sec' x 10>

Correction

Temperature °c

FIGURE 47



The value of Nec

Let Tg be the eorrected observed abeorptlon rate
. (om3/sec) Assume the oxygen in the soap fllm meter ie

at room temperature t( C)

. Then N = r cm Qﬁ < 32§E°z A 1 g mole' x
' -8e sec - 1 g mole O, _ 224000m3lf
:273°K7' .
©(273 +*t)i°K”"
N, = T, % Q3390 U gm of oxxgen

8¢, 'a_ (273 + t) . .sec.

'The\ualue of 8 -

The interfa01al area, B, cm2 wae the area of the
'vortexrcreeted by the stlrrero A constant stlrrer epeed

‘ wae ueed end a conetant volume of llquld charged to the

' cell, 80 the value of a was oonstant and calculated from

the radlus of the: top edge of the vortex r and its :
depth a as followe°' B ' S |

thus & = T‘ 3.45 4/?345)2 + (1 55)2 = 41,0 em®

" The value of C

a‘

Figure (48) in Appendix IT gives the eolublﬁllty of

oxygen in pure water at any temperature, c” H oo, o
2

Figure (50) 1n Appendlx I givee the value of the
correction/ o - R
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-correction fector, fhe ealt factor, f, to convert the
"oxygen gsolubility in bure watef to that ih a'Suiphite4'
solution of any normallty in the range ® to 1, 6N°

- Hehce' C = C H20 x f

The value of-ﬁL

This is calculated-by squation (1) substituting

the above derived Values for C*, Nsc and as

K = re x 0. moxcw xf-ﬂfonugm)
v . H.0 .
| (273 + t) b o

B. THE AERATED TANK AND BUBBLE COLUMN EXPERIMENTS

The experlmental data from both these experlments
consisted of the follow1ng°“” |
1) The rate of change of sample titre’ expressed as r9

mS ., of o, IN Sodium Thlosulphate°

2) The sulphite 1iquid temperature in the tank or column;_

7°K. _ '
3) The‘intepfacial area measﬁied ey thexliéhteﬁrobe

expressed»ae %Hf cm2/0m3 ef eerated dispersion.
4) The fractiohal gas holdup Hg in the aerated disper-

sion, R - .

'The same basic equation is used;

No= kg aﬂ'fc* o ceeeee (3)

but whefe‘N tﬁe oxygeh‘coneumptiqn rate expressed'as

g.moles/

221,
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g.moles Oxygen/cm3, gec, ad is the 1nterfacia1 area per ,
-unlt volume of llquid (cm ), and o is the solubillty of

oxygen in the sulphlte solution expressed as g. moles

. Oxygen/cm . , = l'.w;-

The Value of N

Let ve be the volume_of the samplefof.sodiﬁm 
sulphite (cm3). F;om‘the‘eduation for the reaotion,
303

of oxygen is consumed for each‘mole of eﬁlphite ion,

+ éoé -fe,-soz y it can be'seenefhatlohe,half mole

therefore the meaeured molar rate of oxidatlon of

‘sulphite must be div1ded by two.: .

mls 0.1 g,equiv % 2 g.mole S0% n

~ .
N=r X _ X . X
- minl f103p cm3 - - 72 geequiv s ﬂT§.-}A

1 min . x 1 g.mole Qg
‘secs .2 g.mole SO3

N =4.17r x 108 gégglg—%a 'when_vs = 10 mls.

sec, cm”

The value of C.

, If C is expreesed in g. moles/cm , then it can be
% 7defined as follows: PV = 'nRT : (gas law)
P =BRr =T RT
| c_'= R/RT. | T
If C 'H.O is the solubillty of oxygen in gm.,moles/cm

2
given by the Henryes Law distrlbutlon coeffic1ent for

oxygen/
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oxygen, He, in pure water, then

bo. - He X ¢"  xRT
2 H20
where koe is the pertial preesure‘of.oxygeh'in the inlet
air, Then | ' i

#*

to convert this to the. solubility in siutione*of'sodiﬁm
sulphite it must be multiplied by the sdt‘ factor, f,
given by figure (50) in Appendlx II° . ‘

 Tus € = (1702/121! He) x,;f; : ‘5-'-‘-“-9-1-95-—9-8 L

Cm3 o

Values of He agalnst temperature are plotted in

figure (49) in Appendlx IT.

The Value of a,
Bl 4

The value of interfaciai-eree measured by the.“f;
light probe is 84 in the units ‘cmz/cm ‘of aerated dls-
persion. To convert this to eecmg/cm of 1iquid9 it
must be divided by the fraction of liquid in the.

dispersion, which is (1 - Hg) - ao— ad/(1 - Hg)

The_value of ﬁL

The value is calculated ueing equatlon (3) and
- substituting the above derlved expressions for N C and
ap, hence

k/



ﬁ 4.17r'x 10-8 x He (1 = Hg) | 'vji KRR (4)

Po o/RT x ad x T

C. THE THREE PHASE DISPERION INTERFACIAL AREA MEASURE-

. MENTS.

'The experimental data‘for the mass transfer rate is.

the same ae for the experiments in the aerated tank and -

bubble column, with exceptlon that kg is assumed to be
4 5 x 10 nm/sec and it is ag expressed as cmz/cm of
eolid—llquid fluldlzed bed,- that is to be calculated
Referring %o equation (3) -
| The value of N = 4.l7r x 10 8'g;molee Og/eee.cms. ;

C“ =' (POZ/RT?Hé) »le:llg'm°1es Oé/cms.*

The value of ag,

The value of e?-celculated from equation (3) will'

be in unite om®/cm3. of liquid. ‘To convert this to the

3

area in cm /cm of eolld—llquld dlepereion it muet be
multiplied by VQ/Y5 ’ where VQ is the total volume of

liquid and Vy is the volume of the llquld-eolld

dispersion.

8 = 8°X 5
Ly o (4. 17r x 10~8 )He Ve ,
Thus ‘ as" TOZ/R X k'. X V; o'-o-oo (5)
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‘The value of Fbv

In the case of a tall column contalnlng a fluldlzed
bed of solid particles, there would be & s1zeable error
- involved in assuming the part1al pressure was 0.21 atm° .
'because of the hydrostatic pressure under which the air
'enters at the bottom of . the column° _ It was de01ded to
‘take the mean value of the oxygen partiel pressure at
the: bottom and top of the column, ‘as recommended by
Yoshlda (14»6' The value at_the bottom was taken as
"~ 0,21 times the total pressure due to the column of
liquid-solid fluldized bed plus one atmosphere. " The -
- partial pressure at the top of the column was caloulated )
| fromfthe.depletion of oxygen'by'the‘reactioh,._fThe |
'followingfshowsfthe oalculatlon procedure. .. |
" Data required |

Bed heiéht - H (cms)

Bed porosity - € o

Density of solid ﬁarfiéles' - f"(gm/om3) o

Density of the sodlum sulphlte f? '(gm/cm3)i~?“

Total liquid volume - Ve (l)

Air flow rate enterlng the column Ve (l/mln) at
15°%¢ 1 atm,._.

Sulphite oxidation rate - r (mle/min)

Value of P, at foot of column

_ diw

Solid—liquld—_bed'Ad‘ehs,lty (66 + (1.'-‘-{)@\ ) gm/emj”

. Pressure/
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Pressure due to bed = H x (€ + (1 -6(54) ‘atm,
, I - 1033 o :

sz at gauze = 0 21 (1 x K 03 1-e)f)) - atm.

Value of Eh,at top of column”

Prom Sectlon B above, oxygen consumptlon N .is given
by N 4. 17r x 10 -8 g moles/cm sec°4
Converting this to (1/min) at 15° l atm:

-8 mole 60 sec- :
02 depletion = 4.17 r x 10 -gg-——- —_—x Vt x
S - o ' cm” sec, 1 min S
*3‘ 3 ..,  litres . 0
..10 X224.,m- at 0°C | |
288 °K '( 5°c) R S

0p depltion = 5.89r Ve x 10‘2. (1/min) at 15°C 1-atm.

-

Thus | 0.21V5 - 5.89r Vt % 1072
{0 ‘
2

at top L Vg - 5.89r Vt x 107

atm

The value of'Rh,subétituted'iﬁnequation'(5) is the
,arithmetlc mean of’ @h at gauze ‘and f%L at top. Strictly

o speaking this arithmetic mean should only be used if the

gas moves through the column 1n plug flow, but it is | ;. :
assumed,the error_lnvolved is small, because .the absolute

quantities of oxygen consumed by,%he reaaxich1Wéfe small.
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APPENDIX II
- Oxygen Solubilitg Data

Figure 48 - Oxxgen solublligy in Pure Water (C¢b

This is a plot of the weight in grams of oxygen
dissolved in one cubic centlmeter_of water when the
total ﬁfessure, ihcludinglihe‘wgter vapour, is 760 mm.,

for each temperature, O¢,:

- Reference: . Handbook of Phy31cs & Chemlstry (168)

Figure 49 - Henry's Constant for-thé,system Oxyzen-Water.
This is a plot of He ﬁérsué temperaturé, QC,'whére-

He is defined as He = 1’0-» /
H 0

Reference: Handbook of‘Physics &_Chemiéfryf(168) N

Figure 50 - Salt Factor versus Sulphite Normelity

It is assumed that_tﬁé éplubiiity of oxygen in .h
aqueous solutions of sodium gulphite is the,samé as in‘fi
solutions of sumphaté which are quoted in Sieééll_(16Q) :
at 25°C. The salf faqtor.is éalculated'by-dividing fhé
solubility in sodium sulphate'gt each concentration j
Quoted, by the solubilityjin purg'wat9r at 25°C.v The
factor varies from 1 ét,zerd,sulphite normality t6.0.410

at/



OXYGEN SOLUBILITY IN PURE WATER

' gm oxygen cm~3 x10

Temperature °c

10 20 30 40 50 60

FIGURE 48



HENRYS CONSTANT : for the system O,~ H,0

He , detined as R‘
.
A RTCM,O

70

.60

w
O

| v
'S
O

LK 5
!-. ’;u lvr

W
O.

Tcmpcratur¢°c

20

lo - 20 30 40 50 60 70

- FIGURE 49

~
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SALT FACTOR (J() vs SULPHITE NORMALITY -

0.2 0.6 - | 1.0 . 1.4 e

1 1 : 5 N [} . [ 2 A s L

“.FIGURE 50



8t 1.6N sulphite;_ To obtain- the 'sdlubnity df'ox'ygen'

“in sulphite at any other temperature it is assumed that

~_‘the factor does not cheange with temperature° , Flgure 56

is a plot of the salt factor, f, against sulphlte DU

’normality.
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APPENDIX III

'The procedure was. anziodometrio one. - A‘eulphite;:
sample - was added to a known solution of iodlne and the R
excess iodine wae titrated w1th a standardlzed solution

(N/10) of eodlum thlosulphate° . The solutlon strengths
.of the reagents used were as followsx L
- Sodium thioeulphate 25 gue Na28205 5H20 per lltre( 0. )
Potassium iodate : 56 5 gms KIO3 per 11tre . (:1 6N)
Potassium iodlde 130 »'gm, KI - per lltre | - ?M
'”_Sulphurlo Aoid__ i. 4N made by addlng 220m1 of con- }(
R centrated acld “to 1600 ml of water.

StandardiZation of the SodiumvThiosulphete solutiOn.

An accurately welghed sample, about O. 1 gm, of:
potassium iodate was plaoed in a 250 ml erlenmeyer flask
with 25 ml of- the potassium iodide solutlon. After the
iodate had dissolved 10 ml of the 4N sulphuric acid were
added from a burette° The iodine llberated was titrated
against -the sodium thiosulphate eolutlon° . Thie pro-
cedure was repeated twice and. the mean value of thlo—ff'e:’
sulphate normality for eaoh of the three eamples we.s
- taken. ,” | | 3 , ,H

The normallty of the sodlum thiosulphate ‘is ca1~
oulated from the follOW1ng equation-

Normal;tx/"
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weight of iodate sample (gm) 2'103

Normality =

35 57 x thiosulphate tltre (ml)

" Standardization of the Potassium Iodate solution.

Two.to three ml. of the potassium iodate solution
were added from a burette to an erlenmeyer flask cou; -
taining 25 ml. of potassium 1odide° 10 mls. of . |
sulphuric acid were added to 1iberate 1odine which was
titrated sgnnst the sodium thiosulphate. Three samples
of iodate were taken and the mean value of thelr _

: normalities celculatedo:,-The equatlon is asAfo;lows:

| Normality of Iodates

volume of thlosulphate (ml ) x its normallty
volume of iodate (ml ) '

"Analysis Procedure for the sulphite ion -

70 ml. of potassium iodate and 25 ml, of. potassium
jodide were placed in 250 ml° erlenmeyer flasks in T
readiness before a run was etartedo Just before a;.
sample was taken 10-ml. of acid was run into one of the
flasks from a burette to 1iberate the iodine. This
proceduredwas followed because'the'solution‘WOuld'lose‘u'
iodine ‘if it was liberated and allowed to stand for any’
length of time. = The sample from the apparatus was
contained in a stoppered flask asldescribed in Chapter
VIII sectiou B2. . 10 mls.lof;this'were wifhdraWn by

pipette/
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pipette and added to the flask ensurlng'Mat the t1p was
»submerged to prevent further oxidatlon of the sulphlte
by the eir in the flask. Thls»wae~left for ten -
' minutes to allow the oxidafion'reacﬁion to proceed to
: completion and then the excess 1od1ne was titrated
against the standardlzed sodium thlosulphate and the _'.
titre recorded° | " | »

This procedure was repéa%edeor‘each,sample taken
at twentyhtsd thirty minute infefvels and on completion'
Cof & run the rate of change‘ in fhiosulphete titre,

ml

| r'?ﬁﬁ?~ was used to calculate the oxygen consumptlon

. rate as shown in Appendix I.

To calculate ‘the normallty of the sulphlte
solution before a run to determine the salt factor, f,
the same procedure was followed and the equatlon below f

used.

' Sulphite normality =

10 x Normality of K10 - Vol. of thlosulphate X its normalitx
’ S ' 10
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" APPENDIX IV -
Solid Bed Material Data
A. PHYSICAL PROPERTIES OF THE SOLID PARTICLES
1, Density: Sand = 2.60 gm.om™>
Ballotihilﬂ 2.95 gm.cm"3
‘2. Particle Size or Size range:
"Ballotini - 'No;“7'mean_diameter,0.64 mm.,
Sand - Size,Anélysis (Apprdximafe) .
‘ "B;s.»Mesh 4
30, 4 60 - 21.3
60 a4 - T2 © 56.0
72 & 100 22,7
3. Chemical Analysis of Send:
810, : o 99.8
AL0y 015 :
a0 . 0.04 \
' . ' Trace .
K0

&8 supplied by the Consett 'Iron Co. Ltd.

'B./
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B. FLUIDIZATION DATA

1. Settled bed porosities

sand . 0.6 .
 Ballotini 0.4 .-

2, Bed Porosity vs liquid rate
Fig'51 - Sand: -  Water and Sulphite-36°C
Pig 52 -. Ballotini: Water and Sulphite 36°C



SAND FLUIDIZATION - POROSITY vs LIQUID RATE

~0.95

~0.90 0.8 M sulphite

- 0.85

-0.80

Both water and sulphite

- 0.75 at 36°C

- 0.70

-O.65

Superfial liquid velocity cm. sec™

05 - 1O 1.5 20 25

e i [ A

FIGURE 5|



BALLOTINI FLUIDIZATION - POROSITY vs LIQUID RATE

-O.7
Both water and o
I ‘sulphite at 36 " C
0. 6
O-8M sulphite
. <
05 | water

Supeficial liquid velocity (cm sec )

> 3

FIGURE 52
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APPENDIX V

Tebles of Results

Stirred Cell Results - Copper catalyst

| Stirred Cell Results - Cobalt catalyst

. ‘Stirred Cell Results - - Cobalt catalyst
' Data for Van Krevelen Plot.

- Aewsted Tank Results
" Bubble Column Results =

| Interfacial Area Measurements

Reéidénca‘Time Distribution Measurements.
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. STIRRED CELL RESULTS

Absofptloh

0.0107

- Rate
(Corrected)
gmo2
(em/sec)  goeo=3
.0289 3.85
.0242 3.22 0
0.0195 2.60
0.0167 2.22
0.00953 1.27
0.00583 0.776
0.0166 2.48
- 050167 . ‘2022 .
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O ° 0300 3 e 99
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0.0403 5.37
10,0202 72,68
0.0197 = = . 2.62
0.0105° - . 1.40
9000917 v 1 922
0.0392" - 5,22
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0.0263 - - 3.50
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TABLE II

STIRRED CELL RESULTS - COBALT CATALYST

Pemperature - Absorption. - 0 Sulphite Salt ~Activation Kk,
: - Rate ~.Solubility Concn. Factor  ‘Energy
| " (Corrected). =~ o e - R

0 moCm, .gm.O:"ﬁ ’gm,x165 -g.moles . k.cals, B cm.
¢ o 890_ EEE%W%°3’._ cm - litre : g. mole -~‘ sec
_A5,2 :0.158' 0.236 5.821 e 248
: 17» . ®a1 2. 00242 v 4.5 ' 0°8 ‘O° 10 ’ R 8 - . 0325
31.1 0.232 0.309 -. 3.52 . 4 4’8 L 0523
4504 00267 : 0¢356 ( 2084 i 0745
6.0 0.117 0.156 5,86 o A0
18.3 . 0.133 0.177 - . 4.48 0.4 . 0.5 5.69 .. 463
‘32.4 0,163 - 0,217 -+ - 3,46 . o T T 4260
49.9 0.213 0.283 © - 2.66 .440
g.o 0.0985 0.131 . 5.86 e S .075C

. 1_01 00113 0.150 4052 o - . o . N ( ) 0111
35.2 0.163 0.217 L 3.52 Q 2' _YQ 730_. E 88, ~ 0205
43.3 - 0.187 0.248 2.68 . | O .310
6.5 f'oooaggio.11as ' 5.80 ; . .060C
18.0 0.106 0:141 - 4,52 ’ S .091¢
33,3 0.135 0.180 . 3.40 0.1 0.8% . 5.9 5
44.5 00160 . 01212 . 2088 o -217
6.8 0.0670 o.oago . 5.76 - 00410
21.4 0.0741 0.0984 4.20 0.04  0.920 5,98 .0680

- 5545 2.44 D «204

10.142 0,188



TABLE III

‘STIRRED CELL RESULTS = COBALT DATA-VAN KREVELEN PIOT DATA

.ﬁk

- (em/sec)
0.0670

0,093
. 0,126

i, /ke.
(=)

. 26.2

28,2

2903.';' 

0:.137 - 41.5

0:185  43.0

00122 47.8 -

0.171  51.8
0,230 5345

0.178 - 69.8
'00246 174;5 ‘

O°326 75?8“ f

0.370 145

0,490 - 148

0.630 147

|

Assumptions ,k

Sﬁlphite'

Molarity.

(g.moleg/litre)

0.04
At OOidi

‘0020;

- .0.80

([

(%) (em/sec) (=)

20

30
40

20

0
40.

20

30
40

2Q
.30
40

20 .

30
40

21,900 @ 20°¢,
. 43,800 @ 309,
- 87,600 @ 20°C,

0.142  55.6
- 0.217 65.8
0.324 5.4
0.224 . 87.8
0.343 = 105
7 0.511 119
0.318 125
- 0.486 147
0.725 169 -
0.449 . 176
0.685 208
1.025 238
0,635 249
0.971" 294
1.45 ¢ 337
Dy = 0>

' k. DaC 3
) Temp., lk( D, Cg I o ,B | kpx10

em/sec

é;ﬁﬁ

13.30

4.30

2.55 .

3.30

4@30:,

2i55

3.3O.A
- 4.30
2.55
3.30 
4.30

2.55

3.30

4.30



| - A‘Te'mp‘o

oc
51,5
52.9

| R 62;6

L 53.7
43.6
136.3
21.0

,14f9 

' 52.9
45.4

' 43.6
36.3
oo23.1

/I_'_'

. ‘mln

min

0.383
" 0.188
‘»b;211
- 0.253
 0~21§
jo.203
0.182
0.397

0.572

. 0.535

04550
0.524
0.477

~ He .

}ﬁf‘g.évgiv |

»>47.3l7 G
_.; 53;5.

- 47.0

T42.50
38.7.
31000
2.2
47.3.
43.5
42.5 .
38.7
32,0

_Oxidn. Henry's Sulphite
- 'Rate. Constant .Normality

© ' AERATED TANK RESULTS '

S g

;6{435‘,;
"”of#SSHW
0.435"
0.438 -
0.415

0.450

" 0.440
- 0.430
0.435
 0.430 -
0.445
 0.911,
0.911

0.450
'0.455

TABLE IV
———————————<3

. Hg’

%

0.967
0,967
0.971

0.971

'0.971
0.971
0,971
0.935
0.911
vo.911

vo:é11 

1,'Rate

aa-
"ém‘1f“'

10;728;.

1.84
2.44

2.44 .

2.44

2,44

2.44
5.96
6.31

6.31

6.31

6.31.
6431

' Sait  "GésT © Area - Air Stirred
FPactor Holdup

Speed

TeDello

‘mih-i

( 1‘306__

300 -

300
F"30b
300
300

450
450

- 450

450
450
450

?QQ/RT'

7.63
'7.83

- 8.0T
- 8.28 -
8.70.-

- 8.89 -

7.85

"3.04 ‘
8.07

8.28

. 8.65

' lass _
- Transfer

Coefficient .

! -

L ki‘

~ x106 -.

‘gec

- 200 Paredy. 5.93
" 7.85

'5.05
5.64
5,77
5456
3450 |

2.46 .
.92
4,87

4.06
©3.99

3.27

"_.2f34.

EE,xfO?.' 

' Sauter : -

Mean - -
Bubble -

Do

em.

0,186
0,108

0.127
0.127
0.127

0.127
1 0.127
0.0512
0;0626
0.0626

006626'

1 0.0626 -
" 0.0626



'Témp. ' Oxidn.

'OC.

49.7

‘.46a5

45,8

43.2

1 40.8
' 40.6 .
- 36.0

' 32.0

182
1.0

~ Area = 1.08-cn”

rate

r .

0.353
0,217
0.217
0.222
0.193

0.170
0.153

0.142

0.125
0.134

BUBBLE COLUIN RESULTS
. COPPER CATALYSED SULPHITE

He

45.4
43.5
43,0 f
42,2
410
41,0
38.6
"36;6
31i8
2947
v 2640

"

. PABLE V-

Sulphite  Salt

-N ot

©5.155

132 0.455
4T 0415
_1;471_‘ 0.415
1.29 - 0.450
126 - 0.457
S 0,430
1.2 0 0.430

A5 0.428
.49 0.420
"{iaSO”"' ‘:0{4é0 |
138 04436

" Factor - Pop/RTx10%

7.93
8.00
8.02

18.07-

8.15

8.15

8.28
. 8.38 o
8,68 -
8,78,
9.0

~ Holdup = 20.6% @ 24°C,.

~10.8

8.72
8,58 '
7.84

1 6.50

6.13
4,97

4,47 .

3.10
2.60



[ouvumm.

. § OV il . . - .
(cn) (atm)  (1/min) . (cn) (1) (1)  (nl/min) (1/min)  (ata) (¥) (-) (em ') (em ')  (em") (%) (cm) (-) (gu/cn?)
: 1.069 ~ 67.0  11.3 - 46.0° 9.7 0.0883 0.239 0.215 1.20 '0.470 3.8 3.73 36.2 22.6 i
53.3 0.0785 0.213 0.215 1.40 0.435 3.65 : 0.470 |
83.7 1.108 69.5 22.6 50.7 15.3 0.108  0.322 0.220 1.32 0.445 3.35 3.30 50.5 ©20.4  0.453 v
: T | 0.104 0.311 ‘9.220 1.35 0.440 3.26 ?
114 T 1.148 72.0 33.1 5.5 209 0.117 0.382 0.223 1.58 0.410 3.2 3.16 66.0 18.8 0.440 g
, ' 0.119 0.388 0.223 1.62 0.405 3.20 )
145 " 1.187 7.5 45.2 ° 60.2. 26.1, 0.145 0.514 0.226 1.36 0.437 2.99 3.17 83.6 18.1 0.419 o |
. | : | 0.154 0.5L6 0.226 1.50 0.420  3.35 Send }
: . ' ' € = 0.8 1.3
175 1,226 77.0 '56.6 65.0 32.0.  0.169 0.6,7 - 0.229. 1.32 0.445 3.08 3.08 98.5 17.5 0.4 '
205 1.266  79.5  67.9 69.7 37.6  0.195 0.800 0:233 1.30 0.550 ™ 3.16 IREE '
o . 0.197 0.808 0.233 1.35. 0.440 3.17 3,47 16.6 0.37
266 1.3,5  84.5  90.5 79.3 48.7 0.210 0.981 0.240 1.4 G.430  3.04 i
| I T . 0.207 0.970 0.24,0 1.43 0.430 2,98 3.01 47 16.5 0.39% |
327 1.4,25  89.0 113 88.7  60.0  0.236 1.23 0.248 1.23 ' 0..637 - 2.78 E . | |
- o 0.246 1.32 0.247 1.35 - 0.440 . 3.05 2.92 175 16.2 0.397 !
53.3 1.100  66.0 23.2 b3 9.7  0.0677  0.181 0.220 1,36 0.440  2.92 28.3 ‘22,2 0.581 {
83.7 1.158 69.5 6.5 7.3 15.3 0.0758 0.211 0.225 1.,0 0.435 2.19 32.0 17.6  0.585 4 |
114, 1.215 73.0 68.5 50.3 . 20.9  0.08,5  0.250 0.231 1.29 . 0.450 1.79 37.4 148 0.583 Ballobini 1
145" 1.272 76.5 93.0 53.3 26.1 0.0913 0.287 0.237 1.37 0.438 1.63 13.0 13,9 0:50n | FEEEE- o
175 1.330 79.8 116.0 56.,  32.0  0.0918 0.305- 0.243 1.50 0.415 1.47 47.1 13.5 *.0.637 = 0. -9
205 1.388 83.3 14,0 59.4 37.6 0.0910 0.324 - 0.249 1.40 0.435 1.2 16.7 1.1 0.793 '
266 1.503 90. 2 186 65.4 18.7 . 0.1140  ©0.138 0.260 1.36 0.440 1.23 60.0 13.9 0.800 |
53.3 1,079 66.4  17.8 45.5 - 9.56  0.0689 . -0.180 0.217 1.4 0.430  3.13 30.0 18.6  0.443  Send B
175 1.258 T7.4 107 61.8 32,0 0.126 0.460 0.234 1.36 0.440 2.16 69.4 14.5 0.470 € = 0.72 1,53
266 1,395 85.8 171 73.7 48.7 0.150 0.650 0.247 1.36 0.440  2.02 99.2 4.2 0.4,92 |
53.3 1106  20.0 21.6 M k0 . 10,1 0.017%  0.0456 0.220 1.36 0.1440 0.722 7.30 5.73 0.527 '
53.3 ' 35.0 bl .35 9.95  0.0233 0.0608 0.220 1.36 0.440 0.982 9.77 9.65 0.653 Ballotini '
53.3 50.0 44.30 10.2 0.0350 0.0913  0.220 1.36 0.440 1.4 1.7 14,.2 0.689 & = 0.49 2.06
53.3 66.5 | 4 .25 9.95  0.0591 0.151 0.220 1.36 0.440 2.48 2.6 17.1 0.500 , |
53.3 1.100  *20:0 18.6 . L4.50  10.6 0.00883  0.0231 . 0.220 1.50 0.415 0.374 3.93 . 5.08  0.866 . {
.53.3 : 35.0 R 1,50 9.8.7  0.0233 0.0611 0.220 1.35 0.540 1,02 10.0 10.8 712 Ballotind 2
53.3 50.0 L4.50 9.8 0.0568 0.149 0.218 1.36 0.4,0" 2.46 241 13.4 .378 + &£ = 0.56 1.93 |
53.3" 66.5. 1450 9.8 0.0627 0.164 0.218 1.36 0.440 2.7 26.6 17.3 .1,65 ,
53.3 1.079 20.0 17.8 by 15 9.7  0.0150 °  0.0393 0.217 1.42 0.430  0.655 6.53 6.65  .6L7. «
53.3 35.0 Ml 9.56  0.0255 0.0666 0.217 1.42 1 0.4,30 1.16 1.1 11.7 .685 Sand 1.53 |
53.3 50.0 44,35 9.56 - 0.0410 0.107 . 0.217 1.42 0.430  1.86. 17.8 15.8 .605 €=0.72 v
53.3 66.5 4.3 9.56  0.0689 0.180 0.217 1.42 1 0.430 - 3.13 30.0 18.8 43 !
53.3 1,066  20.0 5.1 LL.AS 9.79  0.0118  0.0309  0.216 1.58 0.410  0.553 5.42 6.69  .778 . T
53.3 35.0 | o Lhuh 9.79  0.0312 0.0816 0.216 1.58 0.410 1.47 b3 12,0 .546 Sand -
53.3 -50.0 C L35 9.66  0.C588 0.15k 0.216 1.58 0.410 2.80 27.0 15:5 393 € = 0.92 1.2
53.3 66.5 W3 9.64 0.0867 ~ 0.226 0.216 1.58 0.410 L.12 39.8 19.5 .353

-~




PABIE VII

' RESULTS OF RESIDENCE TIME DISTRIBUTION FUNCTION EXPERIMENTS

Time

{ '.(secs)

108

| ax -

at -
0.0631

© 00,0275 -
" 0.0133 -

0.00933"

0.00662:
O ° 00566 -

0.00488

~ 0.00237 -
- 0.00096 .

. 0100 . .-
. 0.0451 -
7040128 00 1

0.00315: - -

1 0.00158"

. 0.00249
' "0.000875

© 0,143

- 0.0301
- 0.0157
o 0,00727
+ 0.00167

0.000967

" 0,000262

: Vm‘dX-i

Vg at

06322
- 0,140
. 0.0678
'0,0338

0,0289

.'000249
©0.0121
0.00482

0.498

0.224

0.0637 . .
 0.0362
- 000238 ’

0.0157

0.00787
 0.00568
© 0.00568

0,585
' 00221
0.101

0.0333
0.0208

0.0147
B 000128

0.00448

0.722 -
T0.152

0.0793

. 0.0367
0.00843.
0.00488 -
. 0,00132

N F(8)

- 0.322
0.463 . .

0.566

- 0.848

0.697
0.759
0.800
0.860

. 0.592
0.675 "~
.0.712
o 00751 )

: 00784 .

1 0.848
. 0.865

0.585

 0.689
‘ ‘09716

0.747
0.773
- 0.801
0.830.
00875 . '

. 0.722
- 0,779
. 00808
- 0.829

0.851
0.893

";0.908‘

(-] o o L] (-]

C)

<

OV
oo

o

U Y
O

-]

w

° ° 3
VIOPHNNOIIN =
(oo} -

o o

o * -3 L] [-3
AL O Nw =0
HIDS

o

o L] o
OH O @A =
SOPW—

N =

o

.

VI =\Ulds N =2
N3O O

DWW OO

Porosity
”

0.80

0068

'0.60

0.50



NOMENCLATURE -

Unlts

Constant 1n Maselmllla 8 correlatlon -

' '_Interfac1al1area- | em®
" Specific interfacial area per unit \H_ik‘
vol, of gas—llquld dispersion cm- -
" w oo L cm“?»
mooow o0 w e - igquid  em)
* - -17

" w W

Projected ares of partlcles or

'»v,solid-llquld bed cm

- bubbles per unit volume of dispersion cm

Free cross-eectlonal area of llght

Concentratlon of solute 1n

' 11quid phase
diameter of particle] N

p

g mole cm-

~cm

=3

~ beam at any point . cmz
- Cross sectlonal area of light beam . em®
Total 1nterfac1a1 area ¢m2;
Constant in Maselmllla s correlation S -
Concentration of tracer 1n the gas
(Ch. X only) - - -
'Conversion factor to convert r to N B
.(Ch. VIII only) - - -
B;'f~ Solublllty of oxygen in au, g mole. cm
RT He sulphite - eolutlon o
‘Solubility of oxygen (Ch. 111 ;3"
.only) in pure water gm.cm.
_$,. . Solubility of oxygen in . =3
= E;‘E; pure water . »g‘mole~cm
Concentratlon of gae in liquld ‘ ‘ -3
phase | ” & mole cm ~.
, Concentratlon of gas at gas- 63
liquld 1nterface : '

7f_g molé em™3 -

235.



Ea _:'Li'

- F(t),F(O)

He

He

. I(8)

" Diffusivity of gas in llquid  cm® sec™

phase

Diffusivity of solute in 11qu1d .cmzlsec"
phase': . . '

Sauter Mean bubble dlameter C “cm

aMean bubble diameter at height Z Cem. t
Mean bubble dlameter at nozzle - em’ -
. _ L -1
'Aotivatlbn Energy o ' cals. g mole
Resldence time distrlbutlon : -
function N . - -
Salt factor to convert ¢’ H O 4o C*‘4 -
‘ _ 2 Co r
large bubble frequency } : -.sech
,Hhelght in column above bed ~em
_supporting gauze o o
-.overall column helght - ] . cn
"gas holdup as percentage of aerated B e;
dleper31on o o 3 o
P * - .
Henry's Constant = /C o ART . =
- Intensity of 11ght pa331ng through a)
dispersion- L - ) any
- ;consist~ .
Intensity of light 1ncident to'a Jent units
) dlepersion . )
" Internal Age Distribution Function - -
labsorptlon coefficlent of tracer in . cr_n"1
gas (Ch. X) .
1st order catalysed reactlon rate ' sec-1
constant - o ' i
2nd order catalysed reaction rate omBgmole 1 sec”

- constant

€

liquid phase phy81cal mass transfer ém sec

. xoefficient

236;3



sc

B

" the reciprocal of bed expansion

- molarity

rate of mass transfer of gas g mole sec

(4)

" rate of mass: transfer in stirred
cell . .

total;gas.pressure

oxygenfbartial~ﬁreseure

frate of large bubble coalescence )

(Ch. VII only)

Quantity. of light ‘that passes
through the dlspers1on

. rate -of change of sample tltre '

'_oxygen absorptlon rate in
stirred cell L :

' gas constant .

-'concentratlon of tracer in
perfectly mlxed gas 'space

rate of surface renewal

room temperature - (Ch III only)

’ gn,cm—

) .increase inh bed ‘height of particles em
- upon, fluldizatlon S

- g_mole,litre
-1

-1

. am sec
atm
b atm

-1
sec

 L.U.

emSmin~ !

"cm.sec-1

" oversll liquid phase physical - cm sec™ |
mass transfer coefflclent
2nd order uncatalysed reactlon cm3g mole 1Ae'c
rate constant. . -

'Aoptlcal path length | | - em

fsettled bed helght of partlcles ‘em

| normality of sulphite solution ‘g equiv. litre
' -3

cm,

-1

aS“enitable,

-1



Var Vi,

" unaerated dispersion -
‘ltemperature |

']concentration of tracer 1n step

,phase apparatus

: superficial gas ve1001ty

'time (time for @ L.U. to pass
- ‘through aerated dispersion) '

time for Q L.U, to pass through :

blfraction of volumetric gas flow

due to large bubbles

fraction of volumetric gas flow o

":‘due to .ionic bubbles

fraction of volumetric gas flow

due to 1ntermediate s1zed bubbles

;Voltage from photocell caused by
light 1ntensity To-

-~ . Voltage from photocell caused by |
.- light intensity I.

- volume. of solid-liquid dispers1on

before aeration

Total volume of 11qu1d in three—

Volume of perfectly mixed gas space'

"-Volumstrlc gss flow rate

-'Volume‘fractioniof'dispersion»'
‘occupied by large bubbles

.- Volume fraction of dispersion - -
o occupied by ionic bubbles

tVolume fraction of disper81on .

S/T .

_deflection on recorder chart caused |
1by voltage Yo

oeflection on recorder chart caused. -

“by vol tage t.(

" pec

 volts

‘volts

 litre

occupied by 1ntermed1ate sized bubbles

-cm

cm -

.+ litre |

Clitre .

litre min~!
. cm sec”

238,



PR

A<~Ei @ pr.‘

-f.den31ty of solid particles e gmfém’
‘density of: sodlum sulphlte - gm em

height above p01nt of formation o em
of spherical—cap bubbles '

height above nozzle R . em

-;vbed porosity o A f ._b D w

solutlon

equivalent den51ty of solld-". . gn cm

. liquid fluidized bed
reduced time r._ b R ft'~ L

enhancement factor . . . =

239,
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