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Thls type of design will be satisfactory only if the actual
flow deviates slightly from idezlity, but otherwise, for
more severe devliations, unsatisfactory performance will
result. It should also be noted that it is often possible
to approach closely one of the types of idesl flou by suite
able design.

It will therefore be apparent that the investigation
of flow patterns within process vessels 1s an important
preliminary to their good design.

In the present work, the system under study was the
zas phase, held up as bubbles in a tank of liquid, and pro-
duced by bubbling the gas into the liguid throuzh a multi-
orifice plate in the floor of the tank. No external means
of agltation was used and the mixing within the gas phase
came only from the motion of the bubbles within the liguid
and from thelr coalescence and brezik-up.

Very few two-phase systems have been studied to
determine the type of mixing within one phase, snd the only
work comparable with the present work is that by Westerterp
et sl. (1) who determined the residence time distribution
for the gas phase in a stirred tank, and by Moo-Young and
Calderbank (3) who 1hvestigated the rise and cozlescence of
bubbles in a deep pool of liquid. (Details of this work,
together with mention of other work in this fleld are given
in appendix I),.

In the present approach to this problem, the main



emphasis has been on tracer work to establlish residence

time distributions. Thils has been supported by'photographic
and other work to obtaln the best overall pilcture of the
syétem.

Accordingly the next (second) part of thls paper is
concerned with the tracer work and the results thereby ob-
tained, together wlth other observations on the basic flow
in the system. The third part is concerned with other work
and includes the effects of other parameters on the system
as determined by tracer studies, as well as investigations
of the mechanism by which bubbles leave the system and the
frequency of coalescence between bubbles within the system.
The fourth and final part summarises the whole work and

contains the conclusions that have been drawn from it.



2. Tracer Uork

2.1 Use of Tracer lMHethods to Determine Residence Time
Distributions

The flow pattern in a non-ideal system is best
described in terms of various residence time distributions.
These were originally proposed by Danckwerts (2) and the
two most important ones are defined as follouws:=

The internal age distribution I(t) of a vessel is
defined such that I(t).dt is the fraction of fluid in ths
vessel with ages between t and t + dt. In thls context the
age of a discrete piece of fluld 1s the time that has elapsed
since that plece of fluid entered the vessel.

The exit age distribution E(t) of a vessel is sim-
ilarly defined such that E(t).dt is the fraction of fluid in
the exit stream with ages between ¢ and ¢t + dt.

These distributions are freguently expressed in
terms of a reduced time scale @, vhich is measured in terms
of the mean residence time. The mean resldence time (T) 1s

defined as: volume in vessel actusllvy vsed by flou
volume flow rate of fluld tnrough the vessel

i.e. 7T =Y and hence 9 = %,and is dimensionless. BExanples

of these distributions are given in figure 1.

In this study, since only the gas phase of tha tvo-
phase system is being studied, the volume of the vessel
actually used by the flow is that volume of the gas phase
(1.e. of the bubbles) used by the air flow.

B T
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Residcencea time distributions ure usually deterained
by o tracer method, winich 1ls basically a study of the chznge
in the output signzl of the system with respect to time in
response to a known input signal. Ia prectice, the input
signal 1s obtained by introducing tracer Into the input
stream as it enters the vessel, and then the subsequent
tracer concentration changzes which occur within the vessel,
or in its exit stream, are observed.

The tracer input signzls most commonly used are
either a step change in the ftracer concentration of the inlet
strecm or a short pulse of tracer into the lnlet stream or
into the vessel itself. Other lnputs can bs used such &s a
sinugoidal variation of tracer with time, or even a random
variation of tracer with time, but in gencral these are only
used when the frequency response of the systea is besing
studied.

It a pulse (or delta function) input is useé, the
resulting change of outlet tracer concentration plotted
ageinst time is known as a C curve. It 1s quite easily shown
that a normalised C curve (i.e. one that is plotted suchn that
the total area under the curve is unity) is the saze cs the
B residence tlae distribution function. The theoretical
delta function d&(t) (l.c. the 1deal pulse) is defined such
that 8(t) =0 for t £ 0, and <&(t) =»00 at t = 0, with

v
3(t) dt = 1. It 1s thus a peak, at t = 0, of Infinlte

«~00
height and infinltesimal width. This ideal pulse cennot of



course be realised in practice, but 2 sufficiently close
approximation msy be obtained.

If a step change in tracer concentration is used as
the 1nput slgnal, the resulting outlet tracer concentration
curve 1s known ss an F curve. It can be shown (2) that a
normalised F curve is related to the I residence time dis-
tribution function by F + I = 1. ]

To 1llustrate these residence time distributions &nd
curves, they are shown plotted for the two ideal types of
flow systea in figure 1.

In the present work a pulse was used as the tracer
input signal for the followlng reasons:

(a) It gives directly the exit (E) residence time
distribution curve and therefore the various moments of this
curve are nore easily obtained. This is important because
the moments of the curve are the parsmeters most used in
describing the residence time distribution.

(b) If the F curve i3 required it can be obtzined ty
"t

integration of the C curve since F(t) = C(t)dt wnereas

[}
the reverse procedurc of obtelning the C curve by differentiation

of the T curve would be bound to leed to larze errors.

(¢) In the present case, 1t was coamparatively easy
to generate a felrly accurate delta pulse by injecting a short
burst of tracer gas bubbles directly into the tank.

The following section gives a brief description of

the equipment used in the tracer work, and the method of its
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operatlion. TFurther details of the experimentzl work are
given In Appendix II.

The results of this tracer work are given in section
2.3 which elso includes a qualitative description of the
system and a quantitative deseription in terms of the bubble
size and voidage fraction. The final section in this part
of the worl deels with tie models used to explain and interpret

the results.



2e2s Ixperimental tork

This section is divided into two subscetions desling
wlth the physical description of the equipuzent, and its methecd

of operstlon, resocctively.

2e.2.1. Description of LRaulnmonk

The experimental tonk was designed so that it would
approxlmate the behaviour of an esctuesl plant, end to ensure
thls; the dinensions were kept fairly lerge. For the suae
reason; he oriflice sizes end gas chamber voluie were desligned
to give the sapnropriate bubile regime. (Sce the end of
Appendix I).

Fizure 2 shows the teni in cross-sectiosn. Tas Cy-
lindrical wall was of lucite tube, of nozinzl dlaneter 1 foot,
and could be varied in height froa slx inches to threc fect,-
six inches 1n six inch stensy by combining differcent sectlions.
At the bottom of the liguld seciion wus an orifiece plate of
durslunin, 3/8 inch thiclk, containing 5/&+ inch diamecter
holes spsced on a 1 inch trlangulsr grid, ccatrally syuanctrical.
Four of these holes were repnlaced by fittings and sewvled off
froo the lower chaiber, ellowing colu=zn dralncge or sazple
injecction. The totsl numwber of orifice holes in the plate
was 117.

Below the orifice plute wus a chanber to vllow the
equzl @istribution of eir to the orifice holes. Tals hud a
depth of 2 inches and cn internzl volurie of 0.109 cue. ft.

-()-
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FIGURE 2 VIEW OF TANK IN CROSS-SECTION
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The air entered this chaaber through a 5/8 inch tube and
was diffused through wire mesh and baffles.

Flgure 3 shows the ancillary equipment which may be
conveniently split into the following parts:

(a) The air supply was taken from the laboratory
20 p.s.i.g. line via a filter. Its flow was controlled by a
valve and metered by a rotameter and pressure gauge before
being fed to the column.

(b) The tracer injection system consisted of a
reservoir to which tracer gas could be admitted to the desired
pressure as messured on a mercury manometer. From this
reservolr a small gas line ran through the lower chamber of
the colunn and terminated in a nozzle flush with the surface
of the orifice plate. In this line, which was normally kept
full of tracer gas, there was positioned a solenoid valve
wvhich controlled the injection of tracer gase.

The tracer gas was injected directly into the tank to
ensure that the signal input to the system was a true pulse.
Had the tracer gas pulse been injected into the air stream or
into the lower gas chember, diffusion and mixing of the tracer
with the air in the chamber would have occurred, with the
result that the input to the system itself would have no
longer been a pulse. Orifices in different positions in the
floor of the tank were used, without noticeable effects.

The tracer gas used for these experiments was helium
because it was easlly detected even at low concentrations in

alr by the type of detector used. A further advantage was its
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virtual insolubility in water.

(¢) The sawmpling system at the top of the column
was the result of a compromise reached between the basiec
requirements of such a devices These were:

(1) That it should obtain a representative
sample of the gas flow emerglag from the whole top surface
of the bubbling liquid.

(11) That it should affect the tracer concentration
change with time (l.e. the response of the system) as little
as possible. Ideally the szampling system should not affect
1t 'at all, but at most a time delay could be tolerated.

(1iii) That it should effectively demist the gas.

It will be seen that requirement (il) is incompatibie
with (1) and (1ii) waich require the systea to have a certain
mixing volume with some foram of packing, both of which would
tend to give non-plug flow and subsequent distortion of thse
responses.

The actual method used is shown in figure 4. 3asically
1t conslisted of a shallow-angled inverted cone which rested
on a deep wide-mesh gride. The purpose of the grid was twoe-
fold:

(1) it damped out the disturbance at the surface and
provided a reference to keep the position of the surface con-
slstent throughout the experimental work.- The quantity of
vater In ths tank was adjusted so that the mean positlon of

the surface was always half way up the gride. Ixporinents were
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made. to see 1f a smaller wire mesh could be used to damp out
more effectlvely the surface waves, but tils was found to
affect the burstinz of bubbles at the surface in such a way
as to give rise to large gas hold-ups directly under the mesh.

(2) it helps to keep the alr rising vertically in
more uniform plug flow, once above the surface of the liquid.

The cone 1s shzped to give a high flow to volume ratio
and effectlve mixing across the area sampled. Tkils arez,
equivalent to the bottom opening of tue cone, was one quarter
of the area of cross-section of the column. Gas was suclked
up through the cone and via a side arm to zn orifice meter
and thence to the exhaust punp. The gas flow was regulzted
to one quarter the total gas flow so that the suserficial .
velocity of the gas at the base of tha cone was equél to that
of the gas rlsing in the column and hence at the base of the
cone no distortion of gas streamlines should occur. Tne same
pling probe was situated just above the side arm, out of the
dlrect gas stream a2nd protectzd fron spray by a saall shield.
A more convantional method of demisting the gas by plecing
packing in the necxz of the cone was only partially successful
in that 1t worited until the paciinzg flooded, et whicn point
the packing becane 2 sccondary source of spray directly unier
the prote.

The rest of the equipment showa on Figure 3 is as
followss

(d) The detection and measurement of tracer in the
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and the analozue coaputer.
Further details of the computer circuit, and typical

operatinz conditions are given in appendix II,
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infinite medium, the liquid they carried up with thea must
find its way down agaln within the volume of the tank. It

is fairly evident that the most stable flow pattern to accom-
plish this, and to present the least resistance to the rise
of the bubbies, is that in which the bubbles rise up one side
of the tank and the liquld flows down the other.

‘The second factor which further stebilised the pattern
and malntzined the direction of rotation, was that the air flow
did not use all the orifices at once. (This point is further
amplified in subsection 2.3.2.). This influence may be ex-
plained by supposing that initially the gas flow was through
orifices distributed slightly asymmetrically, so that slightly
more of them are on one side of the tank than on the other.
This would tend to start the liquid 1in circular motion which
in turn creates a slight difference in hydrostatic pressure
ecross the plate, the pressure being grezter under the des-
cending liquid and less under the ascending liquid and bubbles.
Thus, this pressure difference would favour those orifices
already bubbling and perpetuate the circular motion in the
plane in which it started.

- In describing the flow pattern, it is convenient to
split up the tank into four reglions, nuabered as in figure 5.

In region 1, just above the orifice plate, ths liquid
wes moving horizontally across the plate and swept the emerging
gas bubbles sideways and upwards through region 2. This

liquid flow across the plate was quite rapid at higher gas

flow rates and was sufficient under these conditions to brezk



up the bubble streams into smaller bubble fragments.

In region 2 both the liquid and the gas bubbles had
high upward velocities and all the upward gas flow occurred
in this region.

In region 3, the liquid had a sideways motion, being
effectively "pumped" out of region 2 and continuing its cir-
culatory motion towards region 4. The gas bubbles had a
varying diagonal upward velocity, but were moving more slowly
than in reglion 2. The voidage in this region was greater
than in the others and the essential feature of this region
was of gas bubbles undergolng coalescence and escape from the
systeme.

Region 4 had the lowest proportion of gas bubbles and
lower velocities then the other regions. HNear the tank wall
in this region the liquid was moving downwards carrylinz gas
bubbles with it, and thls motion diminished towards the centr
of the tank, the quantity of gas bubbles remaining about con-
stant but their velocities changing direction. The liguild
in the centre of the tankt had a slow overall circular nmotion
but was locally disturbed by the passage of gas bubbles.

The influence of the tank height and gas flow rate
on the flow patterns may be seen in figure 6 which was ob-
tained from "slow motion" studies. The flows indicated are
only approxinate and show the main and more constantly re=-
curring flows, since the actual bubble flows are erratic and

transitory.

e
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It will be seen that the simplest patterns occurred
at the lowest flow rates and tank heights. This is esnecially
notlceable in the 1 ft. tank which anpears to be of Jjust the
right dimensions to fit the "roll over" pattern favoured by
the bubbles. In taller tanks this initial "roll over" occurred
below the top of the tank and gave rise to more complex patterns
in the upper part of the tanl.

From the "“slow motion" plctures it was also possible
to got an estimate of the vertical bubtle velocities, which
were measured at varlous flow rates and tank heights. The
results showed that there was a significant variation of up-
ward bubble velocity,v,(in reglon 2) with air flow rate,
ranging from about 2.% ft./sec. to 3.4 ft./sec. over the ranze
of air flow rates used in this work. The influence of overall
tank height on this velocity was not significant.

Since the rest of the study concerns the times bubbles
spend in the system, it was felt that % was a more convenient
variahle than v itself, and hence this was used as the de-
pendent variable in a correlation performed against %.

The results, given more fully in anpendix III (a),

gave as a best fit:
1 = 0.0097 -25 + 0.207 (sece/fts) (31.1)
The downward bubble velocities were not measured in

such detail but were observed to be about 1/% to 1/3 of the

magnitude of the upward veloecitles.
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bubbling wes indepcendent of gas flow rate and constznt at
about 15 - 20 bubbles/sec., over a very wide range of gas flow
rates. -

Result (b) does not appear to be reported elsewhere
in the literature. The constant flow rate per orifice suggests
a constant pressure drop across the orifice plate and this
could be checked by measuring the pressure of the lower
chamber, which should be the sum of the pressure drop across
the orifice plate plus the hydrostatic pressure above it.

For a constant quantity of water in the tank, the hydrostatic
pressure should be constan®% and hence changes in the lower
chauber pressure are caused only by the change in pressure
drop across the orifice plate. The chamber pressure was
neasurced by connecting a manometer to the drain outlet and
over the ranges of flow rates for which result (b) holds, it
was found.to be constant, indicating a constant pressure drop
across the orifice plate. It 1is sugzested that this constant
pressure is that pressure required to maintain stagnant
1iquid in an unused orifice.

Troa the figures 6bta1ned it is found that the nean
equivalent diameter of the bubbles initlally formed 1s 1.35
cms. This is in exact agreement with Davidson's work (5) on
single orifices, since the equivalent volume of the bubbles
in this case (1.32 cc.) 1s within one percent of the value pre-
dicted by his correlation of bubble volume versus orifice

dlamoter and gas flow rate (see appendix I).
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It will be noted that the zbove results were obtalned
in the range of lower elr flow rates. Above this range, it
vas found 1lmpossible to make accurate stroboscopic measure-
ments of the bubblirg frequency, mainly because the hiza
liquid shear, horizontally across the plate, broke the bubble
streans Just above the orifice, stripping off a large nunber
of smzll bubbles, and the subsequent motlon was very dis-
ordered. At these hlgher flow rates, once all the orifices
have come 1into use, the flow rate per orifice must obviously
increase with increasing totsl alr flow. However, in view
of thae exact correspondence in bubble size with the single
orifice cases, it would seeam probable that the bubbling
frequency remalns almost constant, as roported by Czlderbank
(4), and that the bubble size increases wlth flow as given by
the emplrical relationships of Davidsoa (5) and Leibson et

al. (6) (see appendix I).

2.3.3, Total Voidare in the Systanm

This was calculated from the increase in heizht of
the liquld in the tank when the air flow wes turned on at
the specifled rate. The results, expressed as a voldage
frection are shown as part of table II and &lso on figure 7.
The voidage fractlon 1s defined as the ratio of the volume
occupled by the gas to the total volume of liquid and gas,
and 1s usually expressed as a psrcentage. The exact deter-
mination of the level of the surface witn the eir flow on,

was very difficult because of its extremely disturbed nature,
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where the signal size 13 very small. The smoothed curve
shown was obtained by superimposing 15 successive curves ob-
tained during a run and then taking the best mean smoothed
curve,

This curve, of course, represents the total response
of both the reaction tank and the sampling system, and to
obtaln the required response of the reaction tank alone, it
must be corrected for the response of the saapling systen.

Other errors may also be introduced by (1) solubility
effects of the tracer gas in the water, (ii1) the position of
the sampling system, and (i1i) the fact that the pulse was
not ideal. Investigations into these factors are reported in
appendix III (c), (d) and (e), and showed that (1) and (ii)
do not measurably affect the results, and that the corrections
necessary for (11i) are included in the correction for the
sampling systen.

As was mentioned in section 2.2.1l., the 1ldeal sazm-
pling system, consisting of merely a time delay, could not be
realised and the response of the system actually used was
determined experimentally by tracer methods. The results of
these experiments (see appendix III (b)) showed that the sam-
pling system response could be represented very well by the
comblned response of a time delay in series with a CIF3IR.

The equivalent mean residence time for this CF3TR was cale
culated for various air flow rates and the results obtzined

compared well with values predicted theoretically from the

dimensions of the equipment. {(see appendix III (b))
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FIGURE 8 RESIDENCE TIME DISTRIBUTION CURVES
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the change in shape of the curve can be scen from this
figure; in terms of the parameters of the curve, it is
¢iscussed in the next subsection. It will be seen that the
curve congists of a sharp, comparatively high peak, with a
diminishing tail. It would appear that the peak corresponds
to that part of the original delta pulse input which canme
straight through the tenk, and the tail represents the rest
of the tracer which was delayed in some manner. Further
analysis and interpretation of the shape of the curve is
left until the section on models for the systen.

Cualitatively, the effects of the air flow rate and
the tank height on the shape of the curve are as followst

An increase in alr flow rate decreases the tall part
of the curve and moves the peak slightly towards the origin,
as predicted by the change in bubble velocity with air flow
rate given in subsection 2.3.1l. An increase 1n tanli height
moves the curve to the right, along the tine axls, and tends
to incresse the talil part.

Further discussion of these effects 1s left until the
end of the next subsection vhere the changes are described
quantitatively in terms of parameters end may be more readily

explained.

2.3.5. Derivation and Analysis of Resldence Time Distribution

Curve Paramncters

The usual parameters for describing residence time

distributions are the mean residence time (7)), or first






«36m

of the individuzl mean residence times of each unit znd like-
wise for the variance. (See appendix IV for a proof of this).

fore specifically for this case, if Y, Vs, and Tt, and

(52, 0’2, and G‘% are the mean residence times and variances

of the distributlon curves of the reactor tsnk, sznpling

system, and overall system, respectively; then:

Y¢e= Ts*
and 02 = 024 @2
t s
hence ¥ = 'Yt- 'Ts
and 62 = 2. 2
t s

Thus the required parameters may be obtained fron
the parameters of the overall systea and of the sampling
system slone. These quantitles can be obtained directly {from
the experiment.

fin snalogue computer was used to obtain instantaneously
the moments of the tracer concentration curves about the origin
of time scale (which in this case 13 the instant at which the
injection pulse is triggered) and also their integrals with
respect to tlame.

If £(t) represents the tracer concentration curve, and

C(t) 1s the normalised residence tine distribution curva,

then C(t) = £(8) = = £(&)
£(t)dt Ay

" | (35.1)
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the vessel volume; however ve ignore the regions in deter-
mining the various age distribvutions".

It is still arbltrary vhere the cut-off point is to
be (1.e. that polnt beyond vhich the elements have residence
tines sufficiently large to be considered “dezdwater" and
ilgnored in the calculations), but Lévenspiel (8) further
notes that cut-off points in excess of twice the mean res-
idence time give a reasonably accurate picture of a systen.
In the present case the cut-off point was about four times
the mean residence time, which was felt to be a reasonable
comnpromise between unduly truncating the curve za2nd allowing
possible nolse to increase the estimated values of the para-
meters.

The results for the mean residence time and variance
obtained by this mefhod, and corrected for the influence of
the sampling system, are given in Table II for various values
of the air flow rate (Q) and tank height (H). The figures
listed are the mean values of samples whose size 1s glven in
the last column of this table. The vszlue quoted for the error
in the mean residence time (& 0.2 secs.), was estimated at
the 95% confidence limits from the calculated variance within
the samples for both the overall mean residence time and the
mean residence time of the sampling system. (This calculation
is given with the typical set of experimental results in
appendix III (£)). The error in the variance (¥ 0.6 sec.2)

was estimated from the above error; this 1s possible because



TABLE Il

RESULTS OF TRACER EXPERIMENTS

COLUMN AIR FLOW MeRoeTe VARTANCE VOIDAGE NuUMBER OF

HEIGHT RATE Y o2 FRACTIGN REAOINGS

{( INCHES)? (CULFT/SEC) (SECS) (sec™) {PERCENT) IN SAMPLE
13.25 0.045 1.02 276 4.8 10
13.25 Ue054 0e94 26011 59 11
13425 6,063 0.52 1.27 Teb 32
19.25 0,045 1.29 3.30 440 23
19.25 0.054 1.48 356 5e4 32
19.25 0,063 1.32 2493 6e7 21
19.25 U090 1.07 le26 8e7 14
19.25 0.135 0.86 0495 1345 10
25425 0,045 le65 3429 443 25
25425 0.054 . 1e75 2435 5e1 16
25425 0,063 le49 2631 6e6 33
25425 0,090 1.25 2624 8.8 18
25425 0,135 1.09 leb64 1443 21
37.25 0,045 2443 4012 445 16
3725 U.063 2.02 4436 6e3 15
3725 v.081 1.78 2.81 9.0 15

(£0.2)% (to.e)*

(* VALUES GIVEN ARE THE MAXIMUM ERROR FOR THE ABOVE
COLUMNs AT THE 95% CONFIDENCE LIMITS)
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the two paremeters are derived from the szze residence time
distribution.

The size of the corrections necessary to allow for
the sampling system is glven in appendix III (b), and for the
mean reslidence time 1s of much the same magnitude as the mean
residence time of the tank itself. The range of these correct-
ions is 1.2 - 1.7 secs., depending on the air flow rate. The
corrections for the variance have a smaller relzstive megnitude
and are sbout 1/2 to 1/% of the corrected variance.

The mean residence time is shown on figure 9 plotted
agalnst the air flow rate, for the various tank heights used.
The only interesting thing to note about these curves, apart
from the overzll tendency of the mean residence time to de-
crease with increasing air flow rate end decreasing tank
height, 1s the limiting values of the mesn residence time as
Q =» O. From the results presented in section 2.3.2., it is
apparent that as the air flow is reduced, the number of orifices
bubbling is proportionately reduced until in the 1lianit only
one or two would be bubblingz. At this flow rate, the number
of bubbles rising would be insufficient to move the liquid
bodily, and the effect would be of bubbles rising through a
stagnant liquid. Hence the mean residence time would approzch
a limiting value equal to the time of rise of a single bubble
through the tank; this mey be calculated directly froa the
terminal velocity of the bubble and the height of the tank.
The termlnal veloclty of rise of a bubble of radius as cal-

cuiated in section 2.3.2., (0.63 cms.) is found to be
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FIGURE 9  GRAPH OF MEAN RESIDENCE TIME VERSUS
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27 cms./sec. (9), and hence the times of rise for various
tank heights are as indicated on figure 9 by the horizontal
dashed lines. It 1s suggested that these lines present quite
feusible terminations to the experimental curves.

If the mean residence times sre plotted agzinst the
reciprocal of the air flowrate, as shown in figure 10, a
linear relationship is found to exist. This linear relation-
ship is fitted well for the higher flow rates, but it is
possible that it breaks down for the lower flow rates. This
can be seen 1n the cases of the 1-1/2 ft. and 2 ft. tanks,
vhere there are apparently parallel deviations from the streight
line. However these deviations are well within the estimated
error and may be entirely coincidental.

A second graph of mean residence time versus the tank
height at constant flow rate is shown in figure 11, where
agaln 1t can be seen that a linear relationship exists.

The best linear relatlonship was obtained by multiple
regression analysis on the data, and detalls of this are given
in appendix III (g). The best fit so obtained was:

Y= 0.0187H + 0.00172 & + 0.320
< (35.4)
and the standard deviation for this fit was 0.3 secs. The
lines derived from this expression are shown plotted on fig-
ures 10 and 11, and ere seen to fit the dzata quite well,

The results for the vuriance of the residence time

distributions are less accurate and show far more scattere.

This is to be expected since nolse in the tail of the curve
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FIGURE 10 GRAPH OF MEAN RESIDENCE TIME VERSUS
RECIPROCAL OF GAS FLOW RATE AT
VARIOUS TANK HEIGHTS
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FIGURE 11 GRAPH OF MEAN RESIDENCE TIME VERSUS .
TANK HEIGHT FOR VARIOUS FLOW RATES
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is meagnificd by the t2 term in computing A3 and hence T .
Regression analysés (see appendix III (g)) showed that the
best fit could be obtained using the standard deviation, the
square root of the varlance, instead of the variunce itself
as the dependent variable. Consequently the standard dev-
lation is shown plotted in figure 12, against the reciprocal
of the air flow rate, for various constant tank heights.

As with the data for the uean residence times, a
linear relation 1s best fitted at the higher flow rates,
whereas at the lowest flow rate,the points are all significantly
lower and it is possible that in this region the same 1linear
relationship does not hold. However it must be remeabered
that the error due to noise in the tall of the residence time
distribution curve, is greatest at low flow rates, because
these conditions produce a longer tail on the curve.

For these reasons, the results at the lowest flow rate
(Q = 0.045 cu. ft./sec.) were not used in the regression
analysis, used to obtain the lines shown in figure 12, These
lines represent the best fit for the remaining data, the
eguation for this being:

& = 0.0307H + 0.0571%. - 0.0432 (35.5)

wlth a standard deviation sbout this line of 0.17.
An alterncztive fit that is nearly as good is
o = .00223% + 0.750 (35.6)

with a corresponding standard deviation about the line of 0.21.

In considering the physical meaning of these trends
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FIGURE 12 GRAPH OF STANDARD DEVIATION OF :
RESIDENCE TIME DISTRIBUTION FUNCTION
YERSUS RECIPRCCAL GAS FLOW RATE
AT VARICUS TANK HEIGHTS
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of the mean residence time and variance of the residence time
distribution with changes in tank height and air flow rate,
it will be conavenient to first consider the behaviour of the
stagnant volume, or deadwater regions.

The stagnant volume is obtained from the total void-
age by subtracting the active volume, vhich is defined as the
volune required to satisfy the mean residence time, for the
actual air flow rate.

i.e. Staznant volume = Voidage = VT.N

Values for the stagnant volume obtained in this way
are glven as part of table III and are also shown plotted on
figure 13 against the air flow rate, for the different tznk
helghts.

It will be seen that for air flow rates below 0.063
cu. ft./ sec., the stagnant volume is essentially zero (neg-
ative values belng sufficiently close to zero to lie within
the estinated error linits of ¥ ,015 cu. ft.)

Above thils flourate the stegnant volume increases
rzpldly; this can be asccountod for by the great increase in
the number of smaller bubbles, formed through tha following
two mechanlisnss

(a) At the higher air flow rates, the motlon of the
liquid across the plate is much faster, because of the greater
punping effect of the bubbles, and more shezring of the bubble
streams occurs, giving many smaller bubbles.

(b) As has been seen in section 2.3.2., at zbout

this flowrate all the orifices coane into use and hence the air
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FIGURE I3 GRAPH OF STAGNANT VOLUMES AGAINST
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flow through each orifice increases. Thus although the
original bubbles formed will be larger, their faster motion
will tend to tear off small fragments which will form sazll
bubbles.

Because of their lower termincl velocitles, these
small bubbles tend to be carried around with the liquid =znd
the chance of their removal from the system by reaching the
surface 1s less than for larger bubbles.

Another factor at high alr flow rates is the grezter
liquid veloclties in the system, which tend to sweep round
and recirculate more gas bubbles of all sizesj these further
add to the stagnant volunme.

Therefore because of these two factors (i) more smzll
bubbles and (ii) increased liquid velocitizs circulating nore
bubbles of all sizes, the stagnant voluame increases rapidly
with gas flow rate. It must be emphasised that to decignate
a certain part of the vessel's contents as stazgnant, does not
requlre it to be motionlessjy it merely requires that its
retention time within the systea be several times greater than
the mean retention time, or expressinzg it in terms of pro-
bablility, that 1ts chances of removal from the systea be
several tines less than average chance of removal froa the
system.

Thus the increase in voidage 1s due more to an increase
in the stagnant volume than to an increase in the active volune.

So that although the active volume increases, this increase

ls not sufficient to prevent the mean residence time from
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decreasing, as the air flow rate increases. Physically this
means that the gas flows through the tenk faster with in-
creasing gas flow and this 1s reflected in the higher bubble
velocitlies. (See section 2.3.1.)

The veriance, which is a rough measure of the width
of the curve, decreases for much the same reason. Ilot only
does the size of the active volume diminish the mean residence
time as explalned above, but also 1t will tend to diminish
the variance which variles gpproximately as the reciprocal of
the square of the flow rate, provided that there is no change
in the flow pattern. Physlicelly this means that the flow
through the tank approaches plug flow more closely as the flow
rate increases and the apoarent greater mixing that can be
observed is confined more to the stagnant volume than to the

active volume.



2.%. Dlzcussion snd Anslysis of odels Renresentinz the Jvs<an

In a process vessel where non-idesl flow occurs 1t is
usefui ﬁo derive a model for the system which adequztely des-
cribes the flow pztterns whlen occur,

The maln reasons for this ares

(a) that the model can be used to predict the offects
of varyling the parameters of the system)

(b) that it allows generalisatlon of the results obe
telned and a convenient and quantitetive coaparison between
different types of vesselsy

and {c) that it is more easily handled when the performance
of the'process vesscl 1s requlrel for a particular epplicstion.

In general there are two types of model; tne first,
sinilar to models in other flelds, is based on the fluid dy-
namicg and physical propertles of the system. The second
type of model sssunes the resl system can be considercd us a
nuaber of separuvte interconneccted reglons which behsve 1ldeally
28 elther (1) plug flow regions, (1i) comnletely mixed rejzions
(C¥3TRs), (1ii) completely stagnent or deudwater reglons.

This type of model is very flexible since a system of zny cone-
plexity can be simuleted by taking a suffliclent nuaber of
ldeal regions with sultuble interconnectins flows. It is thls
type of composlte model which will be considereid here.

The édisadventzge of thils type of nodel is thet sinze

it is derived by & llnezr process, 1t cun only be cpolied
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with certainty to linear processes. Thls can be 1llustrated
by a simple example of a system consisting of a CF¥STR in
serles with a plug flow reactor. The overzll residence time
distribution function will be the same vwhether the CF3IR 1s
first or last. Likewise the output will be the same for any
linear or first-order processes that occur within them, such
as a first-order reaction, since these processes only depend
on the overall residence time distribution function. Iowever,
for non-linear processes or non-first order reactions, the
output will depend on the sequence in vhich the flow passes
through the vessels, so that to correctly predict the per-
formance of the system, more information 1s required as to
the flow pattern.

Another factor which may cause the model to incorrectly
predict the performance vhen non-linear processes sre involved,
1s the concept of segregation. This was origlnally proposed
by Danckwerts (10) and is a measure of the effectiveness of
the mixing process. Thus a "well milxed" tank mzy contzin
discrete fragments of fluld between which there 1s no mixing
on a molecular scale, and wnich behave individually as plug
flow reactors. This would still give the same residence time
distribution function as for an ideal CFSTR but because of the
absence of complete homogenelty would not give the same per-
formance where non linear processes were involved.

Thus a mixed model is not uniguely defined froa res-

idence time distribution curves alone, and additionzl flow
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information is required if the model 1is to correctly predict

the behaviour of the system for 21l types of processes.

2.4.1. Derived Results for Fitting Models

The generzl procedure for fitting a composite model
is to consider.the shape of the residence time distribution
curve of the whole system and consider how this shape can be
syntheslised from a combination of the residence time dis-
tributi&gicurves of the ideal flow regions. (For examples
of this see Levenspiel and Bischoff (8)). In addition, know=
ledge of the flow patterns 6ccurr1ng within the system may
suggest the best configuretlon of the required flow regions
and the types of interconnecting flow.

The final step is to determine the parameters of the
model regions (i.e. the volumes of the respective regions end
the flow rates through thems) by matchling the response pera-
meters of the model to the experimentally obtzined response
parameters of the system.

It should be stressed that 1t is preferable to keep
the model simple, with as few parameters as possible, and it
is evident that the nuunber of paremeters in the model cannot
exceed the number of experimentally obtzined parameters of the
system,

In the present work the available parzmeters ares the
mean reslidence time, the varlance, the total voidage and the
measured flow velocities in the system. It 1s convenient to

derive other quantities from these parsmeters and these derived

quantities are shown in table III.



COLUMN
HEIGHT
(INCHES)

13425
13425
13425
13.25

19.25
19.25
19425
19.25
19.25

25425
25425
25425
25425
25425

37.25
3725
3725

AIR FLOW
RATE
(CUL.FT/SEC)

0,045
0.054
U.063
0,090

U.045
Ves054
0,063
0,135

0,045
0.054
0.063
Ul.090
0.135

0.045
0.063
C.081

TABLE

DERIVED

STAGNANT
VOLUME
(CULFT)

-0.004
0.000
0.008
0.01¢C

-0.008
-0.012
0.001
0,014
0.054

-0.002
-0.010
0.C16
04033
0.090

0,001
C.028
C.075

ITl

PARAMETERS

t,
(SECS)

0.47
Ca43
0440
0.35

0.68
0.62
0«58
0.51
0.45

0.89
0.81
Ce76
G.66
0.59

l.31
lel2
1.02

4
(SECS)

0e55
0«51
Ce52
Oet7

0.61
086
Oe74
Ge56
Oe&l

C.76
C.94
0.73
059
0.50

le12
0.90
Ce76
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for 1 ’ac - }. ’BC +c - c'-du’ = 0 )"l' .
X U ot Q + g ax (¥3.1)

for 2 Ret 41 de! = 0 (43.2)
exX u ¢ ¢

The boundary conditions for this systeam are as follows:

at x = 0, ¢ = e¢' = cey, and q = qo3
at x = H, ¢ = co, and q = O3
at t = 0, ¢ = 0 andc' = 0.

By taking Laplsce transforms of ¢ and c', denoted by

¢ and c¢f respectivoly, equations %3.1 and 43.2 become:

2% .
Tx

¢ + _c 49 =_¢g' 43
Q+qax Qradx 3,3

S.
U

and 3T L 5T = 0 (43.4)
u
Equation 4¥3.% can be solved to give:
¢' = ce.exp (-sx/u)

Equation 43.3 can be integrated, using an intesrating

factor of (Q + q).exp (-sx/U), to give:
-C-(Q + q).exp (-SX/U) = E' gg..exp (‘SX/U).dX + const
X

(43.6)
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Substitutlon of the boundary conditions and the value of ¢!
in equation h3.6, and subsequent rearrangemnent gives the

transfer function:

= Q.exp(=-sH/U)
R
(Q + qo) + S~exp.(-sx(l + 1)), 49,.3x
u U dx

sl sl

F(s
G(s

As a check the zeroth moment of the residence time distribution
o0

c(t)at

~ oD
= limit E%g}
s=> 0 G(s

Q + qo = qo

t
4

This 1s the correct value.

The mean residence time and the variance may be obtained by
taking the limiting values of the transfer function derivatives
as explained previously and this is found to yield

v o= % + .g. (43.9)

ana o2 = B2, (43.10)

where B = -{; + 1;, x 99 ax (4+3.11)
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The transfer function for the system may be synthesi§ed
much as the residence time distribution is, in figure 15(b),

by considering a portion of the inflowing stream @ = @ to
Q

pass only through reactor 1 and thus experience merely a time

delay T, and the rest of the inflowing stream 1 to pass through
Q

1l and 2 in serles.

Thus G(s) = -4 exp(-T;s) + a@ __ 1 exp(=-Tys)
) _ Q 1 + Tys
v
Where T; = L and T, = 2
Q q
therefore 4 G(s) = _.p Q=28 | exp(-Tys)
ds Q

-r; & L __ . exp(-T
! Q 1+ Tps exp(-T1s)

T
- % (I_:.%EETQ . exp(-Tys)

T v
th = 7 + -24 = T + ‘2
erefore Y 1 = 1 3 (4h.1)
3 _ 1 2 m. 2 2
and similarly ¢ = 5((Q - q) T;° + qT1° + 2qT1Tp + 2qTp2)
therefore 02. = 12 -2
Q

il
~
n
O
.—l
gt
~~
P
n
N
N
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The paremeters for thls model zre sumuaarised below.

Flow through region
(cu.ft./sec.)

Pluz Flou Region

' q

Volume of rsgion
(cu.ft.)

0.018.H.Q. + 0,008H

0.0009H + 0.39

Mean residence time H H
of contents of region| 0.018H + 0.008@ 0'0035 + 1.1
(secs)



3. Other York

This part contzins the results of work performed
subsequently to that reported in part 2, partly to substantiate
the findings therein, and partly to investigate further
aspects of the system.

The first section deals with the effects of in-
hibited coalescence and liquid viscosity changes, using
tracer methods as in part 2. The second section is a report
of photographic work performed in an attempt to elucidate the
mechanism of bubkle removal from the system, and the third
sec¢tion 1s a report of experliments performed to obtaln some
measure of the rate of coalescence between bubbles within

the systen.
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fraction under normal cozlescence conditions. £s can be
seen, the voidege fraction in this case is increased by 20-50%,
the fractlonzl increase belng greater at the higher zir flow
rates.

Visual observation showed that the bubbling liguid
had become milky and almost opague in appesrance and this
change was due to the presence of large quantities of very
srall bubbles. HNormally smell bubbles are removed from the
system by coalescence with larger bubbles since their terminal
velocities in the liquid are too 'small to sllow them to reach
the surface at all quickly. (This point has been more fully
discussed in subsection 2.3.5.). In this case, this means
of removal was no longer available and hence a large steady
state concentration of them accumulated.

Tracer experiments showed that the residence tins
distribution curve pzareueters were not cffected by the in-
hibiltion of coalescence nor by the associated increase in
voidage. Thus the increased voidage under these conditions
only contributes to an increase in the stagnant volume.

These results substantlete tho arguments presented
in subsection 2.3.5. that the stagnant volume corresponds to

the smaller bubbles within the system.

3¢l.2. Lffects of Liguid Viscosity
To determine the effects of the liquid viscosity on

the system, glycerol solutions of varying strengths were

used. The results obtalned from tracer experliments and other
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that coalescence 1s hindered by the higher viscosity of the
liquid, since Pattle (12) mentions that high viscosity organic
liquids do not inhibit coalescence by surface activation.

The effects of viscosity on the mean residénce tine
do not anpear to be significant and the slight differences be-
tween these data and those for water 1lle well within the es-
timated errors of the experiment. This result suggests that
the incressed voidzge ic due entirely to zn lncrease in the
stagnant or deadwater regions - more specifically the snaller
bubbles, which agrees with the observations above.

That the gas-phase mean residence time 1is unchanged
by liquid viscosity increases of the order of 7 tiases, 1s
perhaps surprising. However the report by Haberman and iforton
(9), on the motion of bubbles in various liquids, shows that
for bubble radii in excess of 0.25 cms., the terminal velocity
of the bubbles in 42% and 56% glycerol-water solutions is no
less than in pure water. Since the initizl bubble size at the
orifice 1s 0.68 cms. radius, it would appear that the velocities
of all but the smaller bubbles in these glycerol solutions
would be much the same as those in water. The smaller bubbles
are considered to be stagnant in any case, so that the effective
residence time distribution would not be altered.

The effect of liquid viscosity on the variance of the
residence time distribution 1s more pronounced, the values being
higher in all cases than those for water. Again the increase

1s sufficiently small that it can be accounted for by the ese

timated experimental error, and in the case of the values






3.2. Bubble Removal at the Surface

As an ald to understanding the mechanism of bubble
removal from the system, and possibly to shed further light
on the proposed model, a series of studies was made which
involved the high speed filming of the changes occurring in
the system when the eir sunply was cut off.

The experimental procedure was as follows., Initially
the tank was bubblinz in a steady state with a certzin constant
alr flow rate. The camera was started and when it had reached
the correct filming speed, the alr supply to the lower chamber
was cut off and simultaneously the lower chanxber was vented
to the atmosphere. This had the effect of abruptly cutting
off the flow of bubbles, and the subsequent changes in the
system were recorded on filam. A little water drained through
the orifice holes during this period but this flow was too
small to appreciebly affect the liguid height.

A quantitative measureaent that could be obtained fronm
the film was of the total height of the bubbling liquid. This
vias a very difficult measurement to make because the surface
of the liquid was very broken and many weves made a consistent
determination of its exact position impossible. Also, since
the camera's optlcal axis was below the level of the surfuce,
the picture was often confused and the rest of the surfuce
obscured by weve crests on the side of the tanit nesrest to the

camera. For these reasons the experimental scatter is quite
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FIGURE 17 GRAPH OF CHANGE OF HEIGHT OF SURFACE
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This result is in agreement with the value of 0.3

obtained for 2 in the previous studies.

Thus this work shows that the razte of loss of bubtles
at the surface at lower rates and under less disturbed con-
ditions seens to be determined solely by the rate at which
they reach the surface. At the higher rates of loss the systen
was too disturbed to yield results. These loss rates may be
interpreted in terms of the mixed model with good agreement

as previously shown,



3.3. HRate of Bubble Coalescence

In this sectlon 1is reported the lavestization made
into the frequency of bubble coalescence within the systea.
The method used is described in the following subsection, and
makes use of the almost instantaneous gas phase reaction between
nitric oxlde and oxygen fo yleld nitrogen dioxide, tozether
with the fact that nitric oxide 1s almost insoluble in water
whereas nitrozen dioxide is very soluble.

The analysls required to eveluate the dzta a2nd its

results are covered 1in a further subsection.

3.3.1. Exnerinental iizthod, Princinles, a2nd Results

Nitric oxide was injected into the tank throush the
usual tracer injection systzm and care was taken to prevent
it coming into contact with any air before 1t was injected.
The exact amount of nitric oxide injected each time was de-
termined by recording the reservoif pressure before and after
injection.

Bubbles of pure nltric oxide did not tend to dissolve
but as soon as they coszlesced with air bubbles, nitrozen
dioxide was formed and this dissolved rapidly to glve =2
mixture of nitrous and nitric acids. The nitrous acid rapidly
decoaposes to give nitric oxide and more nitric acid and thus
the net reaction for the dissolution of the nitrogen dioxide
in water may be written:

3N02 + H20 -> ZHNO3 + 10

e8le
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The implications of thils reaction are discussed in
the next subsection.

The quantity of nitric acid foramed in the water,
after each injection of nitric oxide was determined by means
of a pH meter, which sampled a side stream of liquid taken
from one drain hole and returned via another. The output
of the pH meter was recorded on a chart recorder for ease
In evaluating the results.

The one disadvantage of this method was that the pH
of the water was buffered to some extent by dissolved carbon
dioxide. Consequently = calibration between the change of pH
and the amount of equivalent acld or base sbsorbed by the
system was obtained imunedliately before and after the nitric
oxide injection runs, by adding successive measured quantities
of standardised sulphuric acld and standardised potassiua
hydroxide solution and recording the subsequent change of pH.

These experiments were perforaed with a tank height
of 25% in., at two different air flow rates and the results

were as follows:

ir flow rate (cu.ft./sec) 0.063 0.090

Mean Volume of nitric oxide
injected (ccs) 57 57

Therefore Gm. moles of nitric '
oxide injected 2.7% x 10-3 2.74% x 1073

Mean gm. moles of nitric acid L
formed in the water 4.7 ¥ 1.5 x 107 6.7 ¥ 1.7 x 10°%

The last line of results - gm. moles of nitric =scid
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written 2 + 20, + 2w il + W, + 2m

If the change in volume is neglected 2nd 1t 1s zssumed
that the right hand mixture splits into tuo equal volumes
(bubbles), a further coalescence gives:

2, + Lo, + g0+ Luo, + mye> 1di0, + Fo, + 300,

Hence 1t can be seen that tiwo coalescences are necessary
to achieve complete oxidation of the nitric oxide a2nd that an
Intermedlate bubble composition exists containing thirty-three
per cent nitric oxide, twenty-t.uo percent nitrogen dioxlde
and the remainder nitrogen.

Further coalescences beyond this stagze of complete
oxidation only serve to dilute the conceniration of nitrogen
dioxide in the bubbles but at the same time the interfacilal
area exposed to nitrogen dioxide is 1lncrecased. However 1t
can be shown that the sbsorption of nitrogzen dioxide is
sufficiently rapid that, under the prevelling experimental
conditions, 70-75% of the nitrogen dioxide formed will be
dissolved. (see appendix V)

The derivation for the amount of nitrogen dioxlde
formed is as follows. Let m be the rate of coalescence per
bubble per second, ' be the number of bubbles containing
pure nitric oxide initially injected, and N the nuaber of
those bubbles remainling at time t. Also let n be the nunber
of bubbles of nitrlc oxide which have only undergone one
coalescence at time t, and contain thirty-three percent nitric

oxide.





































































































































































