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ABSTRACT

Foaming and non-foaming systems have been distilled in
a sieve plate column. It has been confirmed that the plate
efficiency of the foaming (surface tension positive) system is
higher than that of the non-foaming (surface tension negative)
system under foam inducing conditions.

At high vapour rates and low weir heights a liquid
phase dispersed 'spray regime! is encountered. Under these
conditions the surface tension positive system gives a lower
plate performance than the negative system. It is thought that
the difference is caused by the higher proportion of small drops
present in the dispersion for the negative system.

For both types of system the performance in the spray
regime is found to increase with decrease in the absolute value
of surface tension. This is in gqualitative agreement with an
analogy based on spray atomisation, and consistent with the
effect of surface tension on drop size,

A model is proposed for the spray regime which assumes
a distribution of drop sizes projected upwards at initial velocities
which are a function of drop size. The model has been used to
deduce values for the drop size distribution parameters from the
measured dispersion density profiles. It is found that the

deduced mean drop size increases with surface tension. The



dependence is similar to that predicted by the spray analogy.
Values of plate performance in the spray regime

estimated from the deduced drop size distribution with the

help of the model are close to the measured values of plate

performance.
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CHAPTER ONE

INTRODUCTION

Although distillation has been practised for centuries
it has remained an art, rather than a science, until recently.
Investigations into the basic phenomena that take place during
distillation have been stimulated by the economic necessity of
designing reliable and efficient equipment. What has resulted
is a generalised approach to designing distillation equipment
with a limited degree of confidence. On the other hand it is
evident from the literature that the highly complex mass,
momentum and heat transfer phenomena occurring in distillation
are slow to yield their secrets,

Following a survey of research activity in the U.K,
the Association of BritisA Chemical Manufacturers (A.3.C.M.) and
the British Chemical Plant Manufacturers Association (B.C.P.M,A,)
decided to set up an ad hoc "Distillation Paneli’, The function of
this group was to assess the state of the art, and recommend
directions for further research., As a result six projects were
sponsored by the 4.B.C.M,/B.C.P.M.A,

One of the topics investigated was concerned with the
roles of heat and mass transfer in distillation. The findings
to date have been reported by Sawistowski et al (1) and
Bainbridge and Sawistowski (2), Particular interest was shown

in the reported phenomena concerning a maximumin efficiency with
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concentration(3) (4). The work of Theobald (1) indicated that
the sensible heat transfer between the phases played no
significant role in the separation process for the systems
investigated. Consequently the concept of 'Thermal distillation'
(5) cannot be evoked to explain the variation of efficiency with
composition, On the other hand it has been confirmed that under
certain conditions the distillation efficiency is a function of
composition, decreasing at the extremes of concentration and
close to an azeotropic point. It was suggested (1) that this
behaviour could be explained by surfact tension effects,

In a classic paper (6) Zuiderweg and Harmens demonstrated
how surface tension gradients,set up by interphase mass transfer,
could affect the type and magnitude of the interfacial area
generated in distillation. They characterised the surface tension
properties of the distilling systems in terms of the rate of
change of the surfaoce tension with composition (do /dx). Their
work concluded that foaming systems (do/dx < 0) could be expected
to give greater interfacial area than non-foaming systems
(do/dx > 0), and as a consequence would give higher efficiencies.
As a corollary it was added that the variation of efficiency with
composition could be explained by the variation of local surface
tension differences (Ao”) with composition. Thus foaming systems
would be expected to show a maximum in the efficiency/composition

relationship and non~-foaming systems would not, These findings
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were substantiated by Catchpole (7) who stated that when foaming
and non-~foaming systems were distilled in the same column the
plate efficiency tended to be higher for the foaming system,

In contrast Bainbridge and Sawistowski (2) showed
that under certain conditions the reverse behaviour prevailed,

Not only did the non-foaming system present a maximum in the
efficiency/composition relationship it also gave a higher efficiency
than the foaming system. An explanation was provided by the
observation that the dispersion-type on the plate was predominantly
spray. Since the factors governing foam generation are the opposite
of those governing spray generation it follows that in the "spray
regime" the non~foaming system would be expected to give the greater
interfacial area and hence the higher efficiency,

It is relevant to note that the "spray regime' is no longer
an undesirable consequence of increasing column throughput beyond its
design specifications, but is increasingly being employed as
deliberate policy (8) (9) (10),

Ls o result it was decided to investigate the performance
of foaming and non-foaming systems over a range of conditions. By
Jjudicious arrangement of flow rates and liquid hold-up on the plate
it is possible to induce bubbling dispersions, droplet or "'spray
regime’ dispersions, or any intermediate condition, This thesis

presents the findings of such an investigation,.



1h

Measurements were taken in an attempt to characterise the
dispersion types, and to highlight the differences between foaming
and non-foaming dispersions,

It was also hoped that evidence could be gathered which

might suggest an approach to modelling the spray regime.
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CHAPTER TWO

LITERATURE REVIEW

241 Some basic concepts

The basic equations describing interphase mass transfer
have been extensively covered in the standard text books. Only
those relationships of direct relevance will be discussed here.
According to the two-film model of interphase mass transfer,
proposed by Whitman (11), the resistance to transfer under turbulent
bulk conditions is assumed to lie in two laminar films, one on each
side of the interface. The interface itself is assumed to offer no
resistance to mass transfer, In consequence the overall resistance
to transfer is the sum of the two separate film resistances. The
resistance is taken as the reciprocal of the mass transfer coefficient.

For a gas-liquid system this leads to the relationship

w_....:‘u... = 5;}-. 4 -r-n— sea (2 -/1 )

where KOG’ KG and KE are the overall gas phase, the individual gas
phase to the individual liquid phase mass transfer coefficients
respectively, and m is the slope of the egquilibrium line.

From the transfer unit theory of Chilton and Colburn (12) (13)

combined with equation 2.1 it follows that

'I'\']:]_- = ﬁl— -+ -H%LI: ees (2-2)
oG G L
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in this case NOG’ NG and NL are the number of overall and individual
transfer units, and NOG can be expressed by

NOG = KOG.S/G avs (2023-)

An alternative approach to the expression of mass transfer
performance in plate columns is the use of the efficiency concept.
In general the efficiency is a comparison of actual separation with
the ideal separation obtainable if certain equilibrium criteria are
satisfied.

The most commonly applied definitions, due to Murphree (14),
preceded the transfer unit theory by a number of years.

The Murphree point efficiency is given by

yl o gy
i n n+ 1
EP = yn'*._ Y;H_,] = ] - expGKOGS/G) res (243)

where yd and y£+_ are local vapour compositions above and below the

1
tray, and yﬂ* is the vapour composition in ecquilibrium with xd , the
local liguid composition, which is assumed to have no vertical
concentration gradient. Murphree obtained a result of this type by
attempting to relate the change in composition at a leocality with the
basic mass transfer concepts of mass transfer coefficient, KOG' and
interfacial area S,

In the light of the transfer unit theory equation 2.3 can

be written

B, = 1 - exp(~Ng) ses (2.4)



17

The Murphree efficiency taken across a whole plate is

y, =¥

- _ “n n+1 (2.5)
. -— *— o e . .
m In ™ In+

where the yg‘ is in equilibrium with X the exit liquid composition.
The Murphree 'vapour-phase plate efficiency'!, and the analogous
liquid-phase efficiency, are related to the more basic 'point
efficiency' by mixing criteria.

Recent mixing models have been based on the eddy. diffusion
concept. An example is provided by Gerster et al (15) who relate

E_, EMV and the modified Peclet number Pe

1 - exp(-R - Pe.) exp(R) -~ 1 (5.6)
: = + asa 2a
By (®+P ) (1+R+ D) vy +pr)
R
Fe 3
Where R = '_" ((P + —_'2 ) ) ses (2.7)
e
and A = m3/L ees (2.8)

By combining the foregoing equations the A.I.Ch.E. research
committee (16) have presented a general design method which is shown
to provide a useful means of predicting column performance. On the
other hand it should be pointed out that the A.B.C.M,/B.C.P.M,A.
projects were partly motivated by the knowledge that the A.I.Ch.E.

esign method has serious limitations.
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The advantage of using the addition of resistances
approach is that it is possible to conduct separate experiments
on gas—phase controlled and liquid-phase controlled systems and

obtain correlations for NG and N For a distilling system where

L°
both phase resistances may be significant, NOG is found using
equatibn 2.2 which combines the NG and NL values derived from
the correlations.

As a general rule it is necessary to correct the NG and
NL values for the variation in gas and liquid physical properties.

From the analogy between heat, mass and momentum transfer Chilton

and Colburn (17) have obtained the following relationship for mass

transfer
KG.S '%
(JD)G = _??_ (SCG) = f(ReG) »ee (209)

where jD is the so-called j-factor for mass transfer.
It follows from egquation 2.9 that

() Sc
G'1 _ ( 2)%

-— e (2.10)
(NG)2 Sc1

Gerster, Colburn, Bonnet and Carmody (18) used this relationship to
correlate thelr gas phase performance data. However for the liquid
vhase they employed the relation

(1) D
L1 ( L’l)%

= asa (2011)
(N.), D,

which is in agreement with the penetration theory of Higbie (19).
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This approach has received subsegquent support, although
the exponent in equation 2.10 is often given as 3, as in the

A.T.Ch.E. design method.(19(16).

2e2 Previous Work

Before discussing the findings of the A.B.C.M./B.C.P.H.A.
project 3 it is aporopriate to mention the work of Zuiderweg and
Harmens (6), In a series of experiments in different types of
distillation equipment they demonstrated the influence of the surface
tension gradient on the interfacial area formed, and the associated
mass transfer performance., They classified systems in terms of the
magnitude and direction of the surface forces set up during mass
transfer. Systems in which the surface tension decreases with
increasing composition are denoted as Ppositive' whilst systems
with increasing surface tension are termed 'negative',

The combined effect of mass transfer and surface tension
gradient is illustrated in Fig.2.1. In this example the system is
positive (b). Illustration (c) represents a liquid lamella at bulk
composition X and interface composition Xis with a "thin spot!
which, owing to its low capacity, has rapidly approached equilibrium
with the bulk vapour Ty It is seen that the local difference in
surface tension, represented by o* -0, is influenced by the slope
of the surface tension curve, and by xi--x*, which approaches xb-x*
for a gas phase controlled system. The nett effect in this example

is that liquid is drawn into the "thin spot’ and tends to stabilise



X
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FIG ZJ. ILLUSTRATION OF FILM STABILISATION
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the film, For a "negative" system o* will be less than G}_and
the thinning process will be augnented. The classification of
Zuiderweg and Harmens can be summarised as follows:
positive systems, do/dx <O, relative volatility ¢ is not small;
negative systems, do/dx =0, relative volatility a is not small;
neutral systems, d¢&/dx =0, andfor & —=1,

An added condition for promoting neutral behaviour, is
when the driving force is reduced as a result of working in the
Ypinch condition'.

From their work on Oldershaw sieve plate columns it was
concluded that the positive systems promote foam, and the negative
and neutral systems promote spray. It is also show that positive
systems tend to give considerably higher plate efficiencies than
neutral systems which in turn tend to give slightly higher efficiencies
than negative systems. In addition the influence of the driving
force on the surface tension effects will be marked for the
positive system and insignificant for the neutral and negative
systems., In other words the positive systems can be expected to
show higher efficiencies than the negative systems, all other
things being equal. The effect of composition on performance
will be considerable for the positive systems and absent for the
negative,

Zuiderweg and Harmens add that the differences between
positive and negative systems would be expected to diminish with

an increase in the size of the column, owing to the greater
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tendency for spray formation. Results from a 0.45 m. diameter
tray, for positive, weakly positive and weakly negative systems
all showing similar performance, are offerred as evidence to
this claim, It will be shown later that these results are open
to re-interpretation.,

Additional comment is made by Catchpole (7) who
reviewed a number of investigations and concluded that when a
positive and negative system are distilled in the same column
the plate efficiency is higher for the positive system.

The initial terms of reference of the A.B.C.M./B.C.P.M.A,
project 3 were to study the roles of heat and mass transfer in
distillation. Attention was focused on the observed variation
of distillation performance with composition. Whilst this
variation was confirmed, it was shown by Theobald (1) that the
role of heat transfer, or 'thermal distillation', is insignificant.

Furthermore the generalised predictions of Zuiderweg and
Harmens and Catchpole fail to apply. Thus, under certain conditions,
the negative systems tended to show a higher efficiency than the
positive systems, and both types exhibited a variation in performance
with composition. An explanation is offerred by Bainbridge and
Sawistowski (2) who noted that the dispersion-type in these
investigations was predominantly spray. In this regime it is
suggested that the surface tension properties of the negative

system will assist droplet formation and those of the positive
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system will discourage droplet formation. Since, in the spray
regime, the mass transfer surface is predominantly the surface
of droplets, the negative system will be expected to give a
higher surface area than the positive system. This implies
that the criteria of Zuiderweg and Harmens fails to cover
behaviour in the spray regime.

A further property of the spray regime noted by
Bainbridge and Sawistowski, is that plate performance decreases
with increase in absolute surface tension, O . This has since
been confirmed by de Goederen (20). In both cases the performance,
NG’ was found to be inversely proportional to o~.

In the light of these observations it is necessary to
re~-examine the results quoted by Zuiderweg and Harmens for the
0.45 m. column, in which positive and negative systens gave very
similar values for platc efficiency., At the compositions employed,
the negative system, benzene/toluene, had an absolute surface
tension of 20 dyn/cm, whilst the two positive systems, n~heptane/
toluene, and n-heptane/methylcycldiexane had values of 15 and
13.5 dyn/cm respectively. This is important since spray formation
was observed to be predominant. A comparison of systems would only
be justified if the absolute value of surface tension were the same
in all cases. 1In addition, if the performance is exprecssed in
terms of N

G
system having a Schmidt number of 0,86 (compared with 0.67 for the

s and then corrected by equation 2.10, the negative
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two positive systems) shows up to even greater advantage. It is
recognised that expressing the performance in terms of NG is only
valid if the plate is well mixed, so that Ep is very close to EMV’
and if the systems can be assumed to be gas-phase controlled,
However there is at least a prima facie case for stating that
these results of Zuiderweg and Harmens are compatible with the
findings of Bainbridge and de Goederen,

From the foregoing discussion it would appear that the
criteria of Zuiderweg and Harmens can only be applied when the
operating conditions are such as to encourage foaming in a
positive system and spraying in a negative system. Such conditions
are $ypical of Oldershaw columns in the normal operating range.
When larger scale equipment is used frothing tends to be suppressed
and spray~type dispersions are encountered, as observed by
Zuiderweg and noted by the E.F.C.E. Working Party on Distillation (21)s

As a consequence it was decided to compare the performance
of positive and negative systems under foam-~inducing and spray-
inducing conditions. Apart from the surface tension properties
of the systems, the major influences on the type of dispersion
generated in a‘given column are judged to be the liquid hold-up
and the vapour rate. For a column operating at total reflux the
variables become weir height and vapour rate.

It is of interest to note that liguid holdup and gas rate

are major parameters in the work of Wong (22), and Shakhov, Noskov
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and Romankov (23) who studied the transition from foam to spray,
and in the work of de Goederen (20) in his study of mass transfer
in the foam and spray regimes.

It remains to discuss briefly the dispersion regimes
on sieve plates with particular reference to the properties and

occurrence of the spray regime,

2.3 Dispersion Regimes on Siewe Plates

2.3.1 Hydrodynamic considerations

It is generally agreed that several types of dispersion,
or regime have been observed on sieve plates. The factors
governing the type of dispersion generated are the plate geometry,
the fluid flow rates and the fluid physical properties.

The regimes are roughly characterised by the nature,
gas or liguid, and ti.c volume fraction of the dispersed phase,

As an illustration Figure 2.2 shows plots of volume fraction of

liguid, often termed mean dispersion density fi, against gas

velocity,
1.0
) Constant 1liquid hold-up
1
Mean
dispersion Figure 2.2
density .
[}
H
0.0 | A
VG

The Effect of vapour rate on Mean Dispersion Density
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Curve I is taken from Williams et al (24) and can glso
be derived from de Goederen's (20) data on hold-up and dispersion
height. Curve II is taken from Wong (22) and Calderbank and
Moo~Young (25), and can agein be derived from de Goederen's data;
it is also consistent with the observations of Sargent
(A.B.C.M./B.C.P.M,A. Final report on Distillation, 1964, page 132).

At low gas rates, liquid tends to weep through some of
the perforations and gas bubbles through others, this is region A
on Figure 2.2, and corresponds to the 'weeping range ' of
Prince (26) and the condition of non-uniform behaviour of
Solomakha and Matvozov (27)., In this region the bubbles rise
under the effects of buoyancy alone.

It is important to note that for a continuously bubbling
orifice the bubble frequency appears to be constant at approximately
20 per sec at all except the lowest flow rates. This was
originally observed by Calderbank (28) over the range of flow
rates from 20 to 250 cq/sec., and have recently been confirmed
by Porter et al (29).

As the gas rate is gradually increased the weep rate
decreases, and the majority of the perforations bubble. In this
region, B, there is a decrease in the mean dispersion density and
a gradual tendency for buoyancy rise to be replaced by forced

bubbling. As seen in Fig., 2.2 this region is characterised by
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two types of behaviour. Under certain circumstances the dispersion
is comprised of large cellular bubbles of low surface area per unit
volume and high gas hold-up (25), This regime is known as the
cellular foam regime, and is represented by curve II., According
to Schroter (30) this is an "almost rigid" structure. Factors
encouraging this type of dispersion are those favouring the build-
up of a mass of rigid bubbles. These include the presence of foam
baffles, high overflow weir, and the influence of side walls; this
latter factor being a significant difference between small scale and
large scale cequipment, as observed by Zuiderweg (6). Added to these
external influences there is the important effect of surface tension
forces. A decrease in the absolute value of the surface tension
enccurages cellular foam build-up as can be seen from the results
of de Goederen. Similar results have been reported by Schroter, who
added a surface active agent to his air-water system and obtained
unmanageable quantities of cellular foam. However in this case the
change in surface elasticity may have been a contributing factor,.
In addition the surface tension properties discussed under Zuiderweg's
work (section 2.2) will be highly significant. A 'positive' system
will tend to encourage the formation of stable bubbles and favour
cellular foam build up. It has also been pointed out by Andrew (31)
t=nt the stabilising effect of surface tonsion forces in two-component
mos.ares is at a maximum when e(x)(do/dx)z is a maximum, here . is

the surface tension, x is the composition and the function 6(x) is
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adeguately approximated by x.

As the gas rate is increased the added turbulence causes
bubble coalescence and breakdown of the rigid structure of the
cellular foam. The resultant highly agitated dispersion is termed
mobile foam, or froth. The transition is heralded by the onset of
liguid circulation, manifesting itself in the downward movement of
small bubbles near the walls, according to Porter et al (29).
Moreover Schroter claims that the transition occurs at a superficial
velocity of approximately 1m/s independent of plate geometry, and
liguid bulk viscosity and surface tension. However, as he
acknowledges, de Goederen's results at low liquid hold-up indicate
a transition from cellular to non~cellular dispersion at a
superficial velocity of 0.5 m/s.

Before considering the consequence of further increasing
the gas rate 1t is necessary to return to Figure 2.2 and curve 1
in region B. It has been seen that under certain conditions
region B presents a rigid cellular foam which gradually gives way
to a highly agitated froth, region C. However, it is not uncommon
to find that forces supporting cellular foam formation are absent
or at least outweighed by other factors. This is represented by
curve I on Figure 2,2, and is essentially a mobile foam regime,
characterised by bubble coalescence and non-cellular behaviour,
Lew welr height, the absence of foam baffle and large column

diameter are some of the external factors. Added to this
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Calderbank (25) has shown that low orifice Reynolds numbers favour
cellular foam formation., This suggests that at equal hole velocities
small orifice diameters favour curve II and large orifice diameters
favour curve I. It follows that bubble cap plates with their high
effective orifice diameters, and coarse bubbling action, will not
favour cellular foam formation, and will tend to show curve I
behaviour in region B, as seen in the Michigan report (24).

Liquid physical properties such as surface tension and surface
tension gradients will be important factors. In particular it is
known that surface tension negative systems will not sustain
cellular foam even at low orifice Reynolds number in small eguipment
such as Oldershaw columms (6). Such systems would inevitably give
curve I behaviour.

At higher gas rates all system types will exhibit non-
cellular behaviour, this is the froth, or mobile foam regime, C in
Figure 2.2. This regime is characterised by a high degrece of
turbulence and liquid circulation. There is also an increasing
tendency for the upper zone of the dispersion to be present as spray
droplets. It is a fair generalisation to say that region C is the
most ubiquitous in industrial sieve plate operation (6).

As the gas velocity is raised there is an increasing
tendency for the liquid to replace the gas as the dispersed phase,
as observed by Foss and Gerster (32) and Garner (33). VWhen the

majority of the liquid in the dispersion is in the form of droplets
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the regime is termed the Spray Regime, region D in Fig. 2.2,

The importance of any of the regions A to D in the
velocity spectrum of a given sieve plate is governed by the
'basic factors'! of plate geometry, fluid flow rates and fluid
physical properties. As already pointed out curve II, cellular
foam regime, does not always prevail in region B. In most cases
it appears to be difficult to pinpoint the transition from one
regime to another., The transition from cellular foam to froth is
not clearly defined according to Wong (22), and the results of
de Goederen (20) confirm this. There appears to be some disagree-
ment in the literature as to whether the transition between froth
and spray is gradual or can be pinpointed. Wong claims that the
transition occurs at a point, although he measured the transition
from spray to foam in a system without liquid flow. This is in
partial agreement with Shakhov, Noskov and Romankov (23} who
observed critical gas velocities at transition, and also found
a hysteresis effect. Shokov et al characterised the transition
by measurenent of entrainment and pressure drop, claiming that a
distinct Jjump in the entrainment rate and the pressure drop
occurred at the onset of the spray regime.

In contrast, the performance data of de Goederen and of
Yoshidn et al (8), which cover the transition range from froth to
spray, show no noticeable b:eak in the curves, which would be

expected from Shakhov's results. Moreover the pressure drop curves
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of Yoshida are smooth, unlike those of Shakhov.

243+¢7e1i  The Spray Regime: Hydraulic behaviour

The spray regime is favoured by high gas rate and low
liguid hold-up. In the Michigan report (24) the dispersion at
low submergences is described as "like an inverted rainstorm',
Yoshida et al (8) draw the analogy with a fluidised bed. This
analogy is carried a stage further by Andrew (34) in a recent
investigation into the hydrodynamic and performance characteristics
of large diameter absorption columns at high superficial gas
velocities. Considering the dispersion as a 'fluidised bed of
fluid' Andrew assumes the drop size to be approximately equal to
the maximum stable drop size consistent with the given gas rate
and the liquid properties. Having an estimate of the particle
size it is possible to estimate the bed (or dispersion) density
from the terminal velocity and the prevailing gas velocity using
the Richardson and Zaki (35) equation. Mean dispersion densities
of 0,25 and less are estimated for the spray regime, which agrees
with figures of 0.25 to 0.7 obtzinable from de Goederen's results,

According to de Goederen the droplets from his lowest
surface tension system were the smallest and appeared to be thrown
up highest above the plate. It has also been shown (36) (37) that
the swmallest drops reach the highest levels., Another characteristic
of the spray regime is that pressure drop and the liquid mixing

parameter, the Peclet number, become independent of the weir height ' (8).
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Active interest in the spray regime has had two major
motivations., Firstly, it is an inevitable consequence of trying
to inecrease the throughput of a column that a more spray-like
dispersion is formed, this will have undesirable results if entrainment
becomes heavy. Secondly it is believed that liquid dispersed systems
offer a more intensive mass transfer zone. This is the philosophy
behind recent investigations into the behaviour of a slot tray
operating in the drop regime (9). It is claimed by the authors,
Dytnerskii, Planovski and Matvozov, that such plates are already
operating successfully in industry. Spray regime operation is also
deliberate policy in the high capacity trays investigated by
Manning (10) and Yoshida et al (8). It is also known that sieve
trays used for vacuum distillation are often operating in the
spray regime (33).

243+7.i1 Nonhomogeneity of Dispersions

It is important to realise that whilst Figure 2.2 is a
useful hook on which to hang the concept of different regimes of
operation of sieve plates, it conceals an important property of
the dispersions. As shown by Macmillan (38) and others the gas-
liquid dispersions are generally non-homogecneous. This means that
the local value of dispersion density varies with height above the
plate floor, It will also vary with time, but it has been shown by
Bernard (39) that time averaged values are reproducible. This non-

homogeneity suggests that different types of contacting may take
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place in a given dispersion; as substantiated by visual
observation.

According to Garner and Porter (33) three zones can
be distinguished at different levels in the dispersion above a
sieve tray:

(1) At the bottom of the dispersion, a clear liquid

layer in which bubbles form and rise at high
velocity.

(2) Above this, a mass of bubbles (cellular or mobile).

(3) Above this, a spray of liguid droplets of various

sizes.

The overall significance of each zone will be different
in the various regimes. In the cellular foam regime zone (3) will
be negligible, in thc mobile foam regime all zones may be significant,
and in the spray regime zone (3) will be predominant, (2) will be

absent and (1) negligible or absenta

2e3e2 Mass transfer on sieve plates

A rigorous approach to description of the mass transfer
processes occurring on sieve plates would have to take into account
not only the different regimes but also the separate mass transfer
zones present. Some effort has been made along these lines, but
this sually demands the simplifying assumption that one or more of

the zones make a negligible contribution to mass transfer.
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Considering the case of bubbly dispersions Garner and
Porter (33) have assumed that the spray zone is insignificant,
They use the solution of the unsteady state diffusion equation

for a rigid sphere with constaunt surface concentration.

=% . _ -6 S[a (2P /e?)
c,-cx T Tp * 2 L 028 TMghTmur S
i n=1 n
ess (2.12)

where 01, Ca, and C* are the initial, final and interface
concentrations in the gas phase. The diffusivity term, DE’ is
an effective diffusivity, which incorporates both molecular and
eddy diffusion. Assuming gas phase control equation 2.4 can be
written

Ny = -ln(1 - Ep) aee (2,h2)
Equations 2.4a and 2.12 can be used to investigate the relationship
between NG and t for given values of DE and r. Garner and Porter
have done this for r = 0.5 cms. and DE = 0,1, 0.2, O,k cma/s ; and

their results are shown in Figure 2.3.

Figure 2.3

(taken from ref (33))

O 0.1 0.2 0.3 0t 0.5 0.6
t(s)
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As a simplification they also point out that the series
in equation 2.12 is closely approximated by the first term if
Dy 7$t/r2 is greater than 0,5. Thus eguations 2.4a and 2.12
give
N, = 0.502 + (DEvtat/ra) ess (2413)
They plotted data from the Delaware Report (15) and
obtained a correlation of this form except at the highest gas
rates.
Toking this approach a stage further Porter, Wong and
Davies (29) have analysed mass transfer in the cellular foam and
in the froth (mobile foam). Bquation 2.13 is taken to hold in the
cellular foam and two models tested for the froth. The first froth
riodel is based on the observations of Calderbank and Moo-Young (25)
that the froth comprises small bubbles of uniform size in a completely
mixed cloud. The second model is based on twe bubble sizes, large

and smzll, with uniform residence time. These models give the

relationships:
(I) Calderbank model, Ny = 0.48 + ln(DE ﬂzt/%a) ees (2.15)
(IX) Porter model, N, = 1n(1/Lb> + 0.5 + (D 7rat/ra)Lb . (2.15)

where Lb is the fraction of gas in the large bubbles, When Lb is
unity .. mations 2.13% and 2.15 are idert’cal. It is shown that the
Calderbank model is not invelid but that the Porter model is

probably a much better representation of the physical conditions,
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Values of Lb indicate that the major portion of the gas passes
through as large bubbles of formation size, this means that the
intercept on a plot of NG versus t is nearly 0.5+ In other words
mass transfer in the cellular foam and in the froth should be
correlated by similar relationships; this is important since

few correlations specify the type of dispersion they cover,

Porter et al also determine DE from the slopes of the NG versus

t plots., The ratio of effective to molecular diffusivity, DE/DM

is shown to increase almost linearly with orifice Reynolds number,
the values for the cellular foam being only slightly lower than
those for the froth. This correlation is questionable on two

counts. Firstly, since DE is a characteristic of the bubble rise
zone it is surprising it can be correlated by the orifice Reynolds
number. Secondly, ccrsidering the rigidity of the cellular foam
bubbles and the more chaotic nature of the froth it would be expected
that the ratio DE/DM for the froth would be significantly greater than
that for the cellular foam.

The original model of Garner and Porter indicates a high
rate of mass transfer at low residence time (Fig. 2.3); dNG/dt is
very high as t —» O, This is as expected from the assumption of
unsteady state mass transfer to a rigid sphere with constant surface
concent-ation. No special consideratic.: is given to the bubble
formation period, which covers the bubble growth period up to

detachment. However as pointed out by Thorogood (40) it is to be
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expected that during bubble formation the kinetic energy of the
vapour decreases rapidly, and considerable amounts of energy will
be dissipated as turbulence. Under these conditions it is to be
expected that DE will be much larger than in the bubbly dispersion.
Thorogood solved the equation for mass transfer into a growing
bubble for the condition of constant upward velocity, U, of the top
of the bubble. The efficiency at bubble formation is then

EB ..-'.:-.EKG‘/(ZKG' + U) Y (2016)

where KG‘ is defined by Thorogood as the mass transfer coefficient
during formation. He obtained values for EB from equation 2.4a with
NG taken as (Né)t==0' which is the intercept value obtained from
plotting NG versus t.

In general the plate performance can be written

= )
Ns (NG' ot (NG)r,t

where (NG)O is the contribution due to the bubble growth period
and (N,) . is due to the bubble rise period, and is time dependent.
1

Thus the intercept on a plot of NG versus t is gpproximately given by
Mglio = Wedo+ U, 4o

If it is assumed that (NG) is approximated by the constant

r,t=0
0.5 in equation 2,13, the extra contribution due to bubble growth
is very small. As a result it would apnear that the original

assumption of constant DE throughout ihe bubble life time is a

reasonable approximation. Macmillan (38) has demonstrated the
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diminishing significance of the bubble formation period in his

work, as the gas rate is increased,

The foregoing analysis of bubbly dispersions suggests
the following:

(1) It is probable that under most conditions of bubbly
dispersions both cellular and mobile foam mass transfer
can be correlated in a similar manner.

(2) The bubble formation zone has high mass transfer, the
significance of which diminishes as the gas rate
increases or the overall residence time increases.

As this analysis is based on bubbly dlspersions it will
not be relevant when spray formation predominates, as at the
highest velocity condition plotted in Fig. 2 of the paper of
Garner and Porter. &p.ay regime mass transfer is discussed in

section 2.3;2 -ii-

2.342,1 Mass transfer correlations for bubbly dispersions

There are numerous correlations for mass transfer on
bubble cap and sieve plates. They often prove difficult to compare
since they may be presented in terms of efficiency, the number of
transfer units, or mass transfer coefficients. The latter require
either dispersion height or surface area data to aid comparison.

Another distinction is the theoretical basis of the
correlations. Most of the Russian work is based on dimensional

analysis, which allows for the interaection of parameters. In
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contrast the A I.Ch.f. project results are correlated by 'best-
fitting' them to chosen parameters. It is not clear from their
work if they tested for interactions between parameters, Bernard
(39) found that his results showed considerable interactions and
that no usable pattern emerged from a statistical analysis.
Bearing in mind the conclusions of Thorogood (40) on
the bubble formation zone, and the approach of Garner and
Porter (33), Fig. 2.3, it would appear that some allowance

should be made for the residual (NG) this cannot be

t = 0f
covered by the dimensional analysis approach.

As a general rule performance, expressed either as
efficiency or the number of transfer units, is found to decrease
with gas rate.

The work cf Gerster et al (15) correlates the gas phase

performance by

:
NG.SC? = 0,776 + 0.116W - 0.290F, + 0.0217Ly, ... (2.17)

where W is the weir height, Fb is the Fafactor based on the bubbling
area and LW is the liguid flow per unit of column width,

An alternative approach is given by Foldes (41) who
demonstrates the analogy between hydrodynamic and mass transfer

processes on perforated plates, His results are correlated by

I -0.2 , 0.1 ,_ 0.0k [dc] 0.1
By = 0.33 ReG GaG GaL T eve (2.18)

where W is the weir height and dC is the column diameter. Ga is the
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3 2

Galileo number = ‘—’—éﬂ— = Re®(Wg/V"). The linear dimension
ue g

used in Re is W,
Chu (42) used the Chilton and Colburn (17) analogy to
calculate the gas phase mass transfer coefficient. This relation

may be expressed as

K, = 0.023 VRe‘°‘2 5g0-67 cee (2.19)
or
sh = 0.023 RO 5033 ves (2.192)

where Re is based on the bubble diameter and velocity.
For the condition

Interfacial Area (S) # f(Re)

Ny o Rg02  g50-67 ves (2.20)

Rodianov and Radikovskii (43) have recently measured KGS and S on
a sieve plate. They correlate the gas phase mass transfer

coefficient by

Sh = O.O17ReG 0.85 Sco’5 ees (2.21)
where Re, = de/(;;fE), fh being the fraction of gas in the

dispersion. This can be shown to be equivalent to

Ky, = 0.017 VORe—O'15 §g0+20 voe (2.22)

where V is the actual gas velocity(Vo = VVFG). Equations 2,22 and
2419 can be secen to be similar,

De Goederen (20) correlates his gas phase data for
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cellular foam conditions with

-0.45

D ees (2423)

Sh = 0.67 Reo'3 FO

where FOD = diffusional Fourier number = M
acv

D = diffusivity, h = height dispersion, F. = fraction liquid

L

in the dispersion, d = bubble diameter, V = superficial gas rote.

Equation 2.23 can be re-arranged to give

= | ~0.45
h(1-F.)
0.75 _0.45 L
Sh = 0.67 Re Sc . 3 ces (2.24)
or - =0 I+5
h(1=-T) ‘
KG = O¢67V Re-o'zs 50-0.55 —T—L"‘ LX) (2-25)

Assuming (1-§i) can be adequately accommodated in the Reynolds

number as in eguation (2.21), equation (2.24) becomes
—0.2'1'5
Sh = 0.673630'75 SCO'L{.5 [%] aes (2426)

Dytnerskii et al (44) have produced what they claim to be an
almost universal correlation, starting from the theoretical

expression

_ 0.5 - Hg 0.5
Sh = 0.,46Pe (—-—-——-—quL) ees (2427)

for mass transfer from a spherical bubble at Re « 1, It is then
assumed that an equation of the same type will hold for bubbly

dispercions, if some allowance is made for the increased mass

transfer rate due to the introduction of turbulence. This hydro-
W]

dynamic factor h

, is taken as AP/pLdg, where A P is the
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pressure drop caused by the presence of the dispersion.
The correlation is

_ .5 e 4045
Sh = Fh (“G+ “L ese (2.272)

Assuming AP ==h(1 - F.) p ;g

and noting Pe = Re x 8¢, equation 2.27a can be re-arranged to

. 0.5
Sh = A! Re o O 5 [d-’[ “ + I ] e (2.28}

Dytnerskii et al have shown that their correlation
equation (2.27) holds good for numerous systems on a variety of
plate types. This is less surprising when equation 2.28 is
compared with the equations of de Goederen (2.26), Rodionov (2.21)
and Chu (2.19a).

This analysis shows that a number of seemingly different

correlations can be reduced to a common form

Sh = OCReB SCY Phb 408 (2-29)
where o = a constant

B = 0,5 to 0.85

vy = 0,33 to 0,50

5 = 0,0 to 1.0

It is significant that in none of the correlations for the bubbly

dispersions is there a term which includes the surface tension.
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2e3+2.11 Mass transfer in the Spray Regime

There is only a limited amount of mass transfer data
available for the spray regime. However there are certain points
which emerge from a comparison of these data, It will be shown
that the results are in qualitative agreement with theory.

Yoshida et al (8) found that the plate performance,
expressed as EMV or NG was virtually independent of weir height
in the spray regime. This accords with similar observations on
the pressure drop and the Peclet number. Yoshida's results show
that the performance gradually increases with vapour rate in the
spray regime. This applies to absorption of ammonia from aqueous
solution as well as distillation of the methanol-water system.

An increase in performance with gas rate was also
observed by de Goederen (20) in his vaporisation studies. In
addition he confirmed the findings of Bainbridge (2), that the
performance was dependent on the absolute value of surface tension,
They both show that NG is inversely proportional to the surface
tension, ©°, This dependence on the absolute value of surface
tension distinguishes the spray regime from the bubbly dispersions.

De Goederen correlates his results by

2 .
NGSCJ = 1 .62FI‘; .5/0" ore (2030)

. _ 0.5
where FH is the hole F factor = VH Pg
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Andrew (34) has used the fluidised bed analogy for his
analysis of the hydrodynamic and mass transfer performance in the
spray regime. As his work is unpublished the fluidised bed
analogy is developed from a description of his model.

The approaches due to de Goederen and Andrew are
analysed to assess the possible influence of gas velocity and

absolute surface tension on the performance in the spray regime,

I, Spray Analogy

A constant liquid hold up QL is assumed which is
dispersed into uniform drops of diameter d. The total inter~
facial area, S is given by

S = 6QL/d [ X ¥ (2031)

It is assumed that th: mass transfer from a single drop can be

expressed by a correlation of the type
Sh = CCJI‘].S"J.RQO.5 SCO'33 nae (24:32)

where Re is based on the drop diameter and the gas velocity V.
The performance, in terms of the number of transfer units

in the gas phase, can then be shown to be

” ) .
NG‘S(.‘,T5 o ([J.G/PG)O.B VO.S 51‘5 ans (2-33)

2
where NG.Scj is termed (NG)Sc1 and, as indicated by equation 2.10,
is used for comparative purposes. In order to develop this equation

it has bcen assumed that the gas velocity is the superficial velocity

in the colunn,
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De Goederen (20) on the other hand assumed that the
presence of the liquid will alter the cross-sectional area

available for gas flow. For constant liquid hold up

£ -1,0 0.5 ., =0.5 1.5 '
NG_.SC o AO ‘(U. G_/p G) » VO d ses (2134)

where AO is the actual cross-sectional area available for flow,
and Vo is the actual gas velocity. He then refers to Mugele (45)
for a relationship between drop size, surface tension and velocity
for atomisers, and uses

d = const. T/(pGVOZ) eas (2.35)

which is obtained from a balance between the inertia forces and
the surface tension forces; i.e. Weber number is a constant.

From equations 2,34 and 2.35 de Goederen obtains

2

5 -
NG_.SC o AO

1O e o1 cer (2.36)

for the condition of constant gas viscosity that prevailed in his
investigations,
He then assumes that AO will depend on the gas hold-up

and both will be dupendent on the surface tension and the gas load.

2-5 .o__"1 05.

It follows that NG will no longer be proportional to VO

This fact is then used by de Goederen to explain the difference
between equations 2,30 and 2.36. These equations become identical
if

0.4 -0,2
AO o4 VO o ane (2037)
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De Goederen's application of equation 2.35 is
questionable since Mugele points out that its validity is
limited to the case of a droplet acted on only by the drag
of the continuous medium. Mugele discards this equation in
favour of a dimensional analysis approach. He summarises the
factors governing the mean and maximum drop size from sprays

with the relationship

X L' eylp ? °
X2 - A —== ess (2.38)
I LLL
where X = the mean diameter (Sauter)d or, the maximum diameter
d .
P max
L' = a characteristic linear dimension of the equipment
VR = the relative phase velocities at formation.

A, B and C are constants taken from the literature for straight
pressure or tangential atomisers. The values are 5.0, ~0.35,
-0.20 respectively for the mean diameter, and 57, ~0.48, -0,18
for the maximum diameter. In an example which is particularly
relevant to this work Mugele tested equation 2.38 against the
results taken from a grid tray. He obtained close estimates for
d and dpmax taking the characteristic linecar dimension as twice
the slot width.

From equation 2.38 the dependence of the mean drop size

on fluid properties and gas velocity can be written as

da (pL/uL)B.(uG)C.V(B+C) e =C vl (2.39)

In order to isolate the effect of velocity and surface tension it
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R . . s 0
is convenient to define a reference drop size d° such that

a® a (% n 0P u % (v B O () en (2.40)

*

Combining equations 2.39 and 2,40

dt = d.flg V(B+C)- d_c scae (2041)
o
p . u -B u' —C
where f! = ( ——i- (—)
pO,u no
L L G

and 4' is the drop size corrected for the effects of gas and
Jiquid viscosities and for the effect of liquid density. For
the values of B and C given by Mugele for the mean drop size,

equation 2.41 can be written

ar o y=0e55  0.20 ves (2.42)

A similar analysis combining equations 2.33% and 2,39 gives the
plate performance corrected for the effects of viscosity and

density, N,'. Thus

G
NG! aVO‘BB O'-O’BO as e (2.""3)
where NG' = (NG)SC1 .g' ans (2044}
O [»]
' prG uG uL -0.50 UG -0.30
and g' = (=2 ) (==)
pop uln M
L G G L G

Assuming the applicability of equation 2.38 to sieve plate operation
in the spray regime, it would appear from equation 2,43 that the

* (where the symbols superscripted O are the chosen reference
values of the various parameters.)
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plate performance increases gradually with gas velocity and
decreases gradually with surface tension. The dependence on
velocity and surface tension is significantly different from
the empirical equation of de Goederen (equation 2.30).

The results of Dombrowski et al (46) (47) for atomisers
indicate that the exponent C in equation 2.38 can be in the range

-0.,16 to =0,33, which gives the relationship

NG' o4 Vn o"m ssse (2-45)

where n = 0.25 to 0,5

m

.25 to ~0.5
The correction factor g' in equation 2.4+ will of course differ
slightly if the exponent C in equation 2.38 is altered.

II Fluidised bed model

In his modcL Andrew (34) assumed that the drop size in
the dispersion was reasonably approximated by the maximum drop
size possible. However it would scem more correct to take the
mean drop size given by Mugele's equation. Combining equations
2.31 and 2.41 for £' equal to unity (i.e. d' = d)
5o vO7 ;0.2 | ee (2.46)
Chu et al (48) have snotisfactorily correlated fluidised bed mass

transfer data by plotting the j-factor jD against a modified

Reynolds number., For turbulent conditions they give
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K QSCj —O.’+’+
_ G _ Vdp ,

Ip = T = 1'77(7K717E7) eis (247)
where e = the voldage.
For the velocities considered echo'42 ref (49) see (2.48)

The number of transfer units (NG)Sc1 is found by

(NG)SC,I = anS Bae (2049)
Combining equations 2,46, 2,47, 2.48 and 2,49 gives

0.54 =0,29
(NG)SC1 oV v sae (2050)

Comparison of equations 2,50 and 2.45 indicates that the two models
predict similar relationships between the performance, the gas

velocity and the absolute surface tension.
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CHAPTER THREE

APPARATUS

3.1 Introduction

The distillation unit consisted of the reboiler, the
column and the condenser system. A line drawing of the unit is
shown in Fig. 3.1, and a photograph in Fig. 3.2, At the back of
the thesis is a one-eighth scale drawing of the column, showing
details of the test plate (DRG.No.1).

Under normal operation vapour, generated in the reboiler,
passed into the column via a cyclone-separator and a three-way
valve. The separator had been introduced by Bainbridge (50) to
relieve the effects of foaming in the reboiler. After flowing
through the two-pla%e column, the vapour was piped by two
externally heated vapour lines to the condenser system. This
consisted of two water-cooled glass condensers, placed one on
top of the other. Reflux emerged at a temperature just below
its boiling point, and passed back into the column through a
rotameter and a reheater, This electrically heated exchanger
was of the shell~and-tube type, with liquid paraffin circulating
through the shell, and reflux through the tubes. By adjusting
the heat load to the reheater the reflux was returned to the
column within 1°C of its boiling point. Liquid, leaving the
base of the column, passed through another rotameter and into

the reboiler,
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In the design of the unit, particular attention was
pald to the requirements of controlling and observing the type
of dispersion generated on the test plate, To this end,
provision was made for varying the column vapour velocity
over a wide range, for altering the plate hold-up, and for
taking both photographic and dispersion density measurements
of the dispersion from the plate floor upwards. It was decided
that the plate geometry should be similar to that used in the

previous work (1).

3.2 The Column

The column consisted of three sections with two plates
between them, the upper plate (number 1, see DRG.No.1) being the
test plate and the lower (mumber 2) acting as a vapour flow
distributor., Both plates had 148 x § in. holes on # in. pitch
giving approximately 10 percent free area (based on bubbling area).
The plate geometry is summarised in, Table 3.1,

Table 3 o7

Plate Geometry

Hole size & in,
No. of holes 148
Pitch £ in. triangular
Free area (i) 10 percent

(of bubbling area)
Free area (ii) 7 percent

(of superficial area)
Weir heights %y 2y 3 ins.
Weir length 7 ins.

Plate length 2% ins,
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The three sections, numbered 1, 2 and 3, from the top
downwards, were of rectangular cross section (7% x 4 in.
internally) and constructed from angle brass, as shown on
DRG.No.1. Side walls of either + in. brass plate or % in,
borosilicate glass were clamped into the framework made by
the angle sections. Details are shown in Fig. 3.3.

This mode of construction gave a very flexible design,
and speeded up column modifications, when required. Windows
could be replaced by brass walls, or vice versa, and the brass
walls could be removed and branches or pressure points added

without undue delay.

34247 Column sections 2 and 3

The column base plate was made from %4 in. brass plate,

103 x 7% in., and hol vapour inlet, liquid outlet and liquid
drain branches. The centrally placed vapour inlet consisted of
a 2 in. copper pipe passed up through a specially machined
Instantor B.S,P. compression fitting brazed into the plate.
It protruded 4} in. into the column and was capped by an inverted
cone section. Lven distribution of vapour Qas aided by the
drilling of four 1 in. dia. holes at the top of the pipe, and
four 7 in. holes in the cone.

The liquid outlet, a 1 in. dia. copper pipe, 12 ins. long,

protruded 12 ins. into the column through another Instantor fitting,

It served as a stand pipe, creating a liquid seal for the downcomer.-
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from the plate above, as well as a free-running downcomer, which
prevented entrained vapour being carried through the base rotameter,

A 4 in. 'pet' cock brazed into the base plate provided a
drain point. During column operation it was also possible to
return samples and sample flushings through this point.

Column section 3, the bottom section, was placed on top
of the base plate. The side walls of this section were brass
plate, except during the commissioning of the unit when one
window was used.

Sieve plate No, 2 was placed in between sections 3 and 2.
It was constructed from 4 in. brass plate, and had a downcomer
soldered into it. This downcomer, made of 16 gauge copper sheet,
was of rectangular cross section and braged along one edge. The
plate geometry was -imilar to that of the test plate (Table 3,1).
Llthough the inlet and outlet weirs were changeable, they were kept
constant, at £ and 1% in. respectively, throughout the experiments.

A liquid sample point was sited before the inlet weir,
below the test plate downcomer. The samples could be drawn out
through a 1/16 in, drilled hole which ran vertically downwards from
the point of sampling, and then horizontally out, through the edge
of the plate.

The two narrower sides of section 2 were windowed, whilst
the others were brass plate. Into one of these brass side plates

werc brazed a pressure tapping, and a 2 in. B.S.P. elbow, which was



57

either blanked off or commected to the vapour by-pass system

(section 4.,3).

34202 . Column Test Section

Details of the test plate can be seen in DRG.No.1.

The inverted box construction was necessary because the plate
floor had to be raised to the level of the bottom of the window,
It was constructed from lengths of angle brass (14 x 1% in.)
machined and then brazed together, with a recessed ledge on the
inside to support the perforated plate, which was soldered in.
The perforzted plate ineluded a downcomer of similar construction
to that used in plate 2, A mid-plate sample point was provided
with a 16 gauge pipe carrying the sample down the inside of the
box and out through the flange.

The inlet weir was £ in. high and secured to the plate
at three points by 2 BA screws, 4 in, long. Three outlet weirs
were used %, ¢ and 3 in. high. They werec secured at three points
by extended wing nuts, used for ease of removal, A{sbestos paste
was used to seal the welrs at the sides.,

Section 1, which was placed over the test plate was
21 ins. long and had 1% in. B.S.P. vapour outlet branches either
side of the section at the top of the narrower sides. The sides
are numbered 1, 2, 3 and 4 as shown in DRG.No.1. Sides 1 and 3
were windowed with borosilicate glass plates, which had a % in.

rebate machined round their edges. This rebating had the
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advantage of decreasing the dead space on the plate, it also
meant that the gaskets between the glass and the brass were
partially protected from the solvents used in the column.

Side 2, on the downstream side of the plate, was
made from 7 in. brass and had a hand hole (3} in. I.D.) sited
to give easy access to the outlet weir, A sampling cup,
positioned above the outlet downcomer was supported by the
sample outlet pipe, which passed through a # in. Simplifix
fitting brazed into the side plate.

The liquid inlet side, 4, was of recessed box
construction, aimed to reduce the column superficial area
to that of a plate with an inlet downcomer. & liquid inlet
manifold packed with small Raschig rings, tc promote even flow
of liquid over the iulet weir, was clamped to side 4. A
pressure tapping on side 4 was connected via a manometer to
the pressure tapping in section 2, and measured the overall
plate pressure drop.

The top cover of the column was a #+ in. brass plate
with a 3 in., dia. window. Removal of this window, and replace-
ment by a specially modified 2 in. B.S.P. elbow, allowed a vapour
by-pass to be connected between section 2 and the top of section 1.
The use of this by-pass is described in Chapter k.

The column sections, plates and end covers were bolted

together, with # in. B.S.F. m.s. bolts through the flanges. Care
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was taken to ensure that the test plate was horizontally aligned.,
All metal to metal, and glass to metal surfaces were separated by
gaskets cut from 3 in, thick Lioncelle material, which is a cork
base impregnated with neoprene. This material was chosen on
consideration of compressibility, resistance to attack by solvents,
and cost. It should be pointed out that some trouble was
encountered due to swelling and subsequent failure of the
gaskets, particularly at the windows and side plates of sections
2 and 3. This was partially cured by soldering a rim of brass

1

strip (4 x % in.) on the inside of the side plates (see Fig. 3.3),

which prevented swelling and reduced attack of the gaskets,

343 Ancillary Equipment
34351 Reboiler

This piece cf equipment has becen fully described by
Bainbridge (50)., It was 10 in. I.D. by 25 in. long, having a
working capacity of 5 gallons. Heat was provided by three 4.6 KW
Santon immersion heaters, wired to give infinitely variable input.
Two of these three~-phase heaters were switched directly, whilst
the third had separate switching on each phase with an 8 Amp
variac control on one of them,

The reboiler had branches for vapour outlet, liquid
return, liquid charging and a pressure relief valve. A liquid

drain line, from the bottom, ran through a Tuscan (P.T.F.E.)

unp «
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3e3e2 Condensers

The two water-cooled condensers, placed one on top of
the other, gave a total cooling surface of 30 fta. Details of
the units have been given by Bainbridge (50). The main altera-
tions for this work were to the bottom cover. It was decided
that the liguid outlet should be of larger diameter, so that it
acted as a free-running downcomer. This was done to avoid gas
entrainment in the liquid stream which would have interfered
with the rotameter readings. To this end the liquid outlet
pipe was 1% in. dia. for the first 18 ins., before reducing
down to £ in. A liguid drain cock was added to the condenser
base plate.

The system was vented to the atmosphere through a small
auxilliary condense. and a drying column, filled with calcium
chloride. The latter prevented moist air from entering the

system at shut down.

Be5e5 Reflux heater

This was a 4-pass shell~-and-tube exchanger with reflux
flowing through the tubes and liguid paraffin heating medium
pumped through the shell., Mechanical details have been given by
Bainbridge. Heat input was provided by two 2 KW immersion
heaters. The paraffin was circulated through the exchanger

by a Stuart-Turner No. 25 centrifugal pump.
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In the previous work the reflux heater had been mounted
vertically, but this was difficult to drain. For this reason it
was mounted horizontally and a drain cock added to the bottom of
the end-box,
The heating medium was altered from glycerol to liquid
paraffin, since the former is corrosive to copper, the material

of construction.

3434 Blower

When altering solvent systems it was imperative to clean
and dry-out the unit. To assist this a blower was linked into the
column base through the 3-way valve. The air was dried by pulling
it through a 6 in. dia. column, 18 in. long, packed with calcium

chloride pellets.,

3.k Equipment used for data collection

This section deals with the parts of the apparatus and
those pieces of equipment associated with the collection of data
and other information. The following topics are described:

(1) Sampling system

(2) Analysis

(3) Measurement of dispersion density

(4) Photographic technique.

Battel Sampling system

The system used is shown schematically in Fig. 3.4. Four

liquid sampling points were provided, provision was also made for
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sampling the vapour from the test plate., Liquid sampling
point 1 was sited in the reflux line, and placed, for convenience,
below thr reflux rotameter, The mid-plate sample, 2, was not
used during the main runs, since it was found during commissioning
to be unreliable, The off-plate sample, 3, was used in all the
runs and considered to be more reliable than point 4. This
latter sample point gave samples of unduly low composition on
occasion, probably as a result of the downcomer liquid being
contaminated with liquid from plate 2 due to backmixing, Bearing
in mind the work of Sheldon and Ellis (51) on the errors introduced
by sampling below the downcomer in small columns, it was decided to
concentrate on samples S1 and S3 (subsequently labelled X, and x1).
The samples were drawn into a cboling section, where they
were held for a number of minutes before running into sample bottles.
In all cases great care was taken in flushing through the sample
point and ensuring that the samples were 'fresht,
Refrigerated methanol was circulated through the sample

coolers from an A.J. and E, Hall type TV2 Refrigeration unit.

34,2 Analysis

Initially two methods of analysis were contemplated,
refractometry and gas chromatography. However, it was found
that the chromatographic method was as accurate as the refractometer

and more convenient, so the bulk of the analyses were earried out on
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the chromatograph. Occasional checks were made with the
refractometer,

The chromatograph unit chosen was the Perkin Elmer
Model 452, with hot wire detector. The separation column was
a 2 metre x % in. o.d. stainless column packed with DE-301,
carbowax 1500, and situated in a constant temperature oven,
providing regulation to less than O.1°C over the range 50 to
225°C. Other features incorporated were pressure regulation of
the carrier gas, in this case hydrogen, and a separately heated
injection block. In addition a gas sampling valve, Loenco type
208-6V, was situated in the oven, the original intention being
to sample the distillation unit continuously, vaporisc the sample
streams and inject the vapours automatically into the column,
Considerable difficulties were encountered in obtaining representa-
tive samples under these conditions, the particular problem being
to ensure complete vaporisation of the sample. Consequently it
was deecided to resort to the well-tried method of manual sampling
and injection,

The output from the chromatograph was quantified by an
electronic integrator, Perkin Elmer Model D2, This highly
sensitive piece of equipment was vital to the degree of accuracy
demanded in this work. It had a maximum counting rate of 72,000
counts per minute, automatic range change and valley sensor., The

latter facility removed much of the subjectivity from the use of
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this type of instrument. The valley sensor actuated the printer,
a Kienzle digital type, when the input to the integrator had a
rate of change greater than a preset tolerance. Thus, automatic
print out occurred at the beginning of each peak, and manual
print out was necessary after the last pecak. A visual record
of the peaks was provided by a Hitachi-Perkin~Elmer Model 159
Flatbed recorder,

Details of the instrument settings are given in section

k41, and the system is shown schematically in Fig. 3.52.

3.k4.3 Measurement of dispersion density

The measurement of dispersion density by means of gamma
ray absorption has been carried out successfully by a number of
workers (30) (38)(39). It was decided to use this approach since
it provides information on the vertical distribution of the liquid
phase, as well as measuring the total liquid hold up.

1. Traverse system

The gamma ray source and the detector were mounted on the
support shown in DRG.No.,2. It consisted of a three~armed beam
running up and down two 1% in. dia, steel shafts, mounted vertically
and secured top and bottom. The third arm carried a counterweight.
An hydraulic ram attached to the base plate and acting through the
centre of gravity of the three~armed beam was used to adjust its
level. The axis of the source/detector system was carefully aligned

to the lateral centre line of the test plate.
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ii. Source and Detector

The source was a one millicurie Caesium 137 slug
mounted in a shielding castle, consisting of a lead-filled brass
cylinder., A collimating section was designed to give a slightly
convergent beam ¢ in. deep, The collimating section of the
detector was geometrically compatible with the collimating
section of the source, and the plate area 'seen'! by the rays
had a percentage free area similar to the whole plate.

The detector was a Ladgear D4133 directional scintillation
counter with built in photomultiplier tube,

iii. Counting Egquipment

The output from the scintillation counter photo-
multiplier was amplified and counted by the units shown
schematically in Fip. 3.5b, The signals were boosted close
to the detector by the head amplifier. Pulse shaping and the
bulk of the gain was provided by the main amplifier, and pulse
amplitude selection was made by the discriminator. The fixed
value output pulses were counted by the scaler, and the duration
of counting time was controlled by the timer.

It was decided to use the Harwell 2000 series counting
equipment, which has the advantages of full electronic compatibility,
versatility and modular construction.

Details of the final settings are given in section 4.2.
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Boltolt Photographic technique

Photographs of the gas/liquid dispersion were taken
throughout the experimental programme., Some initial investiga-
tions were carried out with a half plate camera, but for the
bulk of the work a Praktika IV, 35 mm, reflex camera was used,

The high speed events occurring demanded the use of a
flash unit, and an Ernest Turner Speediflash, type HS/5, was
found to be suitable. This gave a 5 microsecond flash at a
power output of 5 joules,

Owing to the uneven nature of the image, with areas
of high and low light intensity it was necessary to place
graded filters between the light source and the image, and
between the image and the camera. The position of the
filters depended ou the height and type of dispersion
photographed.

A number of films were tried, and the bulk of the
work was done on Ilford Pan F, which was developed in the

normal way.
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CHAPTER FOUR

SXPERTMENTAL

Introduction

This chapter covers the following topics:

(1
(2)
(3)
(4)
(5)

Calibration of the Chromatograph
Calibration of the gamma-ray traverse system
Column erection and testing

Typical operating procedure

Experimental programme.

Calibration of the chromatograph

Instrument settings

The adjustable parameters were carrier gas flow, oven

temperature, hot wire detector temperature, sensitivity, and

sample volume.

Bearing in mind the needs for maximum sensitivity,

and fairly short retention time, the system was operated under the

conditions given in Table 4,1. These conditions were chosen after

extensive trials,

Table Ll'o’l
i . :
Carrier gas (hydrogen) pressure 5 psig
Oven temperature 100°¢
Hot wire detector setting L
Injection block temperature 12500
1 Sensitivity 1 (max)
Sample volume 1 litre
= -
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L,2,2 Measurement of the substance-specific correction factors

In order to convert the ratio of peak areas of a given
mixture to the weight ratio, it was necessary to measure the
substance-specific correction factors. According to Kaiser (52)

this factor is given by

W, £..4A,
- - |
W, 7 f_.A,
3 J 3
W . .
where 1/\4j = the weight ratio;
As .
l/Aj = the peak area ratio;
and fi and fj = the respective correction factors.

It is standard practice to take f, (benzene) equal to
unity. This convention was followed, although for the system
n-heptane/toluene, fi (toluene) was taken as unity.

No data were available on the variation of fj with
composition, and 1t was necessary to measure this for the
three systems used,

Calibration mixtures were made up at a number of
concentration levels and analysed. It was found that there
was a non-linear dependence of fj on concentration. Using the
calibration technique described in Appendix I it was possible
to obtain highly reproducible results.

The results are shown in Appendix I, Also included is an
analysis of the effect of errors in fj on the calculated weight

fraction W.
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4,3 Calibration of the gamma ray traverse system

The technique of dispersion density measurement by gemma
ray absorption has been discussed by Macmillan (38) and others,
The essential fact is that the log of the count rate can be taken
as a linear function of the fraction of liquid present. This
means that for a given liquid and vapour mixture, only two points
are required for a calibration,‘the count rate for a wvapour filled
column, n, and that for a liquid filled column, n, A straight line
can then be drawn on semi log paper through the points (1ln n Fi =0
and 1n n, fi = 1) where Fi is the volumetric fraction of liquid.

Prior to taking readings with the system it was necessary
to find the optimum settings for each module in the counting cquipment.
The voltage to be applied to the photomultiplier was selected after
obtaining a count rate/voltage profile. A count rate plateau was
evident between 850 and 1050 volts, so the applied voltage was
chosen at 950 volts, Pulse shaping was carried out using an
oscilloscope, the final settings are given in Table 4.2,

Since the source/detector system was best calibrated in
situ facilities for providing a vapour-free and a liquid~free
dispersion were required. A vapour by-pass from column section 2
to the top of section 1 could be inserted, and a 1/46 in. thick
brass sheet, cut to size, was placed over the bubbling area.
Using the highest weir it was possible to build up a 3 in. deep

pool of liquid on the plate, with the vapour taking the path of



least resistance, through the by-pass.

Table 4.2

Counting Eguipment Settings

| E.H,T. 950 volts
Head amplifier time constants 0.02 Ksec
Main amplifier: gain 65.5 4B
differentiating t.c. 1Hs
integration t.c. Tus
Discriminator: level 0.16V
dead time 10 Us

By closing V1 (Fig. 3.1) and opening V2, the reflux
could be returned directly to the rcboiler and vapour only
passed through section 1,

Since these calibrations required some modifications
to the column they were only carried out at three composition
levels for each binary system. As the results in Appendix II
indicate, the variation with composition was regular,

A vertical traverse was carried out from below plate
level to 10 inches above plate level, with an empty column, to
check for irregularities in the windows and to establish the
base linc for the subsequent vraverses. Intermittent checks were

made on the base line to detect any misalignment.
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L4 Column erection and testing

Care was taken when assembling the column to ensure
that the test plate was horizontal. Attention was also paid to
the levelness of the test plate inlet and outlet weirs. Both
of the rotameters were carefully mounted to ensure verticality.

Before erecting, the column sections were tested under
15 psig. hydraulic pressure. Further tests were carried out on
the assembled unit with nitrogen at 10 psig. However under
distilling conditions it proved impossible to eliminate all the
vapour leaks, Since the highly toxic benzene was used for a
number of experiments it was necessary to keep a close check on
the benzene level in the laboratory, using Drager tubes. The
level never exceeded 10 p.p.m.

During the commissioning of the unit observations were
made on the response of the column to changes. It was found that
the response times were very short and that the compositions
levelled out within half an hour. Sampling did not appear to

affect the subsequent performance.

4.5 Pypical operating procedure

Before charging the reboiler with a new system, the
whole unit was blown through with dry air for a number of hours.,
Approximately five gallons of mixture were charged. The condenser

water, the reboiler heaters and the reflux heater and pump were
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switched on. When vapour reached the vapour pipe to the
condensers, the pipe heaters were also switched on. The
reboiler heat load was adjusted to give the desired column
F factor, After approximately one hour liquid samples were
taken. The procedure followed was to switch on the refrigerated
methanol circuit a few minutes before sampling, then the sample
points were slowly flushed and the required sample was held in
the sample coolers for approximately two minutes. Sampling was
carried out from the base upwards to minimise the effect of
sample~-taking on the subsequent samples, The chilled liquid
was then run off into small 10 cc glass stoppered bottles which
were partially immersed in iced water. Samples were then
injected into the chromatograph, care being taken to ensure
that the integrator was zeroed before injecting each sample.

Sampling was repeated every 20 to 30 minutes, as
convenient, until consecutive sample compositions were within
0,1 mole percent or the calculated efficiencies were within
2%, whichever was the lesser.

Dispersion density measurements were carried out
concurrently with the sampling. The source/detector level was
incremented 0,05 to 0.3 ins. depending on dispersion and the
position being measured. Counting was stopped after 100 seconds
by the Timer and the number of counts was displayed on the Scaler.

These instruments were zerced and reset manually,
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When the vertical traverse was completed the source was
plugged with a lead plug and then raised as high as possible;
this enabled the camera, flash unit and filters to be swung into
position. UWhen the photographic record had been made the camera
was swung back and the source/detector system lowered.

The boil-up rate was then adjusted tc the next level
and the procedure was repeated, Samples and sample flushings

vere returned when the flow rate was changed,

4.6 Experimental programme

Three binary systems were studied. These were,

System A, Benzene/Cyclohexane

System ‘B, Benzene/n-Heptanc

System C, n-Heptane/Toluene.

System 4 forms an azeotrope at approximately 50%
benzene, and is weakly surface-tension rcgative below and
weakly positive above the azmeotrope. System B is strongly
surface-iension negative and C is strongly positive.

Experiments were corducted, as described in section 4.5,
across the composition range for cach system. At each composition
measurements were made at approximate FH factors of 7.5, 10.0,
12,5 and 15 ((lbs)%/(ft.sec)%). In 8.I. units these become

9.15, 12.2, 4.9, 18.3.
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For System A the weir heights used were 3 ins. (7.6 cm.)
and £ in. (1.9 cm,). For System B, as above, and in addition
2 in. (0.95 cm.). For System C, weir heights of ¢ and 2 in.
were employed,

The results from this experimental programme are

tabulated in Appendix VI,



CHAPTER FIVE

PHYSICAL PROPERTIES OF THE BINARY SYSTEMS

541 Equilibrium data

The vapour-liquid equilibrium data for benzene/cyclohexane
(System 4) and benzene/n-heptane (System B) have been measured by
Bainbridge (50), uwho also carried out extensive thermodynamic
consistency tests on his results.

System C, n-heptane/tolusne has been investigated by a
number of workers. Kogan et al (53) list the data from eight
different sources. The data of Black (54) were chcsen following
consistency tests.

Hala et al (55) and Ellis et al (1) recommend the use of
‘the Redlich-Kister-Herington (56) test for isobaric data. The

basis of this test is the relationship '
1 i
j 108 "‘".dx!\ = I oeae (5.1)
) YB B

where » AB ere the activity cnefficients and x is the mole fractiom.
9

It log(Yﬁ/gﬁ) is plotted against x, the arca A1 above, and ﬁa, below

the abscissa can be determined. The value of the integral I, is the
sun of A1 and Aa, raying regard to sign; i.e. taking AZ as a
negative gquantity.

According to Herington the data are consistent if

at 4P = O, —_4001:- < —5—-‘-_[.‘1 0Z e (5-2)
min

2,
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I 1 ]
<™
\.* = 0, + A
Y 1 2
2 = T - (Ko)
nax min
If D = 1001/ E'
and J = 508/T . ,

equation 5.2 can be rewritten,

D <: J eee (5.3)
In addition Herihgton stated that the data could still be
considered correct if equation 5.3 was not obeyed but if

p -3 { 1. eor (5.14)

A computer program was written to carry out this test.
Values of 1og(TA/XZB) were computed from the literature data using
the vapour pressure data of Bainbridge. 4 polynomial of degree four
was fitted, by the method of least squares, to the log (YA/‘YB)
versus X, data. This polynomial was then integrated to give A1
and AZ, and the criteria of equations 5.3 and 5.4 were applied,
The chosen data of Black were also checked by hand.

The results of this test and the Herington tests carried
out by Bainbridge on systems A and B are given in Table 5.1, In
all three cases equation 5.3 was found to be applicable. The

equilibrium data used during this work are tabulated in Appendix III,
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Table 5 |

Results of the Herington Test

A A % J

System } 1 >

A 7.55 | 7.40 | +1.0 { 0.3
B 7-20 7.56 "‘2“‘" 708

C 6079 L 6098 "1 ol'l‘ LL‘{’.g 1

562 Liquid properties

5e2al Surface tension, 0

The surface tension at boiling point for systems 4 and B
has been measured by Bainbridge across the concentration range. The
only data available for system C, at the boiling point were those for
the pure components, n-heptane and toluene. These data were also
taken from Bainbridge. From knowledge of these terminal values it
is possible to estimate the surface tension of mixtures using the
equation

(O}LB)T = XA(O’A)T + JLB(O’B)T aee (505)

The pure component surface tensions are taken as the values at the
required temperature, as suggested by Ellis (57).
The surface tensions at the boiling point of the mixtures

are plotted in Fig. ITI.1 (ippendix III),



54242 Density,pL

s ar————

The densities at boiling point for mixtures of system A
and B, and for pure n-heptane and toluene have been reported by
Bainbridge. The densities of mixtures of system C, at boiling
roint, weree calculated from the densities of the pure components
from the formila

e, P, M,

P o= i BB ces (5.6)
Lo Mpxp g, +Myxy g
where pﬂpr = densities of the pure components at the

desired temperature,

molecular weights of the components,

it

iy

M

1

B average molecular weight = MAXA + MEXB’

Xy ¥ = mole fractions,

This assumes no volume change on mixing. The values obtained are

plotted in Fig. III1.Z2,

Se2e3 Viscosity,uL

Bainbridge has measured the viscosity/temperature data
for systems A and B, and for pure n-heptane and toluene. The
viscosity of mixtures of system C at the boiling point, have been
calculated from the pure component data by the relation put forward
by Kendall (58)

log uL = xﬂ log “A + xB log uB T (5-7)
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where © B = viscosities of the pure components at the

pA’
desired temperature.

The values are plotted in Fig. III.3.

5.2, Diffusivity, DL

The diffusivity for dilute solutions was calculated using

the method of Wilke and Chang (59), as recommended by Gambill (60)

This is:
DO 1 (7.4 = 10’8)(}:1\4 X
12 "2 2’ 1 (5.8)
T = 0.5 = 7 o L0
v 1
1
where Df,la = liquid diffusivity of 1 in 2, for dilute

solution of 1 in 2.

k = 'association parameter! - used to define the
effective molecular weight of the solvent, with
respect to the diffusion process (= 1 for non-

associated solvents).

M2 = solvent molecular weight.
b, = solvent vissosity (cp).
V1 = sgolute molar volume at its normal boiling

point (cc/g.mole)
T = temperature (°K).
. . . o o
Equation 5.8 gives different values for DL12 and DL21

that the diffusivity for mixtures of 1 and 2 will have to take into

which means

account the existence of bulk flow if it is assumed that the heat
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transfer conditions at the interface demand equimolar counter
diffusion.
As shown in Appendix IV the diffusivity of a mixture of

1 in 2, at a composition x, is given by:

1

Q Q Q
D = DL12(1—($(DL21/DL12)).x1) ess (5.9)

The variation of the liquid diffusivity with composition at the

boiling point has been plotted in Fig. III.k,

5.3 Vapour Properties

5.3.7 Vapour pressure data

The data are taken from Bainbridge. He correlates his

results in terms of the Antoine (62) equation

10810 Po = A - (B/(T' + C)) see (5.10)
where Po = the vapour pressure in mm.Hg,
T! = temperature in %

4,B,C are constants. 4
The constants for the Antoine equation, calculated from
the data of Bainbridge, are given in Table 5.2.

Table 5.2

Constants for the Antoine equation

| A B C
Benzene 6,998 | 1258 | 225.4
Cyclohexane | 6.849 | 1215 | 225.4
n-Heptane 6.872 | 1262 ] 217.8
Toluene 6,932 | 1330 217.8
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5.3.2 Viscosity, LIG

In the absence of any literature data it was necessary
to calculate this property. According to Gambill (63), who
reviewed the various methods available, that of Arnold (64) is

the most reliable. This is

3
o 27M:2LT/2
by =

_gf ese (5.11)
Ve (T + 1.l+mb)

where Vb is the liquid molar volume at the normal boiling point.

Equation 5.11 was used to calculate the vapour viscosities

of the pure components. For mixtures, the formula of Wilke (65) was

used
Hy By
M = + Py (5012)
a T+xg Cyp T ep,
X *B
3 b3
o . 1+ (b /ug) (M/M )%)
where =

292 (1 + M, /M)

and SB A is similarly defined.
The variation of vapour viscosity with composition for the three

systems at the condensation point is plotted in Fig., III.3,

5323 Vapour density, Pa

The vapour density at condensation point was calculated
from the ideal gas law. The variation of this property with

composition is plotted in Fig. III.2,



534 Diffusivity, qs

The diffusion coefficient has been calculated by the
equation due to Arnold (66), as recommended by Gambill (57).

This equation is

a
5/2 VM, + 1 )2
D, = 0.00837 (TT+ ) (L4 B 5 eee (5.13)
P(VA%+VB%)
vhere C is given by
¢ = FYC,.Cp F = f(VA,VB)

Arnold presents a table for F in terms of VA/VB’ The constants

CA and CB can be calculated from

Ci = 1.4? Tbi ace (5014)

The variations of vapour diffusivity with composition for the three

systems at their condensation points are plotted in Fig. III1.5.
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CHAPTER SIX

RESULTS

6.1 Introduction

As discussed previously the factors determining the
dispersion type and corresponding mass transfer performance of

a given sieve plate are,

(1) vapour and liquid physical properties;
(idi) vapour and liquid flow rates;
(1id) column geometry.,

In this investigation attention has been focussed on
the dominant factors within each group. Thus the dispersion types,
characterised by average and local values of dispersion density,
liquid hold up and photographic evidence, and the mass transfer
performance are discussed in terms of their dependence on,
(1) surface tension gradients, absolute surface tension

and composition effects.
(ii) Hole vapour velocity, expressed as FH(=NH'VE;).
(iidi) Weir height.

It is evident that these factors interact strongly.

6.2 Calculation of data

6.2,1 Liquid hold-up

The liquid hold-up, expressed in cms.,of clear liquid, is

obtained by integration of the dispersion density/height curves,
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normally termed dispersion profiles. This integration can be done
by drawing the profile and counting squares, by application of the
trapezoidal rule or by fitting a polynomizl to the profile and
integrating directly. Since the data were handled by the
computer it was relatively simple to try out the two latter
procedures, and use the time consuming by-hand approach as a
check.

A library program incorporating the method of least
squares was used to fit a polynomial to the dispersion density
profile, The degree of the polynomial was varied to see how this
affected the result, Table 6.1 shows the results obtained for
run AIVI, and includes the values obtained from the trapezoidal

rule approach, and from calculations by hand.

Table 6.9
Liquid holdup from integration of
dispersion density profile
Polynomial of degree 1 2,601 cms.,
" " 2 2.589
" " 3 2.533
" " L1 2,543
" B 5 2,550
Trapezoidal rule 2.548
Counting squares | 2.557
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As these and other analyses indicate, the results
obtaihed from the straightforward trapezoidal rule are acceptably
close to the hand calculated values. In consequence the integra-
tions were carried out by the trapezoidal rule, with considerable
reduction in computing time. Occasional checks were made by
counting squares, agreement always being within 3%,

6.2.2 Column performance

The plate performance is expressed in terms of the

Murphree plate efficiency, based on the vapour phase

Eyy = (:y,I - ya)/(y;‘- ya) eee (641)

which is derived from equation 2.5 with the subscript n equal to 1.
At total reflux the composition of the vapour leaving the plate is
the same as the composition of the liquid entering the plate,

i.es yy = x . Similarly, Yy = %,, and equation 6.1 can be

written

EMV = (XO - x,])/(y,l* - X,]) res (6-2)

where y; is in equilibrium with X,
The modified plate efficiency of Bainbridge (50) which
was based on the midplate driving force was not used, owing to
inconsistencies in the measured value of the midplate composition,
xp. Under certain conditions x, was found to be slightly greater
than xp, implying that some liquid by»passing was occurring., It is

of interest to note that similar inconsistencies have been observed
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elsewhere (Delaware Repor: (15), P.56). Although this behaviour
was confined to the lower vapour rates it was decided to use E%N‘

as defined by equation 6.2, throughout this work,

6.3 Factors affecting column performance

643,71 Composition and surface tension properties

The column performance results are presented graphically
in Figs. 6.1 to 6.9, and are tabulated in Appendix VI.

The variation of efficiency with composition is seen to
be influenced by weir height and hole F factor. As observed by
Zuiderweg and Harmens (6) the most significant conditions for the
variation of efficiency with composition are those in which the
mass transfer surface is present as the lamellae between bubbles
in a cellular foam dispersion. These conditions prevail at low
hole velocities and with surface tension positive systems, as
discussed in section 2.3.1. In Fig, 6.1 the azeotropic system A
is seen to exhibit a distinct maximum in the efficiency-composition
curve for the lowest FH value, and a weir height of 1.9 cms., on the
'positive! side of the azeotrope, Similar behaviour is shown by the
positive system C, Fig. 6.5,

Significantly the composition effect is almost absent when
the weir height is increased to 7.6 cms., Fig. 6.2. Under these
deep~pool conditions it would appear that the transfer surface is
less dependent on the surface tension gradients for its effective

magnitude.
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up
Under conditions which do not favour the buildef a

cellular foam, the composition effect is less than in the

cellular foam, but it is still in evidence. Thus the negative
systems A{E) and B at all hole velocities, and the positive
systems A(:) and C at the higher hole velocities, all show some
composition effect; see Figs. 6.1, 6.3, 6.4, 6.5 and 6.6,

The interaction between the surface tension gradient effect and
the hole velocity is most‘significant, as can be seen from
comparing Figs. 6,7 and 6.8. Thus at the low Fy values, the
positive system C has an appreciably higher efficiency than the
negative system B, as would be expected from the criteria of
Zuiderweg and Harmens (6), However at the highest Fy, values

these trends appear to be reversed, in accord with the findings

of Bainbridge and Sawistowski (2). Since the dispersion type at
the highest F, is spray it is relevant to apply equation 2,43,
which suggests a dependence of plate performance on the absolute
surface tension., Performance data for systems B and C over the
‘composition range 20 to 100%, have been considered. The constraints
applied to the composition are precautionary, since the systems are
here assumed to be gas phase controlled., The importance of the
liguid phase resistance is known to increase as the slope of the
equilibrium line m increases (equation 2.1) and this occurs at the

lowest compositions.
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It is assumed that the plate is well mixed so that the
measured plate efficiency EMV can be taken as equal to the point
efficiency Ep. Applying equation 2.4 the performance can be
expressed as NOG' If the liguid phase resistance is assumed

to be negligible NOG is well approximated by N,, the number of

G?

gas phase transfer units. Before comparisons can be made it is
necessary to apply equation 2.10, the Schmidt number correction,

s0 the corrected performance is written

= N -SC§ ase (6-3)

(M) s

Se
where (NG)Sc1 is the plate performance corrected to a Schmidt
number of unity. In addition since the fluid viscosities and the
liquid densities are varying it is necessary to standardise (NG)Sc1
by applying equation 2.44. Moreover equation 2.43 permits
correction for differences in superficial vapour velocity; a
value of 1 m/s being taken as reference. In Figure 6,9 the
standardised values Nd are plotted against the absolute value

of the surface tension. It is seen that the negative system B,
gives a higher performance than the positive system C, and that
for both systems the performance decreases with increase in
surface tension, The actual dependence is similar for the two
systems:

~1.10

Negative system B, NG' o o

Positive system G, N g o_—O.9O
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If allowance is alsc made for the fact that the liquid
hold-up is not quite constant, as assumed when developing
equation 2.43 the dependence becomes

-0,85
o

System B, N « (at constant hold-up)

C, Nd o o‘—O.?E (at constant hold-up)

With or without correction for the variation in hold-up
the performance appears to be considerably more dependent on
surface tension than suggested by equations 2,43 or 2,45. The
exponent appears to be closer to the empirical value of -1.0
found by Bainbridge and Sawistowski (2) and by de Goederen (20),
It should be pointed out that in the former case no correction was
made for hold-up, and in the latter the velocity correction was

V1'5 rather than the VO'3 correction used in this work.,

6.3.2 The effect of hole velocity

The influence of this parameter is dependent on surface
tension properties and weir height. From Figs. 6.1 and 6.2,
azeotropic system A, it is seen that the plate efficiency decreases
with vapour rate for both positive and negative systems at the weir
heights 7.6 and 1.9 cms. At the higher weir height, the deep pool
condition, the efficiency is strongly dependent on hold F factor.
It is noted that at the lower FH values the deep pool condition

tends to exhibit weeping with some diminution in plate efficiency.
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With the 1.9 cu., weir and at low FH the positive
systems, A(:) and C show a marked dependence of efficiency on
FH’ Figs. 6.1 and 6.5; this behaviour being closely mirrored by
the liquid hold-up data and photographic observations, both of
which are discussed later,

In contrast the plate efficiencies of the negative
systems A(:) and B, at the intermediate weir height, are almost
independent of hole F factor over the range investigated, Figs. 6.1,
6.3 and 6.4, System A(:> shows a greater fall in efficiency than
system B, which may be a consequence of the higher surface tension
negativity of the latter system.

Vapour rate effects are evident at the lowest weir height,
0.95 cms., and depend on the surface tension properties., For the
negative system B the plate efficiency increases with FH, for the
positive system A it falls to a minimum and starts to rise again,

The behaviour is most clearly illustrated in Figs. 6.7
and 6.8, which compares the results for system B and system C at
conditions of similar absolute surface tension., Over the velocity
range studied the positive system show; a reduction in efficiency
with an increase in FH, the exceptions are mentioned below. On the
other hand the negative system shows little or no fall off of
efficiency with FH, and a noticeable increase at the lowest weir
height. The other significant fact is that at the higher values of

FH the plate efficiency tends to become independent of weir height;
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a finding similar to Yoshida et al (8) working with a high
capacity sieve plate column. This independence of weir height
applies to both systems,

Finally it is worth noting the behaviour of the positive
system C at the highest composition studied, ca 92%. From Fig. 6.5
it can be seen that at this composition and with a weir height of
1.9 cms, there is very little variation of efficiency with F factor.
Moreover at a weir height of 0,95 cms. the efficiency is found to
increase with F_, Fig., 6.6. In other words at this composition the

H

positive system is behaving as a negative, or neutral system.

6e363 The effect of weir height

The general trends of the variation of plate efficiency
with weir height have been established in sections 6.3.1 and 6.3.2.
The most graphic illustrations are shown in Figs. 6.7 and 6.8. For
both positive and negative systems, at the lower values of FH,
reduction in weir height produces a reduction in plate efficiency.
This type of behaviour is well known (8) (41), However the
magnitude of the reduction is lere shown to be less for the
negative system than the positive system. Of greater significance
is the gradual reduction in importance of the variation of weir
height as FH increases, At the highest measured FH the plate
efficiency appears to be virtually independent of weir height, for
the intermediate and low weir heights. Under these conditions of

hole velocity and weir height the dispersion is in the spray regime,
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and, as discussed in Section 2.3.2.1i, it is to be expected that
the performance becomes almost independent of weir height. This
agrees with the findings of Yoshida et al (8).

For a weir height of 7,6 cms. the dispersion type is
agitated froth even at the highest FH, which explains the non-
convergence of the efficiency curve in Fig. 6.8. It would appear

that once the spray regime is reached, decreasing the weir height

has no effect on the plate performance.

6.b, Factors affecting the dispersion

The data taken to characterise the type of dispersion are
represented in Figs. 6.10 to 6.24, and the dispersion density
measurements are tabulated in Appendix VI. It is apparent that the
parameters which affected the plate performance have a parallel
effect on the hydrodynamic behaviour. Although a number of other
workers (30) (38) (39) (69) have reported dispersion density data
it is not easy to compare their findings with this work. Firstly,
the bulk of the reported work was taken from sieve plates with
foam baffles; the positioning of this baffle was shown to be
critical by Sanadaji (69), Secondly all the investigations were
carried out on surface tension neutral systems, either air/water
(30) (69) or pentanes (38) (39), deliberately chosen to exclude
surface tension gradient effects. Nevertheless there is some

common ground which will be noted.
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It is advantageous to discuss the hydrodynamic data in

two sections:
(1) Dispersion density, including profiles and
mean values.

(ii) Iiquid hold-up data.

6elra Composition and surface tension effects

6.4.1.1 Dispersion density

It is found that positive and negative systems give
markedly different dispersion density profiles for the same F
factor under certain conditions of weir height and flow rate.

For deep pool conditions (Figs, 6.13 to 6.15) there is
no obvious difference between the profiles of the positive and
negative systems. This accords with the photographic observations
and the fact that the mass transfer performance is independent of
the surface tension gradients.

At the lower weir heights, and particularly at the lower
flow rates the differences emerge (Figs. 6.10a to 6.12b), It is
noted that the azeotropic system A, Fig. 6.10, is not very
representative of the high FH values, since the data for A(:) is not
taken at a sufficiently high FH' A clear comparison is given in
Figs. 6.11a and 6.12a, whicn show profiles at the 1.92 cm, weir
heights for the systems B and C respectively. At the lowest FH,
the positive system has a profile of almost constant slope, which

is observed to coincide with the cellular foam regime (see photograph,
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Fig. 6,25). This correspondence of the cénstant slope zone with

the cellular foam has previously been made by Sanadaji (69) and
Schroter (30). In contrast the negative system at the intermediate
welr height tends to give a zone of constant density from the 0,5 to
the 2.0 cm. level, tailing off fairly rapidly. The constant density
region was not observed by Schroter at such low vapour rates. This
zone coincides with a non-cellular foam, or froth (Figs. 6.29 and
6.30). TFurther evidence of this basic difference between the
positive and negative systems is shown in Fig. 6,16, where the mean
dispersion density, derived from dispersion height and liquid hold~
up, is plotted against F factor. As discussed in section 2.3.1, and
illustrated in Fig. 2.2, the variation of mean dispersion density
with gas velocity will be different for foaming and non-foaming
systems. The foaming systems will exhibit cellular foam formation
at low vapour velocities, followed by froth and then spray formation
as the wvapour velocity is increased.. The mean dispersion density
will pass through a minimum followed by a maximum as the vapour
velocity is increased from a low value. In Fig. 6,16 it can be
seen that for the three mid-range compositions of the positive
system the mean dispersion density passes through a maximum
indicating the transition from cellular foam to froth., For the

two extremes of composition the mean dispersion density curves

are similar to those of the negative system. In this case the

behaviour is as shown by curve I in Fig. 2.2, which shows the
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variation of mean dispersion density with velocity for the
condition in which no cellular foam is formed and the regimes
change gradually from froth to spray.

These results illustrate the difference between the
two systems, particularly at the low vapour rates. What is also
important is that the behaviour of the positive system at the
extremes of composition is that of a non-foaming system. This
is in qualitative agreement with the comments on the effect of
hole velocity on performance for the positive system at the
highest composition, discussed at the end of section 6.,3.2.

Returning to the dispersion density profiles, Figs. 6.11b
and 6,12b, it appears that at the 0,95 cm. weir height and for the
lowest FH there is less obvious difference between the positive and
negative systems. However the negative system does show a slight
kink in the profile at the 1 cm, level, the positive system gives
a smooth curve. In addition the dispersion heights differ, 2 cm.
and 3 cm. respectively at this weir height and vapour rate. This
difference is reflected in the mean dispersion density values
(Fig. 6.16), which follow the trends already discussed.

For the higher vapour velocities the profiles become more
similar, until at the highest rate the two systems both give a
curve with a distinct maximum at about 2.5 cms. above the plate.
As will be discussed later (7.2) this maximum is a feature to be

expected in the spray regime. It is interesting to note that the
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negative system tends to show maxima at the intermediate vapour
velocities, whilst the positive system has a lesser tendency to
do so. This is consistent with the more predominantly spraylike

dispersions exhibited by negative systemns,

6.4,1.ii Hold-up data - composition and surface tension effects

Hold-up data are shown in Figs. 17a to 24. The hold-up
of liquid on the plate can be seen to vary with composition,
particularly under the conditions of cellular foam formation,
systems A@ and G at low Fy (Figs. 6,19 and 6.21), A minimum
in the liquid hold-up curve coincides with a maximum in the
efficiency curve, the latter being consistent with the higher
gas residence time suggested by the former. Similar observations
have been made by Thorogood (40).

Apart from the minima exhibited by the positive systems,
the other striking difference is that the hold-up decreases with FH
for the positive systems; see Figs. 6.19 to 6.21. This behaviour
is illustrated in Figs. 17a and 17b, which also shows that the
difference is not in evidence at the low weir height. Sanadaji (69)
working with the air/water system noted an increase in hold-up with
vapour rate when a foam baffle was present, and a decrease when the
foam baffle was obsent. This suggests that when cellular foam is
allowed to build up, either by use of a foaming system or by
introduction of a foam baffle, the liquid hold up is low, increasing

as the cellular foam degenerates to froth at higher vapour rates.
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At the lowest weir height this argument is apparently
not valid.

Finally if the fraction of the liquid hold-up between
the plate and an arbitrarily selected level is used as a criteria
for comparing the two systems, results are obtained as in Fig. 6.2k.
In this case the fractional hold-up above the weir height level,
and the fractional hold up above a level 2.5 cms. above the weir
height are plotted against the absolute value of surface tension.
Values are corrected to an FH of 18.5 (spray regime) by plots
similar to Fig. 6.23, It is evident from 6.2% that the fraction
of liquid in the spray above the chosen levels increases with a
decrease in surface tension, and is greater for the negative
system. The significance of this is§ that it suggests the two
systems possess different drop size distributions at the same
value of absolute surface tension. This point is discussed more
fully in Chapter 7., It suffices here to observe that other
workers (36) (37) have shown that smaller drops reach greater
heights in spraying systems. This implies that the negative
system has a higher proportion of small drops and hence has a
higher specific surface, which is in qualitative agreement with
the mass transfer results for the spray regime, shown in Fig, 6.9

and discussed in section 6.3.1.

6.2 The effect of hole velocity

6.4.2.1 Dispersion density

The characteristic effect of increasing the hole velocity
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is to bring about a redistribution of the ligquid hold-up; this

is evident from Figs. 6.10a to 6.15, and shown quantitatively in
Fig. 6.23. From this it is seen that as the vapour rate increases
there is a tendency for less of the dispersion to be present near
the plate floor and more in the upper regions of the dispersion.
This behaviour which is in line with the findings of Sargent

et al (1), prevails at all the conditions of weir height and
composition investigated.

For the highest weir height (Figs. 6.13 to 65.15) the
effect of increasing the hole velocity is to eliminate the maximum
in the dispersion density curve and increase the slope of the
constant slope zone. This type of maximum has also been observed
by Sargent et al. and by Bernard (33). A local maximum in the
liquid hold-up means a reduced cross—sectional area for the vapour
flow. Thus at the maximum the vapour linear velocity, and hence
its kinetic energy, will also be passing through a maximum.

Teller and Rood (70) who studied the effect of bubble coalescence
noted that this produced a rel-ase of energy which resulted in an
increase in vapour kinetic energy. Thus it is possible that bubble
coalescence in the early stages of bubble rise produces a local
increase in the vapour kinetic energy which manifests itself in

a reduction in the local vapour hold up. This behaviour would give
a mexdmum in the dispersion density profile. It is relevant to note

that the maximg are absent at the highest vapour rates, which would
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suggested that coalescence is occurring at the plate floor, as
observed by Schroter (30).

For the intermediate and lowest weir height the effect
of increasing the hole velocity is to diminish the differences
between the profiles of the positive and the negative systems,
Figs. 6.11a to 12b. The system C at the lowest FH gives a
'constant slope! profile, characteristic of a cellular foam
dispersion, whilst system B gives a 'constant density' profile,
As the hole F factor inereases the 'constant density' type of
profile prevails for both systems. At the highest F factor and
for both weir heights the profiles show a maximum at a level
between 2 and 2.5 cm. above the plate floor, the position
depending on the precise hole F factor prevalent. It is of
interest to note that this maxdwmum occurs at intermediate F

factors for the negative system.,

6elte2sii Hold-up data - effect of hole velocity

The variation of liquid hold-up with vapour velocity is
dependent not only on the surface tension properties of the systems
but also on the weir height.

For the 7.6 cm, weir the hold-up was found tc decrease
with hole velocity for both positive and negative systems, see
Fig. 6.18. Some anomalous behaviour occurs at the lowest vapour
rates as a result of weeping.

At the intermediate weir height (1.9 cms,) the negative
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System B shows a decrease in hold-up with FH’ and the positive
System C shows an increase, Figs. 6.17a and 6,17b. These trends
are present across the concentration range (Figs. 6.20 and 6,21)
and are confirmed by the azeotropic System A, Fig. 6.19.

For the lowest weir height both Systems B and C show an
increase in hold-up with an increase in Fyyy Figs. 6.172 and 6.17b,

At the highest FH value the hold-up is virtually
independent of weir height, for the intermediate and low weir
height. This is parallelled by the similar mass transfer

performance at this high FH value, and is consistent with

operating in the spray regime.

6.4.3 The effect of weir height

6,4.3,1 Dispersion density

In general the effect of increasing the weir height is
to shift the profile upwards, a finding in general agrecment with
Sargent et al (1). The higher weir height will act as a support
for the dispersion, not unlike the addition of a foam baffle to a
lower weilr height system. As che weir height is reduced the dispersion
becomes more dependent on its own self-supporting properties. In
other words the foaming systens A(:) and C at the low vapour rates,
will encourage a build-up of rigid cellular foam having these self
supporting tendencies. The non-foaming systems, A(:) and B, are
unable to sustain a bubbly dispersion above the weir height level
and a spray or droplet zone will prevail in the upper levels of the

dispersion.
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Comparison of the profiles at low Fy in Figs. 6.112 and
6.12a indicates that the !'constant slope' zone can either be a
spray zone (Fig. 6.11a) or a cellular foam zone (Fig. 6.12a). This
observation is emphasised when comparing the low weir height
profiles at the lowest Fy value, Figs, 6,11b and 6.12b. The
negative system is not supporting a cellular foam, but is
generating a noticeable droplet population, whilst the positive
system is a well defined cellular foam dispersion,

As mentioned above the differences between the profiles
are less obvious as the hole velocity increases; and for the two
lowest weir heights the !spray regime! profiles (FH===18) are
indistinguishable.

From Fig. 6.16 it would appear that the mean dispersion
densities are very similar for the 1.9 and 0.95 cm. weir heights,

any difference diminishing as the vapour rate increases.

6.ke3.ii Hold~up data - effect of weir height

Increase in weir height increases the liquid hold-up on
the tray under most conditions of weir height, hole velocity and
composition., The trends are shown in Figs., 6.17a and 6.17b, which
also illustrate the important exceptions. Operation in the spray
regime, which is achieved at the intermediate and low welr heights
at the highest vapour rate, gives an independence of hold-up on
welr height. This is to be expected since the spray regime is

dependent only on the atomising action occurring at the holes and
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requires a minimal liquid depth on the plate. The hold-up will
then comprise this shallow pool of liquid on the plate floor,
sufficient to supply the holes with the liquid which is atomised,
and the droplet population formed by this atomisation. Under
these conditions the hold-up will be almost independent of weir

he ight .

R Sieve plate regimes

The range of vapour ligquid dispersions, from gas phase
dispersed to liquid phase dispersed have been observed for the
three systens.

Deep pool contacting (W = 7.6 cms.) has surprisingly
diminished the differences between positive and negative systems.
This is thought to be a consequence of the artificial support given
by the high weir for both systems. As a result the plate
efficiencies for the azeotropic system A(:) and A(:) show no
variation with composition at this weir height.

Cellular foam was encountered with the positive systems
at the lower weir heights and the lowest FH values. Increase in
the vapour rate tends to encourage break-up of the cellular
structure until the liquid phase dispersed regime (spray) is
reached. This break-up is illustrated consecutively in
Figs. 6.25 to 6.28,

No cellular foam was encountered with the negative

systems under any conditions. Increase in the vapour rate tends
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to 1ift more liquid into the dispersion which becomes progressively
more liguid phase dispersed., At the higher vapour rates the spray
regime is encountered. The behaviour can be seen in Figs, 6.29

to 6.32.

645 Description of the Spray regime

The fully established spray regime, which was only
encountered at the highest vapour rates, proved difficult to
photograph owing to the lens effect of droplets impinging on
the window. However, visual observations and the strong
circumstantial evidence gained from mass transfer and hydro-
dynamic measurements suggests certain properties which are
specific to this regime.

Firstly, it would appear from the gencral trends of the
data that the transition from mobile foam to spray is gradual.
This is in agreement with the results of de Goederen (20) and
the findings of Yoshida et al (8) for a high capacity sieve
plate column,

Visually the mecharism of spray formation appears to be
a multi-orifice atomisation, with the holes supplied by a shallow
pool of liquid less than 0.3 cus. deep on the plate. Drop size
varies from a fine spray to large packages of liquid. No
measurement of drop size or drop size distribution has been
attempted in this investigation. However it is shown in Chapter 7
that it is possible to estimate these characteristics from the

dispersion density profiles,
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Performance characteristics of the spray regime indicate
that the plate efficiency and the liquid hold-up are independent
of welr height; findings which agree with those of Yoshida,

In addition the influence of the absolute value of the
surface tension is confirmed. This has been reported previously
by Bainbridge and Sawistowski (2) and de Goederen (20). Only
partial confirmation is given to their findings that the performance
varies with the reciprocal of the surface tension. More
significantly it is shown that under the conditions of these
investigations the surface tension negative System B gives a
higher performance than the surface tension positive System C,
at the same value for the absolute surface tension. An explanation
of this phenomenon is provided by the fact that the negative
system, although it has a hold-up similar to the positive systen,
has proportionately more of its hold-up in the upper layers of the
dispersion. This suggests a finer drop size at formation, since
smaller drops reach the greatest heights (36) (37). A smaller drop
size would give a higher mass ‘ransfer surface and a higher

-

performance,
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CHAPTER SEVEN

MODEL OF TRAY OPERATION IN THE SPRAY RIGIME

77 Introduction

From visual observations of the dispersion in the spray
regime it was evident that liquid was continuously atomised at the
holes by the high velocity vapour stream. The flow of liquid to the
holes was supplied in part by the liquid flow onto the plate, and in
part by the drops which had returned to the plate. For the conditions
of weir height and flow rates used it was evident that there was very
little liguid actually on the plate floor,

Inspection of the dispersion density profiles at the
highest hole velocities indicated that the liquid hold-up decreased
rapidly in the first 5 to 7 mm. above the plate and then increased
gradually to give a maximum approximately 25 mm. above the plate,
Thereafter the hold-up tailed off, approaching zero about 100 mm.
above the plate.

Comparison of photographs, visual observations and the
dispersion profiles points to the fact that the profiles are
comprised of two separate curves, which are related to two zones
in the dispersion. These two zones are (i) a shallow pool on the
plate floor and (ii) the droplet population. Of the two, the
droplet population predominates, the shallow pool serving as a

liquid supply to the 'atomisers! (i.e. orifices) which is continually
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replenished by returning droplets and the liquid feed. Figure 7.1a
illustrates the two curves, where curve I is the shallow pool
profile, and II is the spray profile. Since the major contribution
to the mass transfer surface will be the surface area of the spray
droplets, any approach towards an explanation of curve II will be
of importance in quantifying the phenomena,

Before introducing the spray model it is necessary to
comment on two previously observed phenomena which are central to
the argument, Firstly it has been recognised that the droplet
population above a sieve plate has a droplet size distribution., From
their work on entrainment from multiple orifice plates, Teller and
Rood (70), Cheng and Teller (71) and Aiba and Yamada (37) found
that the drop-size distribution was log-normal, Nielsen (72)
came to the same conclusion from his single orifice studies. In
contrast, Axelrod and Yusoya (36) were unable to correlate their
distribution data. For the purposes of this model it is assumed
that some distribution correlation does exist.

The second observation is that three of the above workers
(36) (37) (71) give évidence that drops of different sizes have
different initial projection velocities. In general, the smaller
the drop the higher is the projection velocity. The most
comprehensive coverage, in terms of hole velocity, orifice
submergence, and liguid physical properties is given by Aiba and

Yamada (37), and these data have been used in developing the model.
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Combining thesec two phenomena, the drops size distribution
and the drop size/projection velocity relationship, with the
observed maximum in the spray dispersion profile suggests an
approach to 'modelling' the spray regime. The model is described

and developed below.

7.2 Deseription of model

It is assumed that the liquid is continuously atomised
at the holes at a constant rate. It is also assumed that the drop
sizes are normally or log-normally distributed gbout a mean drop
size. Bach drop size has associated with it a specific projection
velocity, such that this velocity is some inverse function of the
drop size (the precise relationship is interpolated from Aiba's data),
Bostain (73) has proposed a similar model for the prediction of
entrainment.

The model is illustrated in Fig, 7.1b, which indicates a
normally distributed drop size at the level of drop generation.
The vertical lines are intended to represent the magnitude of the
projection velocities,

Finally, it is assumed that there is no droplet interxaction;
that is, there is no break-up or coalescence of drops during flight,

It is suggested that only one droplet size distribution,
defined by the mean drop size and the standard deviation, will be
consistent with the measured spray profile. The model is used to

deduce the most probable values for the distribution parameters.
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It is then possible to compare the measured mass transfer
performance with that expected from the calculated droplet
population.

The basic requirement of the model is to provide a
height/velocity map associated with each drop size. This can
then be used to calculate the time spent by each drop size at
all levels above the plate, which then leads to a height/hold-up
relationship. This is none other than a dispersion density profile,
and can be compared with the measured profile.

The first step is to describe the droplet trajectory, and
in this case only the vertical components of velocity are considered.
The projection velocity data of Aiba and Yamada are, in fact, the

vertical components of the initial drop velocities.

7e3 Droplet trajectories

The force balance on an accelerating particle travelling
vertically is;

force on particle = gravitational forces + buoyancey forces

+ drag forces,.

APLE TR 2, (W-vg)?

P 3 - b
see (7.1)
which reduces to
: 2
& _vay _ g (% -fa) 3pV V)"0 (7.2)

*® T @ 0 * CNEN



where V = vertical component of particle velocity (positive
in upward direction)
VS = background velocity; in this treatment the back-
ground velocity is assumed to be well approximated
by the column superficial velocity, since the
dispersion density is known to be low. (note:
when V :»Vs the sign on the drag term is negative,
when V < V_ the sign is positive).
pp,pG densities of particle (or drop) and continuous phase
dp = particle diameter
CD = drag coefficient
a4 }v-vs‘pG
Mso, Cp = f1(Re), where Re = _P " s (7.3)
¢
Re <2,0, Cp = 2h/Re eee (7.4)
2,0 <<Re <1000, Cp = 18.5/1«30'6 eee (7.5)
Re >1000, Cp = 0.3 ees (7.6)
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The correlations above are taken from the data of Hughes and

Gilliland (74),

2

Re-arranging equation 7.2

V2
o - e vav
- 3e g glp :
= -p,) =C(V-V
¢ Sy ¥ p T 6 7D

%

2
g

vee (7.7)
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The above equation provides the relationship between height and
velocity for a given drop size,
By numerically integrating this equation over increments

of h a height/velocity map can be obtained,

7.4 Height/Velocity map

The interplate space is divided into N-1 increments,
as shown schematically in Fig, 7.2,

Consider a drop J, The initial wvelocity, VINIT, is given
by,

- - 0.93
VINIT = fz(dp) = O.h x (o.oou/dp) aee (7,8)

which is derived from the data of Aiba and Yamada.
The right hand side of egquation ¥.7 is numerically

integrated until the value of V2 satisfies

2
dh = DH, the chosen height increment.

By

This value of V_, is stored, and the procedure continues

2
to the next level, until ITERM is reached., In this increment the
drop velocity changes sign, i.e. the drop reaches the top of its
trajectory. In this terminal increment the procedure differs in
that it is necessary to calculate the first downward increment.

Equation 7.7 is integrated with V, = O, the result being a value

2
for the maximum height, Hmax' Knowing the height at which V = O
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it is then possible to continue the integration of equation 7.7 to
give downward velocities at each level, until level 1 is reached.
From this information it is possible to calculate the

time spent by the drop J, in each increment;

TUP;y = 2DH/(Wyy + VO, _,y) 1< ITERM ser (79)
TDRogy = 2DH/ODy + VD, 4y) 1< TTERM ese (7.10)
Ty = Ty + Ty
where TUT(i) = time spent by drop in upward journey between
levels I~1 and I;
and TDI(i) = time spent by drop in downward journey between

levels I and I-~1,

For terminal increment I = ITERM, equation 7.7 is

rearranged
T ( ITERM) VD(ITERM - 1)
~b4p d
fdt T 3o ~/ 24 ( CI:{cz(v.v)a
0 G VU(ITERM - 1) 3P P - P4 = Cp s

This is numerically integrated co give TT(ITERM)

The result of this analysis is a height/velocity/time
map for the drop J. It should be noted that any drop reaching level
N is assumed to be irrevocably entrained.

In order to obtain hold-up data it is necessary to
determine the height/velocity/time map for a range of drop sizes

(J = 1 to M), which are assumed to represent the drop size distribution.

© cee (741
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7.5 Hold-up calculations

Let rate of generation of drops = N_(drops/sec.unit area
of plate)

Assume the droplet population is expressed by a distribu-
tion function P, which is a function of dp, such that

dp max

pmin

Fraction of drops in size range bdp = P(dp)bdp = F( . ees (7,13)

j)

Rate of generation of drops in size range bdp = NpP(dp)Sdp

ees (7014)
where;
4 1 2
P(d) = =———— exp(- —5 (X «X°) ses (7.15)
p s V2w 252
and X = dp; X = dpm for a normal distribution,
X =

lndp; X = lndpm for a log-normal distribution.

The size distribution is characterised by the mean drop
size dpm and the standard deviation s. In addition the values
ascribed to dpmax and dpmin will have some influence. The value
of dpmin is set to an arbitrary low value, for which the drop
frequency is vanishingly small, This approach is unacceptable for
dpmax as pointed out by Mugele (45), and his criteria are applied

for estimating dpmax; see equation 2.38. In this case the relative
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velocity between the phases at drop formation is taken as the hole

velocity.

The spectrum of drop sizes is taken to be represented by

and the size range 6dp = (dpmax - dpmin)/M eee (7.17)

Combining equations 7.13, 7.15 and 7.17, for a normal distribution,

g - )
Tty = ( S M R 5’1}271: .exp(- —lé' (dp(3) - dpm)?)
(28)

vae (7.18)
To allow for the fact that equation 7.12 is inexnact, the values for
F(j) are standardised by

j=M

F‘(j) = F(j)/ F(j) XY ] (7.?9)
j=1

Now rate of generation of drops in size range J

t

Holdup of drops (J) in increment I, which is bounded by
levels I and I - 1

Time spent by drop (J) in increment x rate of generation

I

of drops (J) x volume of drop (J)

= L g3
= TT(j,i)-NpoF('j). 'g-dp(j) aey (7020)

Thus total hold-up of drops in I, per unit area of plate is
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g’

ﬂi = J TT("]’:L) p.F(J) g ’dp(:]) see (7-21)
Re~arranging

g, IF

'I'\'I':‘L' = eji ses (7022)

p =1

= J I 3
where jS TT(j’i) -F(j)’ 'g. dp(j)
Summing equation 7.22 overall all levels

. i=N 1=N =M
DICAEID YD W
p 2 T o5 #

where HL is the liquid holdup per unit area of plate, and is

ees (7,23)

O 08

obtained by integration of the experimentally determined
dispersion density profile

(F f3(H>i eee (7.24)

i =
as described in section 6.2.1.

FLE is the fraction of liquid in the dispersion at level H,

Combining equations 7.23 and 7.22 to eliminate Nb

;) 2 2 ees (7.25)

Equation 7.25 is used to give values of ﬁi. The dispersion density

j=M
gi = HL ._f 3

in increment I

volumetric liquid hold-up
total volume of increment

thus (FI.C)i = ¢i/(DH-1) eee (7-26)
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where FLC is the calculated fraction of liquid in the dispersion
at level H, It is thus possible to obtain the profile

(F-Lc)i = fl‘*‘(H)i 'Y R (7‘27)

This profile is a function of the chosen drop size distribution
parameters, i.,e. dpm and s, Adjustment of dpm moves the position
of the maximum FLC' vwhilst adjustment of s will alter the spreadi
By comparing the measured and the calculated profiles an estimate
can be made of the size distribution characteristics,

The values of dpm and s are chosen to minimise the

residual sum of squares
i=N
_ 2
R = D (g -F) v (7.28)

i=2
A program has been written to carry out the analysis outlined above,
and the flowcharting is presented in Appendix V. The minimisation

of Rs was assisted by using a subroutine due to Powell (75).

7.6 Mass Transfer

7641 Calculation of the number of transfer units

Having obtained a 'best fit' droplet population from
Hydrodynamic considerations it is then possible to estimate the
mass transfer performance of the dispersion. This can be compared
with the measured plate performance,

The number of transfer units in increment I is given by

(ANCG)i = (AC')i/(C'* - C')i one (7-29)
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where C! is the vapour phase composition (in moles per unit volume),
and C'* is the vapour composition in equilibrium with the bulk liquid
composition.

This can be written
(ANOG)i = ((KOG)Ui Agy, + (KOG)D:'. ASDi)/VS ver (7.30)

which assumes that the overall driving force is the same for
ascending and descending drops. The subscripts U and D, denote
the ascending and descending values of the properties.

The mass transfer coefficients KOGU and KOGD are obtained

from equation 2.1.

1 1 m
T = T o e see 2.1
S S

As discussed in Section 7.6.2 the values of the individual coefficients
will depend either on the local value of the Reynolds number, or on
the age of the drop, both of which differ for the ascending and
descending conditions.

Summing equation 7.30 over .2ll levels

i=N
- (K..)... &s. . + (K. .)... AS..)
Ny, - Z oc’ui “Sui VOGD:L Spg e (7a31)
i=2 s
Now
j=M
(Koglys 88y; = jZ Koadu(s,1) 25 M F sy T 5)

eas (7.32)

where aj is the surface area of drop J. A similar equation can be

written for the descending term.
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Putting 7.32 into equation 7.31, and eliminating Np by using

equation 7.23 the number of transfer units is

gt i=N
1 :24 :2) U(J’l) + ZD(J,i))
L =1 i=2
N(X?l = v;' J j:‘-z = .de (7.33)
where ZUji = (KOG)U(J,l).a F(J) (j,i)

Equation 7.33 has been used as a basis for the mass transfer
calculations carried out after analysis of the dispersion drop

size distribution (Section 7.5).

7.642 Individual mass transfer coefficients

i Gas phase

A number of correlations are available for convective
mass transfer from a spherical drop., The relationship due to
Ranz and Marshall (76) has been used. This is

Shy, = 2.0+ o.6Reé3' soG% ass (7e34)

where Re is defined by equation 7.4,

It is evident from equation 7.34 that the individual gas
phase mass transfer coefficient is dependent on drop size and on
relative velocity; this latter property is itself a property of
height, direction of travel and drop size (equation 7.7).

ii Liquid phase

The individual liquid phase mass transfer coefficient to

be introduced into equation 2.1 is obtained from consideration of
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the unsteady state mass transfer into a rigid sphere. For the
condition of constant surface concentration and constant diffusivity,

the solution of the diffusion equation by Carslaw and Jaeger (77) can

be applied.
c-~¢C
o _ R po f2nt DR - r potent DR+ r
s~ Yo = 2 YDt 2 Yt

oo (7435)
where C is the liquid concentration at radius r in the sphere of
radius R. Cs is the surface concentration and Co is the initial
bulk concentration. This solution converges rapidly for small
values of time,

Now the mass flux at the surface of the sphere at time

t is
oC
Ns(t) = -D(‘é‘l"')r = R oae (7.36)
In terms of the liquid mass transfer coefficient
NS(t> = KL(t).(CO - CS) ava (7037)

Equation 7,35 is differentiated with respect to r at r = R,
The liquid phase mass transfer coefficient is found by

equating equations 7.36 and 7.37, which gives

k(e = B {2 exp(‘%;)} -2 ver (7.38)

The negative term compensates for the fact that the composition at the
centre of the drop will not remain at C0 if t becomes sufficiently

large. Once this happens the assumption of constant driving force
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C0 - CS, will be invalidated.

For small values of t, this is well approximated by

D D
KI'(t) = Fb- - §‘ sve (7-39)

According to Hughes and Gilliland (61) (74) internal motion
tends to occur in droplets due to osc¢illations initiated at formation
or caused by drag or turbulence effects. Garner (78) observed
internal motion in liquid droplets caused by drop deformation and
internal circulation set up by viscous drag. He noted that internal
circulation occurred at lower flow rates if diffusion was taking
place. According to Davies (79) deformation occurs whep the Bond
number. ( Apdzg/O‘) is greater than O.,4. This condition is met in
the majority of cases considered in this analysis.

As a result it is to be expected that the droplets in the
spray dispersion will deviate from the rigid sphere model, and that
deformation and internal motion will occur. This momentum transport
within the drops will augment the molecular diffusion process. To
allow for this an effective diffusivity is used in equation 7.39,
rather than the molecular diffusivity, Calderbank and Korschinsky (80)
have tabﬁlated values of the ratio of the effective to the molecular
diffusivity from 1.9 to 70, for a wide range of conditions. The
results of Hughes and Gilliland (61) for the absorption of 002 into
falling drops of water indicate a diffusivity ratio of approximately
10.

Equation 7.39 becomes
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K®) = O Amen? - e eee (7.40)

It is found that the ratio DE/DM has a marked effect on the
calculated performance at low values of the ratio. This is

discussed more fully in section 7.8.

77 Testing the model

In the initial tests on the model attention was focused
on the choice of step lengths to be used, since these affected not
only the accuracy of the procedure but also the computing time.
Thus it was found that the number of height increments, N, could
be taken as 30, a value of 50 giving no difference in the results
but almost doubling the number of calculations. On the other hand
the inditially chosen value for M, the number of drop size increments,
was 21 and this yielded an uneven dispersion profile; the wvalue of
M used was 41 which gave smooth profiles.

The height increment chosen was 0,5 cm. A value of
0.0007 m. was chosen as the minimum drop size, dpmin, and the
relationship of Mugele (45) was used to estimate the maximum,
dpmax. The value chosen for this latter property was not critical
since a comparison was made with the results obtained by using both
the estimated maximum value and twice this value; the differences
were negligible.

Numerical integration of equation 7.7 reguired a means
of incrementing the velocity term. For the ascending drop the

velocity increment for level I was taken as
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v, = (W _, -V )/ eoe (7.41)

This value was stored and used later for the descending drop
caleulation in level I. The initial velocity increment was
dependent on the projection velocity (a function of the drop
size) and found by experience to be reasonably estimated by

6Vi=2 = —0.008 - (6‘I+dp) [ R (7.1"’2)

Both no;mal and log-normal distributions were checked as
possible descriptions of the spray population at generation., There
was little to choose between the two, although the log-normal model
was marginally more successful for the profile fitting. Since other
workers (37) (71) (72) have used the log-normal distribution to
correlate entrainment data, it was decided to use this distribution

throughout,

7.8 Results from the model

The model was used to analyse the spray regime data for

systems B and C.

74847 Dispersion parameters

Values for the mean drop size and the standard deviation
have been derived from the dispersion profiles by minimising the
residual sum of squares, Rs, obtained from a comparison of the
experimental profile with the calculated profile. Figure 7.3 shows

a comparison of experimental and calculated profiles, and it can be
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seen that the 'fit' is very successful,

As an illustration of the sensitivity of Rs to variation
in the chosen parameters, the results of the initial minimisation
leading to Fig. 7.3, are plotted in Fig. 7.4. It should be noted
that the final value for Rs is one tenth the value obtained in this
initial minimisation.

The calculated mean drop sizes, dpm’ have been corrected
for variation of viscosities, liquid density and gas velocity as
suggested by equations 2,41 and 2.42. The reference values are for
pure benzene and a superficial gas velocity of 1 m/s. In Fig. 7.5
the corrected drop sizes d' are plotted against surface tension,
Considering the deductive nature of the estimating method the
scatter is not great., It can be seen that the negative system has
a smaller drop size than the positive system at a given value of
surface tension. This finding accords with the results shown in
Fig. 6,24 of the previous chapter, which suggested that the negative
system had proportionally more of the hold-up in the upper zones of
the dispersion than the positire system. In addition it is evident
that for both systems the drop size increases with surface tension,
The dependence of drop size on surface tension is different for the
two systems.

System B (negative), 4'q« 0'0'25
System C (positive), d!gq o 0

According to the spray analogy the exponent would be
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expected to be in the range 0.16 to 0,3 (46)(47). It appears that
the negative system is adequately covered by this, but the
positive system is outside the range. It is noteworthy that if
the mean drop size is corrected only for the variation in the
velocity, and the variation in the physical properties is
neglected the dependence becomes,

System B, a' ¢ o 0.23

Systen C, dt e o 0.32

The other distribution parameter is the standard deviation.
No pattern emerged to indicate a dependence of this property on the
other parameters. However the values for the negative system were
all higher than those for the positive system 0.30 ¥ 0.03 and

0.19 ¥ 0.01 respectively. This indicates a narrower spectwum of

sizes for the positive system,

7.8.2 Mass transfer

Mass transfer calculations were carried out on the
deduced droplet populations. It was first necessary to obtain
an estimate of the effective diffusivity. Fig. 7.6 shows the
variation.of the calculated performance NOG with diffusivity
ratio (DE/DM)L. A meximum is reached as the negative term in
equation 7.40 acquires increasing significance. Evidently NCG
is critically dependent on the chosen value of DE/DM for wvalues
of the ratio less than 5. Since the calculated performance is

always less than the measured performnnce the ratio has been taken
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as 20, which gives the clbsest agreement between the two values.
The experimental and the calculated performance, expressed as
plate efficiency EMV’ are plotted in Figs. 7.7 and 7.8. In both
cases the calculated performance is slightly lower than the
measured value {ca 10% for system B and 5% for System C), although
the variations with composition are followed quite closely.

This underestimation of the plate performance is no
doubt a consequence of the simplifications made in developing
the model. As discussed in the next chapter the most significant
omissions may be the effect of mass transfer in the shallow pool
(Fig. 7.1a) and the effect of drop coalescence and break-up during

flight,
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CHAPTER EIGHT

DISCUSSION
81 Positive and Negative systems in sieve plate distillation
8e1e1 Regimes of operation

It has been shown that a variety of gas/liquid dispersions
can be generated on a sieve plate, from cellular foam to mobile foam
to spray. These dispersions, or regimes, are characterised by the
nature of the dispersed phase, and this in turn defines the type of
gas/liquid interface. Cellular foam is composed of discrete bubbles
of gas within a liquid, spray consists predominantly of ligquid
droplets in contact with a rising gas stream, and mobile foam
describes the type of dispersion which lies between these two
extremes. It should be noted that mobile foam cannot be termed
a transition regime, since cellular foam is not always encountered,

The basic difference between surface tension positive and
surface tension negative systems is the ability of the former to
promote cellular foam, According to Zuiderweg and Harmens (6)
this is because for positive systems the mass transfer process
encourages the Marangoni (81} effect. This effect creates forces
stabilising the interface and thereby aids the formation of rigid
(or cellular) foams. The opposite behaviour applies to negative
systems, and the rupture of the lamellae between bubbles is encouraged,

giving a non-cellular dispersion.



167

This difference in behaviour occurs at low gas rates,
as has been shown in this work. An increase in the gas rate
counters the stabilization of the interface in a positive system
and coalescence occurs. There is a gradual transition from
cellular to mobile foam, and the plate performance falls as the
gas residence time and the magnitude of interfacial area are
reduced. It is apparent from the dispersion density profiles
that as the gas rate is increased more of the liquid is transferred
to the upper zones of the dispersion. Similar behaviour pertains
to the negative system although the type of dispersion changes from
a mobile foam to a highly agitated foam with an appreciable droplet
population, For the negative system the variation of plate
performance with gas rate depends on the weir height. Over the
range of gas loadings used in these investigations the performance
falls for the 7.6 cm, weir, is constant for the 1.9 cm. weir and
increases for the 0.96 cm., weir. For the two lower weirs it would
appear that the increase in surface area due to the droplet
population counter balances or outweighs the reduced gas
residence time.

At high gas rates and low weir heights the shear forces
between gas and liquid are such as to atomise the liquid, and give
a dispersion composed of liquid droplets, i.e. the spray regime.
This applies to both positive and negative systems. Once this

regime is encountered the height of the weir is of minor significance
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in determining the plate performance, as observed by Yoshida et al (8).

8e1e2 The criteria of Zuiderweg and Harmens

As pointed out by Bainbridge and Sawistowski (2) the
criteria of Zuiderweg and Harmens are of limited applicability.
That positive systems exhibit cellular foam behaviour and consequent
high performance, and negative systems give a more spray like
dispersion with lower performance is not disputed. However it is
clear that this behaviour occurs at low gas rates and low weir
heights, and for other conditions of flow rate and plate geometry
the phenomena differ, Thus at high gas rates and low weir heights
both types of system give a liquid phase dispersed spray regime.
Moreover as observed by Bainbridge and Sawistowski, and confirmed
in this work, the positive system gives a lower performance than
the negative system in the spray regime. It has also become
evident that the method of comparison of system performance should
not be limited to a Schmidt number correction (egquation 2.10) but
should include parameters influencing the formation of the
dispersion, An analogy with gas/liquid atomisation has yielded
a means of correcting for fluid viscosity and density effects
(equation 2.44) as well as allowing for the contribution due to
the hole velocity (equation 2,43), It is appreciated that this
analogy is only a first step towards allowing for the factors

affecting the drop size, and hence the mass transfer surface, but
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it is felt that some correction is valid. With or without the
correction the negative system gives a higher performance than
the positive.

A further aspect of the analogy is that it indicates
an increase in performance with a decrease in surface tension,
consistent with a reduction in drop size and corresponding
increase in surface area. This accords with the findings in
this work and that of other workers (2) (20). Both positive and
negative systems show this behaviour.

Summarising, it would appear that the c¢riteria of
Zuiderweg and Harmens only apply when the conditions are such
as to promote cellular foam behaviour in a positive system and

mobile foam or spray in a negative system.

8.1.3 Practical applications

The type of dispersion generated on a sieve plate is a
function not only of surface tension properties but alsc of flow
rates and tray design, and its choice is therefore one of the
design decisions.

Positive systems exhibit their highest efficiency when
allowed to operate in the cellular foam regime. As noted in
section 2.3.1. this is favoured by low gas flow rates and low
hole Reynolds numbers. In other words for a given free area small
holes will have a greater tendency to encourage cellular foam

formation than large holes. In addition the presence of the side
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walls and a foam baffle will aid the build up of cellular foam.
A precautionary note should be added here since the results of
Bernard (39), on a neutral system, indicate that the presence of
a foam baffle had a detrimental effect on the plate performance.
A further observation is that cellular foam occurs at low gas
loadings, and to achieve this a rather larger than normal c¢olumn
diameter will be required. In general design for cellular foam
behaviour is probably only feasible for relatively small column
diameters (0.5 m. and below).

For negative systems there is no point in attempting to
design a tray to promote cellular foam. On the other hand high
capacity columns such as those of Yoshida et al(8) and Manning (10),
which operate in the spray regime will be advantageous. Thus high
throughput should be encouraged when distilling negative systems,
the intention being to form a liquid phase dispersed mass transfer
zone. Two precautions must be added. Firstly, the problem of
entrainment must not be overlooked since this is aggravated as the
gas rate is increased. For this reason the design of spray tray
due to Manning, which incorporates a coalescence zone, deserves
more attention. Secondly it should be noted that systems with a
high liquid phase resistance may not be favoured by the formation
of a dispersion composed of droplets, since eddy transport can be

very low within small drops (78).
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The observed effect of increase in plate performance
with decrease in the absolute value of surface tension suggests
that spray regime operation is suitable for low surface tension
systems, whether negative or positive, This includes both liquid
air distillation and certain high pressure distillations in which
high temperature gives a low surface tension.

Finally, the study of the spray regime seens particularly
relevant to vacuum distillation in which the gas velocities are high
and the volumetric liquid rates are low, these being the conditions

most favouring spray formation.

8.2 The Spray regime

8e241 Mechanism of dispersion formation

In the spray regime a high velocity gas stream is passed
up through a shallow pool of liquid. Atomisation of liquid takes
place close to the plate floor and liquid droplets are projected
upwards. Some of the droplets have an unimpeded trajectory from
the floor through the dispersion zone and back to the floor. Others
will collide with other droplets, either coalescing or subdividing,
and some will strike the side walls.

In a fundamental study of the mechanism of atomisation of
liquids Castleman (82) assumed that a necessary step in the
formation of discrete droplets from a mass of liquid is the
formation of ligaments. He used the photographic evidence of

Scheubel (83) to illustrate this, and it has subsequently been
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confirmed by other workers employing a variety of atomisers
(88) (89) (90).

Bainbridge and Sawistowski (2) in their work on
distillation suggested that drops form by the rupture, or
"necking-down'', of ligaments. In a preliminary study in this
work the necking-down stage was observed by flash photography.
Subsequent work by Nielsen (72) and Lindsey (84) has clarified
the picture somewhat.

Nielsen studied entrainment from a single orifice, using
flash photography to gain evidence of the mechanism. He observed
that at moderate to high vapour rates there is a continuous vapour
channel, of fluctuating diameter, from the orifice to the liquid
surface. As a result of momentum exchange between the vapour and
liquid, some of the latter is drawn up above the level of the
liguid surface in the shape of an inverted hollow cone of narrow
angle. Thinning and disturbances in the surface of the cone
cause it to disintegrate vertically in several locations. According
to Nielsen the forces of surfaze tension cause these unattached
fragments to form into vertical ligaments having nearly circular
cross sections. These ligaments neck down into drops as a result
of disturbances and surface tension forces. The high local vapour
velocity imparts considerable momentum to the inverted cone, or
sheet, which leads to the formation of droplets having an upward

projection velocity. A small horizontal vector is evident, but the
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projection is almost vertical., It should be noted that the
projection velocities of Aiba and Yamada (37) refer to the
vertical vector only.

The observations of Lindsey (84) are in qualitative
agreement with those of Nielsen, although the continuous vapour
channel is not evident at his lower gas rates. This does not
conflict with the basic argument that drops are formed from
ligaments which themsclves are formed from sheets,

Ligaments of different sizes will be formed from a given
sheet. Bach ligament will tend to give a particular size of drop
according to Rayleigh (85), although surface tension gradients may
accentuate or dampen disturbances of small amplitude. The behaviour
of surface tension positive and surface tension negative systems may
differ at this necking stage, as suggested by Bainbridge and
Sawistowski (2). However it is possible that the major difference
occurs during the ligament formation stage, which depends on the
rupture of a liquid sheet. A negative system will be more prone
to assist disturbances leading to sheet disintegration, and tend
to give a higher proportion of thin filaments. In other words the
negative system will tend to give a range of drop sizes with
predominantly more small drops than the positive. Additionally
since the surface tension gradients of the negative system will
encourage all disturbances it is possible that a greater range of

ligament sizes, and hence a greater range of drop sizes will prevail.
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This analysis depends on the importance of the
Marangoni (81) effect on the rapid events occurring in drop
formation. According to Linde (86) Marangoni instabilities
are established in less than 0,01 sec, which is a time scale of
similar order of magnitude to that encountered in ligament

formation.

8242 Effect of surface tension

Variation of the absolute value of surface tension has
been shown to alter both the directly measured plate performance
and the indirectly estimated mean drop size of the dispersion.

In Chapter Two equations were developed, from a spray
analogy, for predicting the dependence of mean drop size and plate
performance on surface tension. The empirical relationship of
Mugele(ﬁs) for atomisers was used as a basis of the analysis,
Equation 2,42, developed for drop size can be written as

corrected mean drop diameter o o 0+20
where the drop size is corrected for variations in vapour velocity,
fluid viscosity and liquid density. If the work of Dombrowski et al
(46) (47) on atomisers is applied, the exponent on o varies from
0,16 to 0,33,

According to this investigation the exponent varies from
0425 to 0,55 for the negative and positive systems respectively,

when the drop size is corrected for all the above parameters.

However if the correction is limited to vapour velocity alone the
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exponents are found to be 0.23 and 0.32. Thus it would appear, from
this investigation over a narrow range of surface tension, that
equation 2.38 developed by Mugele for atomisers may not be
applicable to sieve plates operating in the spray regime.

Mugele tested his equation against results taken from
a grid tray. He obtained good agreement with the characteristic
linear dimension taken as twice the slot width. In Fig. 8.1 a
comparison has been made with the deduced drop sizes, corrected
for velocity only, and the values predicted from eguation 2.38.
As can be seen the mean drop size of the positive system is well
estimated if L' is taken as twice the hole diameter, dH' The value
for the negative system is not so well estimated. As suggested in
section 8,2.1 the negative system can be expected to give somevhat
lower drop sizes than a positive system. The atomisation data used
by Mugele to develop equation 2.38 was for pure liquids, which behave
as surface tension neutral systems. Neutral and positive systems can
be expected to behave in a similar fashion in not encouraging the
growth of small disturbances, and would therecfore tend to give

similar drop sizes.

The dependence of plate performance on the absolute value
of the surface tension is predicted by equation 2.45 which, for
constant vapour rate, can be written

m
1
NG ao

where m =~0,25 to ~0.5.
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Comparison of deduced drop size with value from equation 2.38
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41 is corrected by equations 2.10 and 2.44 for

The performance,
the effect of other physical properties. This relationship is
based on constant liquid hold-up and Mugele's empirical equation
for mean drop size,

| Experimentally determined values of m are -0.85 and
-0.75 for the negative and positive systems respectively. This
implies a stronger dependence on surface tension than expected.
As discussed in the next section the model assumes that mass
transfer only occurs between a droplet population and a rising
vapour stream, This simplification neglects certain end effect
contributions to mass transfer, which will themselves be dependent

on flow rates and physical properties. If these dependencies are
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not adequately expressed by equations 2.43 and 2.44, it is to be
expected that there will be some divergence between the actual and

the anticipated correlating equations,

!

8e243 Assessument of the model

The theoretical model developed in Chapter seven has
proved to be a plausible description of the spray regime. In
this work it has been successfully employed as a deductive method
of assessing the drop size distribution parameters. Dispersion
density profiles which compare well with the measured profiles,
have becen generated by the model.,

Although the effect of entrainment has not been
investigated in this work, results from the model indicate that
it is of negligible significance for the conditions employed. It
should be noted that the model, as formulated, can be used to
estimate entrainment if it is assumed that all droplets reaching
the level of the next plate are irrevocably entrained; it is
similar to the entrainment model proposed by Bostain (73).

Estimates of plate efficiency from the model have been
shown to be a little congervative by 5 to 10 percent. However
even if the drop population is accurately determined there are two
assumptions which may lead to an underestimation of plate performancé.
These assumptions are that the plate performance is adequately
approximated by the performance in the droplet dispersion, and
that no interaction (coalescence or break up) occurs between

drops.
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As described in Section 8.2,1 there is an initial contact
stage (in the shallow pool) which consists of the passage of high
velocity, and hence highly turbulent, vapour through a channel and
hollow cone of liquid. For completeness some allowance should be
made for this zone,

If it is assumed that the shallow pool contact zone can

be approximated by a wetted wall column of diameter dch and

height H ,, the relationship of Gilliland and Sherwood (87) can
be applied
KG = 0,023 32_ Re2£83 800.44
ch
where Rech is the vapour Reynolds number in the chamnel. This

gives a shallow pool performance, Ngo of 0.08 to 0,04 for Hch

varying from 1.0 to 0,5 cms. if dc is taken as equal to the hole

h

diameter. With dc equal to twice the hole diameter NGo changes

h

from 0,18 to 0,09 over the same range of Hc For the values of

ne
plate performance encountered 0,10 transfer units is equivalent
to 6% added to the plate efficiency.

It is difficult to allow for drop coalescence and break-
up. One consequence of droplet interaction is to disturb the
unsteady state mass transfer process into the drop, and the
result of this may be an enhancement of DE or alteration of KL(t)
owing to a change in the relative age of the drop, t. The

correction involved if it is assumed that each drop has an age

zero at generation, and zero at the top of its trajectory, due
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to some interaction, is approximately 0.1 to 0.05 transfer units.
It is appreciated that this is an unreal situation, but it serves
as an illustration of the influence of the time dependent liquid
phase mass transfer coefficient on the plate performance.

In conclusion it appears that the model is a suitable
basis for future work, recommendations for which are given in

Chapter nine,
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CHAPTER NINE

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

9.1 Conclusions

Investigations carried out during the course of this work
have confirmed the findings of Zuiderweg and Harmens (6) for sieve
plate distillation at low flow rates. These findings are that
surface tension positive systems tend to give higher efficiencies
than negative systems as a result of the greater interfacial area
presented by the cellular foam of the former compared with the
mobile foam of the latter. However at higher vapour rates the
cellular foam is replaced by mobile foam and the two types of
system give similar performance. At high vapour rates the ligquid
phase becomes the dispersed phase (spray regime) and the negative
system then gives a higher efficiency than the positive system,
contrary to the criteria of Zuiderweg and Harmens. This is caused
by the finer dispersion of the negative system.

Performance in the spray regime increases with decrease
in surface tension for the range of parameters investigated. An
analogy with spray atomisers is partially successful in predicting
this dependence, although it slightly underestimates the significance
of surface tension.

A model has been developed based on the atomisation of a
continuously replenished shallow pool of liquid on the tray floor,

by high velocity vapour passing through the holes., It is assumed that
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there is a distribution of drop sizes generated and that each drop
size has associated with it a particular projection velocity. This
model has been shown to be a plausible description of the spray
regime,

The model can be used as a deductive method for determining
the drop size distribution parameters from dispersion density profiles.
In this investigation it has indicated that for the negative system the
mean drop size 1s smaller and the standard deviation larger than for
the positive system., For both systems the drop size decreases with
surface tension, as predicted from the spray analogy.

Performance data calculated by the model from known
distribution data are lower than the measured values by 5 to 10
percent. This disercpancy is partly eliminated by allowing for the

mass transfer taking place in the shallow pool.

9.2 Fyture work
Considerable research effort has been applied to sieve

plate distillation in the foam regime. On the other hand the spray

regime has received scant attention, Further investigation of the

. spray regime should prove fruitful for the following reasons:

(i) operation in the spray regime implies high throughput,
without necessarily impairing the performance o

(ii) Since the physical picture of the spray regime is somewhat
clearer than the mobile foam regime, it should be easier

to model; as attempted in this thesis.
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At this stage the model is dependent on certain externally

assessed data,

A more complete model requires information on the

influence of fluid flow rates, physical properties (including surface

tension gradients) and plate geometry, on the following,

(a)
(b)
(c)

and (d)

the projection velocity/drop size relationship,
the drop size distribution parameters,

the liquid holdup in the spray regime,

the end effects, namely the shallow pool transfer

and the interaction of droplets.

An alternative approach to prediction of spray regime

performance lies in the development of the spray analogy.
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APPENDIX I

SUBSTANCE SPECIFIC CORRECTION FACTORS

The results are shown in Fig. I-1. As can be seen the
curves are broken. This behaviour was unexpected when the first
calibration was attempted and considerable effort was spent in
perfecting the calibration techniques. This effort increased the

reproducibility of the method, which is outlined below.

I.1 Calibration Technigue

One of the basic problems of making up known mixtures of
volatile substances is ensuring that there are negligible evaporative
losses between weighings and before analysis, A special calibration
bottle, Fig. I-2, was devised to minimise this evaporation and to
allow mixing before analysis. The bottle was carefully dried before
welghing, on a Metler semi-automatic balance. Component A, which had
been chilled, was added by removing the top. After weighing, the
stopper was removed, Component B, also pre-chilled, was added from
a syringe, and the stopper repraced. Rapid re-weighing was possible
with the automatic balance. Once made up, the mixture was cooled in an
ice bath before sampling and analysis. Complete mixing was ensured
by use of the stirrer. Losses were further reduced by working in an
ambient temperature of less than 10°C,

A further check was obtained by making up some of the mixtures
in reverse order, i.e. adding A to B, rather than B to A, No difference

could be detected by the two methods,
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I.2 The importance of errors

It is of interest to assess the relationship between
errors in fj and the subsequent errors in wj, the weight fraction
of the j component (the i component has f, set =1, by definition).
From Kaiser (52).

(Wt ratic:):j = fj.Areaj/Areai. ees (I.1)

then weight fraction

W o= A'.fj/(1 + (fj.A‘)) ves (I.2)

where A' is the ratio of the peak areas Area j/Areai.

Differentiating with respect to fj.
aw/ag; = A/ + (fj.A'))2 s (1.3)

From (I.3) and (I.2)
daf ,

Qv _d 1
v (1+fj.A’) see (1H)

For fj;=:1, and a small finite change in fj, equation I.4 can be

written
As
Aw i 1
— = == G eee (I.5)
J
For A':s> 1
"%'Il‘r‘ ——— ZET0 P (106)
and A' K 1
. Af
—%VE .._)-—f-l rExl (107)
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This means that for low concentrations of j, the relative
errors in w will be the same magnitude as errors in the value of fj'
However, it follows from equation I.6, that at high concentrations of
J, the errors in w caused by errors in fj are of diminishing

significance,
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Calibration charts for the gamma-ray traverse system

Fig. II-2

Vapour and Liquid count rate plotted against

composition.

Typical semilog plot of log n against FL

(fraction liquid). System A.
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APPENDIX IIT

PHYSICAL PROPERTIES OF THE BINARY SYSTEMS

Table IIT.1
2

o3

Figure TIT .1

2

3

ol
>

Nomenclature

System

Benzene/Cyclohexane equilibrium data
Benzene/n-Heptane  equilibrium data

n-Heptane/Toluene  equilibrium data.

Surface tension at boiling point vs. composition
Liquid density at boiling point )
)vs. composition
Vapour density at condensation point )
Liguid viscosity at boiling point )
)vs. composition
Vapour viscosity at condensation point )

Liquid diffusivity at boiling point. vs. composition,
Vapour diffusivity at condensation point vs. composition.

A Benzene/Cyclohexane

B  Benzene/n-Heptane

C n-Heptane/Toluene

mole fraction of Benzene (Systems A and B)

and of n-Heptane (System C).
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TABLE TIT,1

Equilibrium data: Benzene/Cyclohexane (ref 50)

B.P x y

% mole % mole %
80,80 0 0.00
80.46 2 2,84
79.99 5 6.87
79430 10 13,06
78430 20 23.84
77475 30 33.39
77 40 Lo 42,18
7725 50 50.45
77425 60 58.62
77 415 70 67.03
77.85 80 76.52
78,60 90 87 .20
79420 95 93,18
79471 98 97412

80415 100 100,00
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TABLE I1I,2

Equilibrium data: Benzene/n.Heptane (ref 50)

B.P X ¥y
°c mole % mole %
98.40 0 0,00
97475 2 3.80
96.75 5 9.80
95,10 10 18.91
91.95 20 3%.53
89,25 30 45,60
87,05 4o 55.79
85.10 50 6h.16
8%.50 60 71.46
82.35 70 78.15
81,45 80 84,88
80.75 90 .72
80, Lt 95 95 .62
80.27 98 98.30

80.15 100 100,00
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TABLE III.?
Equilibrium data; n.Heptane/Toluene (ref 5u)

B,P x y

% mole % mole %
110.63 0 0.0
110,30 1 1.84
109,10 5 8.70
107.90 10 16.30
105.70 20 29.20
104,00 , 30 40,00
102,60 Lo Lo bl
101,50 50 58.10
100,60 60 66,40
99.86 70 74 5O
99.25 80 82,60
93,77 90 91.10
98.58 95 95.50
98.46 99 99.10

98, k2 100 100.00
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APPENDIX IV

THE DIITUSIVITY OF LIQUID MIXTURES

The heat transfer requirements at the interface in the
distillation process impose, in general, the condition of zero nett
flow, thus

N, + N, = O e IV

where N1 and N2 are the molar fluxes of land 2.

If the bulk flow rate is v, and the total molar density

Cop (moles/unit volume), the molar fluxes can be written

dx,
Ny o= ¥Opq = Do Op -ee V.2
dx
From IV.1, IV.2 and IV,3
ax, .
v = 3 (Pprp - Prpq) ees 10

Hence if the diffusivity of species 1 in species 2 is different from
the diffusivity of 2 in 1, the condition of zero nett flux implies the

existence of bulk flow,

Thus
dxq
Ny = =(pqp = (Bpqp = Dppp)xy) 7= Cg eee I05
If it is assumed that the molar flux can be expressed
dx,
Ny = =Dy 3 Cp ... TV.6

where DL is the diffusitivy of 1 in a mixture of 1 and 2. Thus from

IV.5 and IV.6 the diffusitivy of the mixture is

D

12
D = D (1—(1—“"""}{) vee 1V,7
L 12 DL21 9
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APPENDIX V

FLOW CHARTS OF THE COMPUTER PROGRAM FOR

THE MODEL OF THE SPRAY REGIME.
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FLOW CHARTS FOR THE SPRAY MOODEL
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VI.1.

2

N W

co

11
12
13
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APPENDIX VI

EXPERIMENTAL RESULTS

Dispersion density data System

System

Systenm

Performance data System

System A
System B

System C

Systen

System

Benzene/Cyclohexane
Benzene/n.Heptane

n.Heptane/Toluene

W

W

W

[

W

W

W

W

205

7.6 cms.
1.9
7.6
1.9
0.95
1.9
0.95
7.6
1.9
7.6
1.9
0,95
1.9

0.95



TABLE VI.1

Dispersion Density Data:

System 4, W = 7.6 cms.

Run AMV1  x = 3.k%; Fy; = 10,0; Holdup = 2.55 cms.

Level (cms.) 0.25 1.55 2.24 2.79 3.43 4,70
Dispersion density 0.512 0,538 0.479 0.401 0.33k 0,262

Run A1V2  x = 3.2%%; FH = 1%,7; Holdup = 2.43 cms.

Level (ems.) 0.25 0.89 1.52 2.24 3.43 4,70
Dispersion density 0,406 0.422 0.426 0.396 0,282 0,267

Run AMMV3 x = 3.18%; Fy = 17.1; Holdup = 1.99 cms.

Level (cms.) 0.25 0.89 1.52 2.16 3,43 4,70
Dispersion density 0.357 0.340 0.326 0,310 0.242 0,218

Run A1VAE  x = 3.17%%; F, = 20.1; Holdup = 1.74 cms.
Level (cms.) 0.25 0,89 1.52 2.16 3.43 4,70
Dispersion density 0.322 0.282 0,256 0,250 0,204 0,186

Run 42V1  x = 7.05%; Fy = 10.0; Holdup = 2.52 cms,

Level (cms.) 0.18 0.89 1.52 2,16 2.79 3.43
Dispersion density 0.4S5L 0.516 0,547 0.499 0.4k 0.339

Run 42V2 x = 7.09%; FH = 1%,9; Holdup = 2.25 cns,

Level (cms.) 0,20 0.89 1,52 2.16 2.79 3.43
Dispersion density 0.401 0.402 0.429 0.382 0.332 0,291
Run 42V3  x = 7.0L%; By o= 16.6; Holdup = 2.00 cms,
Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.43
Dispersion density 0.360 0,337 0.345 0.327 0.294 0.251

Run A2Vh x = 6.97% F, = 19.8; Holdup = 1.85 cms,

H
Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.43
Dispersion density 0.313 0.287 0.272 0.260 0.23%6 0,220

5,97 7.24 8,50 9.78
0.181 0.083 0,190 0,007

5'97 7024 8.51 9.78 11 .05
0,211 0,139 0.062 0,034 0,020

5.97 7.24 8.51 9.78 1.05
0.171 04118 0.065 0.021 0,006

5.97 7.24 8,51 9.78 M.05 13.6
0.152 0.111 0,064 0,034 0.011 0.005

L,70 5,97 7.24 8.51
0.25% 0.187 0.075 0,019

7 7.24 8,51 9,78 M.05
240 0,191 0.110 0.045 0,010 0,001

L,70 5,97 7.2% 8.51 9.78 11.05
04216 0.174 0,113 0.053 0,010 0,001

4L,70 5.97 7.24 8.51 9,78 M.05 1232
0.190 0,174 0.129 0.0C71 0.028 0,025 0,013

90¢e



T4BLE VI.1 (cont'd.)

Run A3V1 x = 14,57%%:; FH = 8,73 Holdup = 2.54 cms.

Level (cms.) 0.25 0.89 1.52 2.2F 2,79 343 4,19 4,95 5,72 7.2% 7.87 8,51 9.78

Dispersion density 0,478 0.537 0.57% 0,530 0.417 0.331 0.278 0.235 0,188 0.049 0,042 0,040 0.001

Run A%V2  x = 14.31%; Fy = 10.0; Holdup = 2.64 cms.

Level (cms.) 0,25 0.89 1.52 2.16 2.79 3.43 L4.06 4,70 5.33 5.97 6.60 7.2% 8,51 9.78
Dispersion density O.460 0.510 0,558 0,527 0,430 0,340 0,325 0.300 0,269 0,211 0.153 0,086 0,46 0.033

Run A3V3 x = 14.15%; Ty = 13.6; Holdup = 2.56 cnms.

Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.43 4,06 4,70 5.33 5.97 6.73 7.49 8.26 9.78 12.3
Dispersion density 0,396 0.430 0,439 0.399 0.363 0.305 0,279 0.254 0,233 0.190 0,173 0.133 0.090 0.044 0,011
Run A3VE x = 14.08%; Fy = 17.0; Holdup = 2.11 cms.

Level (cms,.) 0.25 0.89 .52 2.16 2.79 3.43 4,06 L70 5.33 5.97 6,73 7.49 8,51 9.78 11.05

Dispersion density 0.358 0.357 0.351 0,332 0,289 0.252 0,237 0,227 0.209 0.191 0,150 0,112 0,054 0.027 0.015
Run AWV1  x = 20.56%; Fy = 9.8; Holdup = 2.50 cms.,

Level {cms.) 0.25 0,89 1.52 2.16 2.79 3,43 4,06 4,70 5.33 5.97 6.73 7.49 8.26 9.02
Dispersion density 0.450 0,521 0.542 0.506 0.436 0,344 0,296 0.258 0,230 0,170 0.100 O 0
Run A4V2 x = 20.27%; Fy = 13.7; Holdup = 2,46 cms.

Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.43 4,06 4.70 .33 5.97 6.73 7.49 8,26 9.02 9.78
Dispersion density 0.383% 0.412 0.425 0.398 0.349 0.317 0.282 0,245 0,220 0.222 0.220 0.118 0.083 0.054 0.034
Run AUVZ  x = 20,04%; Fy = 19.7; Holdup = 1.85 cms.

Level (cms,) 0.25 0,89 1.52 2.16 2,79 3.43 4,19 4,95 5,72 6.48 7.24 8.51 9.78 M.05 136
Dispersion density 0,310 0,285 0,264 0.241 0.222 0,192 0,199 0.175 0.196 0.170 0,137 0.094 0.Ck6 0,034 0.029
Run A5V1  x = 26,39%; Fy = 9.4; Holdup = 2.48 cms.

Level (cms.) 0,25 0.89 1.52 2.16 2.79 3.43 4,06 4,70 5,33 5.97 6.60 7.24 7.87 8.51
Dispersion density 0.468 0.533 0.546 0.517 0.429 0,356 0,295 0.270 0.211 0.154 0.098 0.055 0,019 0.008

202



TABLE VI.1 (Cont'd.)

Run A5V2

Level (cms.)
Dispersion Density 0,403 0,436 0.446 0,409 0.364 0,324

X = 26-18%; FH = 1304; Holdup = 2."}8 ChlS »

0,25 0.89 1.52 2.16 2,79 3.43 L4.06
0292

,+o7o 5033
0.264 0.252
Run L5V3 X = 26.11%; Fy = 16.9; Holdup = 2.00 cms.

Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.43
Dispersion density 0.364 0.343 0,356 0.330 0.286 0.259

4,06
0,237

4.70  5.33
0.233% 0.201

Run ASVA  x = 25.93%; Fy = 19.8; Holdup = 1.78

Level (cms.) 0.25 0.89 1.52 2,16 2.79
Dispersion density 0.321 0,288 0.276 0.257 0.231

CliSe

3.43
0.210

L,19
0.208

4,95 5.72
0.175 0,171
Run A6V1  x = 37.81%; FH = 10.5; Holdup = 2.35

Level (cms) 0.25 0.89 1.52 2.16 2.79
Dispersion density 0.435 0.487 0,500 0.430 0.403

CliS.,

3.43
0.325

4,06
0.284

h,70 5.33
0.252 0.206

Run ABV2 x = 37.63%; FH = 13.6; Holdup = 2.13 cms.

Level (cms.) 0.25 0,89 1.52 2,16 2.79 3.43
Dispersion density 0.368 0.395 0.412 0,374 0.325 0.27h4

Level (cms.) 025 0.89 1.52 2.16 2.79 3.43
Dispersion density 0.314 0,287 0.279 0.243 0.217 0.202

4,06
0.253

4e70 5433
0.240 0,209
F

4,06
0.186

4,70 5.33
0.186 0.169

Run A7V1 x = 42,22%; FH = 9.9; Holdup = 2.%0 cms.

Level (cms.) 0.25 0.89 1.52 2,16 2,79 3.43
Dispersion density 0.460 0.k94 0.522 0.485 0.399 0.332

4,06 4,70 5.33
0.290 0.254 0.211
Run A7V2 x = 42,05%; FH = 13.2; Holdup = 2,18 cms.

Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.k3
Dispersion density 0.390 0.429 0.423 0.393 0.332 0.287

4,06 L.70 5.33
0.248 0,237 0.214

6.60
0.169

5.97
0.228

6.73
0,136

597
0.179

6.48

0.150 0.120

7.2 7.87 8.51 9.02
0.129 0,087 0.047 0,030

7.9 8,26 9.02 9,78
0.105 0,051 0,027 0.006

8.00 8.76 9.53 .29
0,030 0.056 0.033 0.019

8451 9.78
0,029 0.003

8.51 9.78 11.05
0.054% 0.019 0.018

8.51 9.78
0.010 0,005

go¢e

8.51 9.78
0.040 0,008



TABLE VI.1 (Cont'd.)

Run A7V3  x = 42.02%; Py = 15.8; Holdup = 2.09 cms.

Level (CmS.) 0025 0089 1 .52 2016 20?9 3‘43 4'06 LI"?O 5'33 5'97 7
Dispersion density 0.365 0.355 0.351 0,340 0.298 0,259 0.238 0.217 0.193 0,167 O

9.78 11,05 12430

b 1
9 Iy 0,028 0.018 0.008

24 8,5
.092 0,0
Run A7VhH x = 41.24%; Fy = 19.,9; Holdup = 1.64 cums,

Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.4% 4,06 4,70 5.33 5.97 7.2% 8.51 9.78 11.05 1220

Dispersion density 0,301 0.259 0.250 0.227 0.226 0,209 0.188 0.172 0,171 0.150 0,105 0,055 0,018 0.(10 0,005

Run A8V1  x = 47.31%; Py o= 10.0; Holdup = 2.41 cms,

Level (oms.) 0.25 0.89 1.52 2.16 2.79 3.43 4,70 5,97 7.24 8.51 9.78 M.05
Dispersion density 0.419 0,473 0,490 0.434 0.374 0,307 0.246 0,169 0.104 0,042 0.024 0,010

Run A8V2 x = 47.7%%; FH = 13.,2; Holdup = 2.37 cms.

Level (cms.) 0.25 0.89 1,52 2.16 2.79 343 4,70 5.97 7.24 8.51 9,78 1.05 R.20
Dispersion density 0.411 O.447 0,452 0.388 0.372 0.280 0.229 0.180 0,122 0.060 0.033 0.025 0,008

Run A8V3 x = 47.20%; FH = 16.7; Holdup = 2.22 cus.

Level (cms.) 0.25 0.80 1.52 2,16 2,79 3.43 4,70 5,97 7.24 8.51 9.78 MJ05 12,30
Dispersion density 0.382 0.380 0.368 0,327 0.289 0.272 0,254 0.194 0.124 0.067 0.038 0,024 0,007

Run A8VL x = 47,72%; By = 20.4; Holdup = 1.94 cms,

Level (cms.) 0.25 0.89 1.52 2.16 2.79 343 4,70 5.97 7.24 8.51 9.78 11.05 12.30 136
Dispersion density 0.325 0.292 0.285 0.246 0.246 0.260 0,205 0.160 0,101 0,078 0.044 0.033 0,025 0,008

Run A9V1 x = 59.76% FH = 10.6; Holdup = 2.38 cms.

Level (cms.) 0.25 0,89 1,52 2,16 2.79 3.43 4,06 4,70 5.33 5.97 7.24 8.51 9,78
Dispersion density O.441 0.484 0,499 0,458 0.354 0.304 0.278 0.249 0.218 0.173 0.080 0.033 0,022

Run 49V2 x = 59.91%; Fy = 13.2; Holdup = 2.23 cms.

Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.43 L, 06 4.70 5.33 5.97 7.24 8.51 9.78
Dispersion density 0.409 0,430 0,426 0.385 0.3%22 0.287 0.272 0.231 0.212 0,187 0.099 0,037 0,019

602



TABLE VI.1 (Cont'd,)

Run A9V3 x = 59.92%; FH = 17.7; Holdup = 2.03 cms.
Level (Cms-) 0025 0089 1052 2.16 2079 3-43
Dispersion density 0.332 0,315 0.287 0.292 0.263 0,232

Run A10V1  x = 68.92%; By = 10.2; Holdup = 2,48 cms,
Level (cms.) 0.25 0.89 1.52 2,16 2,79 3.43
Dispersion density O.447 0.497 0.500 0.457 0,369 0,311

Run A10V2 x = 68.94%; Fy = 14.,0; Holdup = 2.29 cms.
Level (cms.) 0.25 0.89 1,52 2.16 2.79 3.43
Dispersion density 0.402 0,400 0.408 0.366 0,318 0,278

Run 410V3 x = 68.96%; Fy = 17.8; Holdup = 1.95 cms.
Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.43
Dispersion density 0,347 0.324 0.315 0.277 0.253 0,233

Run A1MOVE  x = 69.14%; Fy = 20.7; Holdup = 1.86 cms.

Level (cms,) 0.25 0.89 1.52 2.16 2.79 3.43
Dispersion density 0.331 0,266 0.249 0,223 0.215 0.205
Run 4111  x = 75.72%; FH = 9.9; Holdup = 2.50 cms,
Level (cms.) 0.25 0.89 1.52 2,16 2.79 3 .43
Dispersion density 0.471 0.514 0.529 0.465 0.361 0.316
Run AM11V2  x = 76.13%; Fy = 13.8; Holdup = 2.28 cms.
Level (cms.) 0.25 0.89 1.52 2.16 2.79 3,43
Dispersion density 0,400 0.429 0,423 0.387 0.303 0,279
Run A11V3  x = 76.44%; By = 20.4; Holdup = 1.89 cms.

Level (cms.) 0.25 0.89 1.52 2.16 2.79 3.43
Dispersion density 0.331 0.284 0.205 0.237 0.234 0.224

b.06 4,70 5.33 5.97

L,06 4,70 5.33 5.97
0.283 0.261 0.228 0.172

4,06 4,70 5.33 5,97

7.24 8.51 9.78 M.05 12,20
0,225 0,213 0,192 0,178 0.117 0.068 0,050 0,036 0,008

7.24 8.51 9.78 1.05
0.085 0,035 0,025 0,018

7.24 6.51 9,78 1.05

0.244 0,236 0,225 0.19% 0,118 0,061 0,036 0,027

L,06 L,70 5,33 5,97
0.213 0.198 n,194 0,178

k,70 5.97 7.24 8.51
0.187 0.163 0.123 0.081

L,06 4,70 5.33 5.97
0,277 0.254 0.217 0.148

L,o6 4,70 5.3%3 5.97
0.245 0.241 0.220 0.189

4,06 4,70 5,33 5.97
0.198 0.189 0.171 0,162

7.24 8.51 9,78 1105
0,122 0,071 0,038 0,021

9.78 M.05 12,3 13.6
0,052 0,035 0,029 0.018

7.23 8.51 9.78 11.05
0.075 0.037 0.028 0,018

7.23 8.51 9.78 11,05
0,111 0.050 0,035 0,020

7.2%3 8.51 9.78 11.05
0.127 0,068 0,044 0,035

oLe



Run A12V1  x = 82,68%; Fy = 10.4; Holdup
Levels (cms.) 0.25 0.89 1.52 2.16
Dispersion density 0,446 0,500 0.497 0.450

Run AM2V2  x = 82.8%%; By o= 1b.ts Holdup
Level (cms.) 0.25 0.89 1.52 2.16
Dispersion density 0.392 0.406 0.383 0,401

Run A12V3  x = 83.0%%, Fy o= 16.9; Holdup

Level (cms.) 0.25 0.89 1.52 2.16
Dispersion density 0.344 0,344 0.337 0.315

Run 413V1  x = 89.07%; Fy; = 10.5; Holdup

Level (cms.) 0.25 0.89 1,52 2.16
Dispersion density 0.441 0.488 0.48% 0.438

Run i13%3V2 x = 89.33%; FH = 15.5; Holdup

Level (cms.) 0.25 0,89 1.52 2.16
Dispersion density 0.399 0.397 0,411 0.356

Run 413V3 x = 89.56%; Fp = 20.4; Holdup

Level (cms,.) 0.25 0.89 1,52 2.16

Dispersion density 0.339 0,279 0.279 0.253
Run A14V1 x = 95.41%; F, = 10.5; Holdup
Level (cms,) 0.25 0.89 1,52 2.16

Dispersion density 0.447 0,501 0.52% 0,409
Run A1HV2  x = 95.53%; Fy = 13.8; Holdup
Level (cms.) 0.25 0,89 1.52 2.16

Dispersion density 0,412 0.448 0.448 0,404
Run A1HV3  x = 95.60%; F, =17.1; Holdup

Level (cms.) 0.25 0,89 1.52 2.16
Dispersion density 0.356 0,344 0,342 0,316

TLBLE V1.1

(Cont?

d.)

= 2,46 cms.
2.79 3.43
0.351 0,303
= 2.38 cms.
2.79 3.43
0.361 0,301
= 2,03 cms.
2.79 3.43
0,270 0,255

= 2.371 cms.

2479 3.43
0.354 0.301

= 2.27 CliSa

2.79 3443
0,303 0,273

= 1093

2.79 3.43
0,220 0,215

= 2.4% cms,

2,79 3.43
0.395 0.328

= 2.37 CIS »

2.79 3.43
0.338 0,302

= 2.1% cms,

2,79 3.43
0.274 0.253

4,06
0,268

k.06
0.273

L.06
0.225

k.06
0.267

4,06
0.254

4,06
0,204

4,06
0,286

4,06
O .272

4,06
0.240

k.70 5.33 5.97
0.247 0,214 0.18k4

4,70 5.33 5.97
0.243 0.236 0.193

4,70 5.33 5.97
0.223 0.199 0.173

L.,70 5.33 5,97
0.218 0.224 0.162

4,70 5,33 5.97
0.240 0,219 0,201

Lko70 5.33 5.97
0.185 0,184 0.175

4,70 5.33 5.97
0.2671 0.231 0,162

4,70 5.33  5.97
0.251 0,236 0,191

4,70 5,33 5.97
0.230 0.219 0,185

723
0.093

7.23
0,089

723
0.112

7.23
0,073

7e23
0.120

723
0,133

7+25
0.063

723
0,108

7425
04120

Q

9.78 11.05
0.0%0 0,021

9.78 .05 123
0.04+ 0,036 0,020

9.78 M.05 12.3
0.031 0.022 0.015

9.78
0.011

9.78 11.05
0.042 0.027

9.78
0.012

9.78 1.05
0.030 0,019

9.78 11,05 12.%0
0.0%2 0.020 0.020

9.78 M.05 123
054 0.040 0.033

Lie



TABLE VI.2
Dispersion Density Data: System A: W = 1.9 cms.

Run A2IV1  x = 2.93%; Fy = 8.8; Holdup = 0.790 cms.

Level (Cms) 0.25 0.56 0.76 1.27 1.73 2.34% 2.80 3.30 3.80 4,32 4,83
Dispersion denmsity 0.513 0.278 0,271 0.240 0.1%6 0.059 0.016 0.018 0.010 0.010 0,008

Run A2IV2 x = 2.80%; Fy= 11.7; Holdup = 0.749 cms.
Level (Cms) 0,25 0.54 0.71 1.37 1.88 2.39 2.80 3.38 3,76 4,40 4,90 5.33
Dispersion density O.484 0,290 0.246 0.2k2 0.214 0.134 0.079 0.025 0.018 0.022 0.013 0.003

Run A2IV3  x = 2.85%; Fy = 18.1; Holdup = 0.668 cms.

Level (Cms) 0.25 0.51 0.76 1.40 1.88 2.k1 3.00 3.43 3,94 L.b2 4,95 5,33 5.97 7.24

Dispersion density 0.314 0,198 0,147 0.150 0.447 0,163 0,123 0,087 0,047 0,031 0,019 0.019 0.015 0.008
Run £22VI  x = 9.550% Ty = 9.5; Holdup = 0.785 cms.

Level (cms) 0.25 0.48 0.76 1.27 1.83 2.31 2.87 3.25 3.7%6 L.31 L4.93

Dispersion density 0.503 0.358 0.300 0.272 0.238 0.135 0.040 0,019 0.024 0.014 0,012

Run A22V2 x = 9.41%; Fy = 13.1; Holdup = 0.719 cms.
Level (cms) 0.25 0.56 0.74 1.24 1.78 2.39 2.92 3.46 L.06 L.,62 5.20
Dispersion density 0.443 0,248 0.209 0,200 0,229 0.163 0,074 0,027 0.023 0.015 0.009
Run A22V3 x = 9.24%; Fy o= 18.6; Holdup = 0.701 cms.
Level (cms) 0.25 0.61 0.81 1.27 1.75 2.2k 2.20 3.38 4.06 4.70 5.35 6.0 6.6 7.25 7.85 8,5
Dispersion density 0,256 0,171 0,151 0.159 0.175 0.170 0.137 0,088 0.041 0,029 0,027 0,021 0.019 0,014 0,010 COG%
Run A22VI x = 20.64% Fy = 9.8; Holdup = 0.775 cms.

Level (cms) 0.25 0.54 0.74 0,97 1.35 1.65 2.13 2.54 2,94
Dispersion density 0.526 0.370 0.314 0,296 0,293 0.255 0.181 0.673 0,015

Run A23V2 x = 20.42% Fyy = 13.3; Holdup = 0.744 cms.

Level (cms) 0.28 0.51 0.79 1.22 1.65 2,10 2.50
Dispersion density O0.493% 0,327 0.268 0,245 0,237 0,189 0.123

cLe

.90 3,43
057 0,012

o



x = 20,08%
0.25 0.51

Run A23V3
Level (cms)
Dispersion density 0.371 0.199 0,157 0.168 0.186 0.18% 0,166 0.134

X = 30.57%

0.25 0.48 0.76
Dispersion density 0,478 0.373 0.285 0,285 0,276 0.262 0.186 0.123

Run A24VI

Level (cms)

x = 30.40%%;
0.3%2 0.5%9

Run A24V2

Level (cms)
Dispersion density 0.392 0.272 0.227 0.219 0.243 0.238 0.199 0,106

Run A24V3

Level (cms)

x = 30.26%;
0.38 0,64 0.89 1.53 2.11
DDispersion density 0.272 0.176 0.159 0.177 0.190 0.150 0.099 0.057

Run 425VI  x = 44,149

0.25 0.48 0.76
Dispersion density 0.483 0.390 0.300 0.283 0.280 0.251 0.195 0.111

Level (cms)

Run A2 5V2

Level (cms)
Dispersion density 0.441 0.324 0.286 0.263 0.263 0.248 0.198 0.164

x = bl 00%;
0.25 0.51

0.25 0,51

Bun A25V3
Level (cms)
Dispersion density 0.303 0,186 0.160 0.167 0.173 0.169 0.127 0.072

x = 56.96%;

0.25 0,56 0.71
Dispersion density 0.495 0,309 0.257 0.213 0.175 0.043 0,061 0,041

Run A26V1

Level (cms)

TABLE VI-2 (Cont'd)
Holdup = 0.711 cns.
1.27 1.62 2.10 2.50 2.84

18.4;
0.86

FH =

T

H Holdup = 0.785 cms.

1.02 1.40 1.70 2.08 2,42

= 10-0;

F, = 13.8;

0 Holdup = 0.770 cms.
0.84

1.09 1.42 1,80 2.16 2.70

F_=

H 18.0;

Holdup = 0.709 cus.

2.62 3.10 3.60

Ty = 8.9; Holdup = 0.749 cms.
1.09 1.32 1.62 1.98 2.36

F, = 10.6; Holdup = 0.772 cms.

B
0.69 0.9% 1.35 1.62 1.95 2.18

= 18.0;
0.76

Holdup = 0.701 cms,
1.32 1.78 2.28 2.79 3.43

Py

Holdup = 0.699 cms.
1.22 1.85 2.41

FH = 9.7;
2.87 3.30

3.30 3.86 L4.26 4.70 5.33 5,95
0.088 0.045 0,043 0.025 0.017 0.013

2.80 3,18 3.70 L.20
0.063 0,033 0.019 0.007

3.33 3.7% 4.5 L.75 5.35 5.85 6.20
0.037 0.029 0.027 0.021 0.019 0.0 0.009

4,10 4.62 5.13 5,70 6.30 6.75 7.25
0.048 0.028 0.021 C.021 0,017 0.016 $.0%11

2.74 3,00 3.30
0.053 0.036 0.018

§45 4,95
0.017 C.012

L,o6 4.70 5.35 5.95 6.60 7.2k
0.039 0.029 0.019 0.018 0.015 0.010

3.81 4.31 L.70
0.025 0,020 0,008

gie



TABLE VI-2 Cont'd)
Run A26V2  x = 56,82%; Fy = 12.7; Holdup = 0.785 cms

Level (cms) 0.25 0.48 0.72 1.27 1.78 2.28 2.72 3.30 3.81 k.31 4.8
Dispersion density 0.448 0,316 0.233 0.236 0.218 0.170 0.099 0.065 0.043 0,028 0.013

Run A26V3 x = 56.87%; Fy = 15.2; Holdup = 0.798 cms.

Level (cms) 0.28 0.20 0.87 1.27 1.88 2.28 2.80 3.30 3.81 4.31 4.82 5.35
Dispersion density 0.402 0.258 0.206 0.212 0.219 0.176 0.124% 0,031 0.061 0.048 0.037 0.020

Run A27V1 x = 66.38%; Fy = 9.5; Holdup = 0.599 cms.

Level (cms) 0.25 0.54% 0.81 1.29 1.78 2.36 2.80 3.30
Dispersion density O.441 0,301 0.224 0,195 0.164 0.096 0.048 0.025

Run A27V2 x = 66.53%; Fy = 13.7; Holdup = 0.767 cms.
Level (cms) 0.28 0.54 0.81 1.27 1.78 2.2k 2.80 3.30 3.81 4.31 L4.82 5.35
Dispersion demsity 0.452 0.29% 0.224 0.212 0.206 0.175 0.109 0.068 0.049 ©.370 0.021 0.013

Run A27V3 x = 66.54%; Fy = 15.9; Holdup = 0.79) cms.

Level (cms) 0.25 0.51 0.76 1.27 1.75 2.28 2.80 3.30 3.80 4.32 4.82 5.35
Dispersion density 0.439 0.259 0.209 0.193 0.209 0.179 0.120 0.079 0.047 0.038 * 025 0.018
Run A20V1 x = 79.23%; Fy = 9.5; Holdup = 0.620 cms.

Level {(cms) 0.25 0.51 0.76 1.27 1.78 2,28 2.70 32.30

Dispersion density 0.487 0.316 0.250 0.214 0.155 0,089 0,044 0,011

Run A29V2 x = 79.45%; Fy = 12.6; Holdup = 0.759 cms.

Level (cms) 0.25 0.51 0.76 1.32 1.8% 2.28 2.80 3.30 3.81
Dispersion density 0.563 0,342 0.248 0.234 0.202 0.152 0.077 0.027 0.003

HLe

Run A29V3 x = 79.3%; Fy = 15.9; Holdup = 0.798 cms.

Level (cus) 0.25 0.51 0.76 1.27 1.78 2.28 2.80 3.30 3.81 4.31 4.82 5.35 5.96 7.25 8.50
Dispersion density 0.396 0.239 0.204 0.19% 0.198 0.164 0.126 0.069 0.050 0.045 0.032 0.028 0.020 0.014 0.06



TABLE VI-2 (Cont'd)
Run 430V1  x = 88.66%; Fy = 9.8; Holdup = 0.645 cms.
Level (cms) 0.25 0.76 1.27 1.78 2.28 2.80 3.30 3.81
Dispersion density 0.450 0,238 0.215 0.164 €.105 0.056 0.033 0,015

Run A30V2 x = 88.82%; Fy o= 12.7; Holdup = 0.696 cms.

Level (cms) 0.25 0.76 1.27 1.78 2.28 2,80
Dispersion density 0.420 0.220 0,206 0.189 0.135 0.079

Run A30VZ x = 88.84%; Fy = 16.0; Holdup = 0.780 cms.
Level (cms) 0.25 0.76 1.27 1.78 2.28 2.80
Dispersion density 0.378 0.193% 0.200 0,215 0.171 0.122

Run A%1V1  x = 9%,98%; Fy = 9.4; Holdup = 0.803 cms.
Level (cns) 0.25 0.81 1.27 1.78 2.24 2.80
Dispersion density 0.521 0,263 0,264 0.227 0.134% 0.073

Run A31V2 x = 94.97%%; FH = 12.9; Holdup = 0.805 cms.

Level (cms) 0.25 0.76 1.27 1.78 2.28 2 Bo
Dispersion density 0.451 0.253 0.250 0.227 0.172 0.098

Run A31V3 x = 95.03%; FH = 18,53 Holdup = 0.828 cms.

Level (cms) 0.25 0.76 1.27 1.78 2.28 2.80
Dispersion density 0.339 0.181 0.178 0.199 0.190 0.152

3,30 3,81 4.31 5.35
0.045 0.028 0,022 0,010

3,30 3,81 4.31 4,82 5.35 5.96 7.5
0.077 0.046 0.048 0.037 0,023 0,016 0,007

3,30 3,81 4,31 4.8
0.041 0.033 0,025 0.014

3.30 3.81 4.31 4.82 5.33 7.25 8.5
0.097 0.062 0,056 0.045 0,030 0,023 0,010

GLe



TABLE VI3

Dispersion density data System B W = 7.6 cms,

Run B3Vl x = 28.22%; Fy = 8.1; Holdup = 2.403 ins,

Level (cms.) 0425 0651 0476 1,04 1427 1.52 1,78 216 2.67 3,18 3.68 L 45 5,21 5.97 6.73
Dispersion density 0.505 04531 0.54% 0.558 0.580 0.555 0,549 0.538 0,495 0,405 0.331 0,269 0,194 0,080 0,017

7.49  8.51
0.012 0.002

Run B3V2 x = 27.67%; FH = 10,83 Holdup = 2.910 cms.

Level (cms.) 0625 0451 0,76 1,07 1427 1.57 1.78 2.16 2.67 3,18 3,94 4,70 5,46 6,22 6,99
Dispersion density 0.456 0.469 0,505 0,528 0.525 0.541 0.550 0.527 0.504 0,443 0,361 0,313 0.267 0,214 0,144

7.87 8.51 9.78
0,074 0,053 0,031

Run B3V x = 27.48%; F. = 12,8; Holdup = 2.50 cms,
H

Level (cms.) 0.25 04,51 0.76 1.14 1.52 1,91 2.41 2.92 3.43 4,19 4,95 5.72 6.48 7.49 8,51
Dispersion density 0.348 0.342 0,380 0.423 0.460 0.442 0,427 0.377 0.351 0.305 0.283 0.232 0,187 0,106 0,040
9,53 10,54

0.025 0,010

Run B3V4 x = 26.74%; F. = 18.4; Holdup = 2.17 cms,

H
Level (cms.) 0.25 051 0476 1.11 1.52 1.91 241 2.92 3.43 4,19 4,95 5,72 6,73 7.75 8.76
Dispersion density 0.331 0.313 0,318 0,320 0.319 0.303 0.279 0.259 0,247 0,228 0,226 0,202 0,174 0,115 0,080
9.78 1.05

0,043 0,029
Run BOV1 x = 65.81%; Fy o= 8.1; Holdup = 2.192 cms.,

...—,.....4_._.....
Level (cms.) 0.25 0651 0,76 1.02 1.27 1.52 1.78 2.03 2.29 2.54 2.79 3.05 3,43 4,06 4,70
0.483 0.508 0.527 0.538 0.494 0.525 0.507 0.476 0,459 0,427 0,404 0,398 0.371 0.310 0,208
5.33 5.97 6.60 7.2k ro

0.120 0.060 0,025 0,010 o



Run B5V2 x = 64.90%;

Level (cms.) 0.
Dispersion density O.
5.

O.

Run BSV3 x = 64.29%;

Level (cms,) O.
Dispersion density O.
7
0.

Run B5V4 x = 63.87%%;

Level ( cms o) 0.
0.

9.
O,

TLBLE VI.3 (Cont'd.)

FH = 10.2; Holdup = 2.590 cms,

25 0,51 0,76 1.02 1.27 1.52 1.78 2.30 2,54 2.79 3.05 3.43 4,06 4,70 5,33
438 0,464 0,479 0,499 0,499 0.499 0,491 0.485 0.475 0.457 0.425 0.384 0.343 0,300 0,256

97 6,60 7.24 7,87 8.51
190 0,123 0.064 0,035 0,021

F, = 12.7; Holdup = 2.40 cms,

25 051 0.76 1.02 1,27 1.52 1.78 2,16 2,79 3.43 4,06 4,70 5.33 5,97 6,60
406 0414 0.428 0,425 0,447 0,439 0.425 0.440 0.401 0.355 0,302 0.278 0,243 0,183 0.162

2k 7,87 8,51 9,02
100 0,055 0,027 0,010

FH = 17.2; Holdup = 2,07 cms,

25 0,51 0,78 1.02 1.40 1,91 2.41 2,92 3,43 4,06 4,70 5.46 5.97 6,99 8,00
239 04326 0,340 0,355 0,343 0,348 0,301 0,298 0.268 0.239 0.231 0,210 0,189 04141 0,072

02 10403 11.05
032 0.017 0,012

e



TABLE VI-k

Bispersion density data: System B;

= 1.9 cms.

Run B10V1 x = 7.55%; Fy = 8.7; Holdup = 0.850 cms.

Level (cms) 0.13 0.25 0.38 0.51 0.76 1.04

Dispersion density 0.541 0.L9L4 0.:L43 0.352 0,302 0.286
Run B1OV2 x = 6.99; Py o= 12.6; Holdup = 0.797 cus.

Level (cms) 0.10 1.25 1.51 0.76 1.02 1.27

Dispersion density 0.581 0.L40 0,277 0,225 0.201

14.8; Holdup = 0.797

0.23 0.51 0.76 1.04
0,421 0.238 0.185 0.181

Run B10V3Z x = 6.94%; F

H
Level (cus) 0.13
Dispersion density 0.51k

CiS

1.39

16.5; Holdup = 0.760

0.51 0.89 1.40 1.9
0.117 0.128 0,136 0.145

Run B1OVE x = 6.44%; F

H
Level (cms) 0.25
Dispersion density 0.191

ClilS .

2.67

cms.,
1.52

Run B11V1  x = 21.25%; Fy = 8.9; Holdup = 0.878
Level (cms) 0.25 0.51 0.76 1.04 1.27
Dispersion density 0,485 0,385 0.340 0.327 0.332

Holdup = 0.809 cms.

0.76 1.1 1,52

Run B11V2 x = 20.41%; Ty = 11.7;
Level (cms) 0,13 0,25 0.51
Dispersion density 0.570 0..453

Holdup = 00777 CIX]S.

0.76 1.1% 1.52

Run B11V3

Level (cms)

x = 20.30%; Fy = 15.0;
0,13 0.25 0.51

2

1-3
0.302 0.332 0.308

1.52

0.212 0.235

1.75

0.205 0.226

3.68

0.156 0,109

1.78

0.3325 0.299

1.91

0.338 0,262 0.276 0.2360 0.275

1.91

1.52

1.78
0. 244

2.16
0.219

2.29
0.208

2.41

Dispersion density 0.524 0.378 0.238 0,179 0.190 0,208 0,207 0.180

Holdup = 0.758 cms.
L

Run B11V4

Level (cms)

x = 20.25%; Ty = 17.3;
0.25 0.51 0.76

1.65 2.16 2.67 3.18

Dispersion density 0.274 0.158 0.137 0.152 0.176 0,187 0.167 0.117

1.78

2,03
0.226

5.21
0.052

5.97
0.035

2.79
0.055

3.30
0.017

3.43
0.035

2.05
0.058

3.43
0.057

2.92
00105

3.81  L.bh
0.074 0,056

5.05 3.30

7.60 8.25 9.02
O.

0.022

3. H
0.021

L,06 L.70
0.02k 0.015

5.08 6.15 7.23 8,30
0.049 0.032 0.021 0.010

2.80 3.05 3.56
0.060 0,025 0.015

L,06
0.058 0.034 0.011

b L,L5 L,95 5.46
31 0.019 0,016 0,004

10.54
016 0.014 ©.007

gie



TABLE VI - 4 (Cont'd)

RunB12V1 x = 38,75%; Py o= 8.7; Holdup = 0.823 cus.

Level (cms) 0.25 0.6 1.14 1.55 2.14 2.67 3,186 3.63
Dispersion density O.454 0,349 0,320 0,322 0.204 0,058 0.010 0,001

Run B12V2 x = 37.25%; F, = 12.2; Holdup = 0.776 cms.

Level (cms) 0.28 0.51 0.76 1.07 1.32 1.65 2.03 2.41 2.79 3.17 3.56 3.94
Dispersion density 0.420 0,291 0,220 0.252 0.275 0,285 0,255 0.160 0.038 0.039 0.024 0.017

Run B12V3 x = 33.377%; FH = 14.8; Holdup = 0.745 cms.
Level (cms) 0.25 0.51 0.89 1.27 1.55 2.16 2.67 3.17 3.68 4,19 L.70
Dispersion density 0.410 0.261 0,192 0.205 0.245 0,219 0.132 0.068 0,041 0,020 0.012
Run B12VE x = 36.64%; Fy = 17.9; Holdup = 0.767 cns.
Level (cms) 0.25 0,64 1.02 1.40 1.91 2.41 2.92 243 4,06 L4.70 5.35 7.23 8,30 9.1k
Dispersion density 0.301 0.150 0,144 0,173 0.182 0.166 0.142 0.098 0.061 0.049 0.030 0.023 0.021 0,015
Run B13V1 x = 66.23%; Fy = 9.6; Holdup = 0.812 cms.
Level (cms) 0.25 0,51 0.76 1,02 1.27 1.52 1.78 2,03 2.29 2.5% 2.79 3.05 3.30
8Dispersion denmsity 0.504 0.338 0.335 0.299 0,300 0.303 0.279 0.229 0.158 0.082 0.041 0.023 0,010
Run B13V2 x = 64.50%; ¥y = 12.1; Holdup = 0.736 cms.

Level (cms) 0.28 0.51 0,76 1.04 1.27 1.52 1,78 2:03 2.26 2.5%
0

| .79 3,05 3.30
Dispersion density 0,434 0.212 0.256 0.256 0.269 0,267 0.255°0.224 0,181 07

5 0.023 0.018
Run B12V3 x = 63.93%; FH = 15.5; Holdup = 0.723 cms.

Level (cms) 0.25 0.5t 0.76 1,02 1.52 2.03 2.41 2.79 3.18 3,56 3.94% L.45
Dispersion density 0.404 0.249 0.193 0.204 0,224 0,207 0,164 0.125 0.071 0,046 0.021 0.015

612

Run B13Vh x = 63.17% Py = 18.7; Holdup = 0.736 cms.

Level (cms) 0.25 0.51 0.76 1.1% 1.52 1.91 2.41 2.92 3.43 4,06 4,70 5.97 7.24 8.51 9.78
Dispersion density 0,282 0,151 0,116 0,123 0.135 0.157 0,156 0.134 0.122 0O 0.045 0.029 0,021 0.017 0.012



TABLE VI-4 (cont'd)

Run P4V x = 78.17%; Py = 9.7 Holdup = 0.792 cums.

Level (cms) 0.25 0.51 0.76 1.02 1.27 1.52
Dispersion density 0.463 0,358 0.307 0.291 0.3207 0.303

Run B14V2 x = 77.66%; FH = 12.6; Holdup = 0.787 cns.

Level (cms) 0.25 0.51 0,76 1.02 1.27 1.52
Dispersion density 0.440 0.311 0.246 0.240 0.249 0.255

Run B14V3 x = 77.38%; Fy = 15.4; Holdup = 0.737 cms.
Level (cms) 0.25 0,51 0.76 1.14% 1.52 1.91
Dispersion density 0.384 0,248 0.192 0,193 0.205 0.223

Run BW4V4h x = 76.90%; Fy = 18.2; Holdup = 0.720 cms.

Level (cms) 0.25 0.51 0.76 1.7 1.91 2.41
Dispersion density 0.280 0.177 0,130 0.147 0.161 0.154

Run B15V1  x = 94.7%%; FH = 9,4; Holdup = 0.757 cus.
Level (cms) 0.25 0,51 0.79 0.99 1.27 1.52
Dispersion density 0.506 0.377 0.278 0.271 0.290 0.262

Run BISV2 x = 94.68%; T, = 11.9; Holdup = 0.764 cms.

Level (ens) 0.25 0,51 0.79 1.02 1.27 1.52

Dispersion density 0.507 0.338 0.287 0,257 0,250 0.258
Run B15V3 x = 94.62%; FH = 17.2; Holdup = 0.716 cnms.
Level (cms) 0.25 0,51 0.76 1.12 1.52 1.9

1.75 2.03
0.280 0.227

1.78 2.03
0.261 0,228

2.95 3.43
0.119 0.073

1.8%3 2.03
0.237 0,183

2.41 2,9

Dispersion density 0.355 0.219 0.164 0.165 0.483 0.216 0.493 0.%21

Run B15Vh  x = 9k .58¢ Fy = 19.8; Holdup = 0,746 cms.
Level (cnms) 0,25 0.51 0.76 1.1 1,65 2.16

2.79 3.3

2.29 2.5% 2.79 3.05 3.30
0.154 0.106 0.053 0.026 0.013

2 2.54 2
71 0,147 0O,

3,18 3.68 L4.70
0.053 0.038 0.019

4,06 4,70 5.33 5.97 6.61 7.23 7.87
0.046 0,033 0,030 0.029 0,024 0,018 0.013

2.29 2.517 2.79 3.05 3.3
0.131 0.085 0.049 0,030 0,02k

2.29 2.62 2,92 3.30 3.68
0.151 0.094 0,058 0.024 0.016

3.43 L.06 k.70 5.33 5.97
0.0%6 0.03%2 0.621 0.010

oee

Lot L.70 5.33 6.60 7.87 9.14

Dispersion density 0,261 0.453 0,124 0.127 0.137 0.148 0,141 0,113 0.066 0,047 0.0% 0.027 0.016 0.007



Run B20V1 x = 8.86 ¢ Py
Level (cms) 0,13
Dispersion density 0.619

Run B20V2 x = 8.3%; Ty
Level (cms) 0.13

Dispersion density 0,586

Run B2OV3 x = 8.13%; Fy
Level (cms) 0.13

Dispersion density O.A4O0k

4,06

0.034
Run B20V4 x = 7.80%; Fy
Level (cms) 0.25

Dispersion density 0.170

6.99
0.029

Run B21V1

Level (cms)

TABLE VI-5

Dispersion dengity data: System B;s W = O,

95 cms

= 9,2; Holdup = 0.546
0,28 0.38 0.517 0.74
0.499 0.405 0.337 0.266
= 12.1; Holdup = 0.554
0.25 0.38 0,51 0.76
0.437 0,330 0.239 0.202
= 14.,8; Holdup = 0,621
0.25 0.38 0,51 0,76
0.263 0,200 0.162 0.160

4,95
0.020

=18.3;
0.38 0.51 0,76 1.16
0.125 0.105 0.104% 0.109

7.49 8.51
0.026 0.020

0.76 1.02 1.27

CiNS.
1.10
0,220
CNnis

1.16
0.297

ChlS.

1416
0.152

Holdup = 0.725 cns.

1.40
0.117

x = 21.40%; Fy = 8.6; Holdup = 0.526 cms.
0.25 0.51

1.50

Dispersion density 0,510 0.330 0,256 0,245 0,201 0,136

Run B21V2

Level(cns)

x = 20.01%;

Ty

0.15 0.25 0.51

= 14.4; Holdup = 0.6(8 cms.

0.76 1.02

1.37

Dispersion density 0.470 0.379 0,195 0,17% 0.173 0.189

1.26 1,50
0.202 0.155

1.27 1.52
0.190 0.169

1.27 1.52
0.164% 0.163

1.78 2.16
0.127 0.134

I

1.76 2.07 2.29 2.79
0.085 0.024 0.012 0.011

3.05 3.30
0.022 0.013

1.78 2.06 2.29 2.54 2.92 3.30 3.63
0,175 0.153 0.121 0.115 0,077 0.049 0,038

243 3,94 L4445

2.54% 2.9 5.46 5.
0,140 0,120 0.103 0.0383 0.069 0.047 O

2 7
20 039

2'51I'
0.013

2.54 3,94 4,95 %J92i ,
0.182 0.028 0,015 G.03k

Lee



TABLE VI-5

(Cont'd)

Run B22V1  x = L40,30%; Fy = 8.4; Holdup = 0,541 cms.
Level (cnms) 0.13 0,23 0.51 0.76 1.02 1.24
Dispersed density 0,598 0.5%4% 0,351 0.29% 0.259 0.212

Run B22V2 x = 38.57%; Fy = 12.7; Holdup = 0.582 cms.

Level (cms) 0.13 0.25 0.51 0.76 0.99 1.27
Dispersed demnsity  0.596 0.484 0.291 0.232 0.237 0.214

Run B22V3

Level (cms)
Dispersed density

_ e/,
x = 38.42i; FH = 14,33 Holdup = 0,625 cms.

0,13 0.25 0,51 0.76 1,14 1.54
0.543 0,38% 0,225 0,206 0.193 0.193

Run B22Vh  x = 37.29%; Fy = 18.5; Holdup = 0.728 cms.
Level (cms) 0.25 0,63 1.02 1.40 1.90 2.41

Dispersed density 0.238 0.152 0.112 0.121 0.137 0,148

Bun B23V1

Level (cms)
Dispersed density

Run B232V2

Level (cms)
Dispersed density

Run B23V3

Level (cms)
Dispersed density

x = 64 . 48%; Fy = 9.8; Holdup = 0.530cms.,
0.13 0,25 0.38 0.51 0,79 1.02
0.620 0.583 0.425 0.342 0.264 0.224

x = 63.78%; Fy = 11.7; Holdup = 0.55% cms.

0.13 0,25 0.38 0.51 0.76 1.02
0,621 0,503 0,384 0,285 0.232 0.219
X = 63,0293 Fy = 14.9; Holdup = 0.590 cus.
0.13 0.25 0.38 0,51 0.76 1.02
0.513% 0,403 0.305 0.205 0.186 0.176

L,70
0.013

1.50
0.124

1.78 2,03
0.040 0,018

1.78 2.0%3 2.29 2.5%
0.13%7 0.098 0,039

2‘L}1

3.42

1.50 1.78 2.03
0.112 0.065 0.02h

1.55

1.52

2.92 3.b3
0.084 0.053 0,037

.06 4,70
0,093 0,057 0.038

1.78 2.01
0.156 0.088 0.066

1.78 2.03
0.190 0.160 0,114

2.79

0.015 0,015

4070
0.018

5.96 6.73 7.49 8.26
0.025 0.026 0,022 G.011

2.54 2.79
0.019 0.017



TABLE VI- 5 (cont'd)

Run B23Vhk x = 62.09%; FH = 18.6; Holdup = 0.691 cms.

Level (cms) 0.25 0.51 0.76 1.02 1.27 1.52 1.78 2.03 2.29 2.67 3.18 3.81 4.19 5.33 6.60
Dispersion density 0.258 0.145 0,127 0.128 0.132 0.132 0.145 0.151 0.151 0.7149 0.125 0.081 0,070 0,038 0.028

7.87
0.017

Run B24V1 x = 78.57%; Fy = 9.5; Holdup = 0.530 cms.

Level (cnms) 0.25 0.48 0.76 1.02 1.29 1.52 1.78 2.03 2.29 2.5% 2.79
Dispersion density 0.475 0.338 0.288 0.249 0.178 0.113 0.083 0.046 0,040 0.029 0,0

Run B24V2 x = 78.14%; Fy = 12.2; Holdup = 0.555 cms.
Level (cms) 0.25 0.53 0.71 1.02 1.32 1.52 1.78 2.06 2 2.54 2.79 3.05
Dispersion density 0.438 0.290 0.263 0.244 0.212 0.151 0.106 0.057 0.043 0,033 0.033 0.017

Run B24V3 x = 77.76%; Fy = 15.9; Holdup = 0615 cms.

Lavel (cms) 0.25 0.53 0.76 1.02 1.27 1.52 1.78 2.03 2.29 2.54 2.92 3.30 3.68 4.06 4,70
Dispersion density 0.341 0.231 0.197 0.206 0.2'% 0.214 0.183 0.150 0.104% 0.082 0,034 0.040 0.02z 0,020 0.016

Run B24Vh x = 77.39%; FH = 18.6; Holdup = 0.690 cms.

Level {(cms) 0.25 0.51 0.89 1.27 1.70 2.16 2.67 3.18 3.94 L.70 5.71 .73

5.75 7.61 8.49
Dispersion density 0.201 0,145 0.139 0.156 0.160 0,150 0.115 €.092 0.061 0.048 0,039 2,035 0.0

25 0.011
Run B25V1 x = 94.71%; Fy = 9.4; Holdup = 0,568 cms.

Level (cms) 0,25 0,51 0.76 1.C4 1.24 1,52 1.80 2.03 2.29 2.79
Dispersion density 0.529 0.383 0.296 0.249 0.213 0,444 0,083 0.029 0.034 0,013

Level (;ms) _ 0.25 0,51 0.76 1.02 1.24 1.50 1.70 2.03 2.29 2.5% 3,05
Dispersion density 0.549 0.319 0.366 0.209 0.211 0.188 0.141 0.091 0.052 0,037 0.0k

gee



TABLE VI-5 (cont'd)

Run B25V3 x = 94.55%; FH = 16.8: Holdup = 0.637 cms.

Level (cms) 0.25 0.51 0.76 1.02 1.27 1.52 1.78 2.03 2.29 2.54% 2.79 3.05 3.30 k.19
Dispersion density 0.%07 0.198 0.162 0.170 0.200 0.2%2 0.203 0.153 0.148 0.714% 0.109 0.070 0,048 0.031

Run B25V4  x = 94.57%; Fpo= 19.25 Holdup = 0.701 cus.

Level (cms) 0.25 0.51' 0.76 1.02 1.27 1.52 1.78 2.03 2.29 2.5% .18 3.68 4,19 L4.70 5.33
Dispersion density 0.245 0.139 0.110 0.102 0.132 0,125 0.138 0.119 0.135 0.159 0.134 0.103 0.077 0.060 0.04k

6.60 7.87
0.028 0.016

422



Run C1V1

Level (cms,)

Run C1V2

Level (cms.)

Run C1V3
Level

Dispersion density 0.439 0.226 0.186 0.192 0,180 0,207 0.202 0.151

Run C1Vk

Level

Dispersion density 0.290 0,160 0,136 0,149 0,165 0.186 0.158 0.113

Run C2V1

Level

Run C2vV2

Level

Run C2V3
Level

x = 6.27%;

X = 6.04%;

u

Py

TLBLE VI.6

Dispersion density data System C

W = 1.9 cms.

= 8,7; Holdup = 0,683 cms.

=125 H = 0.764 cms.

0.25 0.51 0.76 1.44% 1.52 1.91
Dispersion density 0.539 0.313 0.228 0.214 0.234 0,203 0,137 0.091

X = 5'95%; FH = 1503; HL = On728 ClsS 4
0.25 0,51 0.76 1.02 1.40 1.78 2.16 2.67

0628 0.53 0.76 0496 1.32 1.63 2,16 2,67
Dispersion density 0,486 0.288 0,225 0.221 0,243 0,214 0,136 0,073

2.41 2,92

X = 5.86%; FH = 18.63 HL = 0,701 cms,
0,25 0.51 0.76 1.14 1.65 2.16 2.79 3.43

X = 24.12%; FH = 9,2y H
0.25 0.51

0.25 0,51

X = 22,60%;

0.25 0451

F

H

L= 0.625 cms,

L = O.?d‘fcm«s‘

0,76 1.02 1.27 1.52 1.78 2.03
Dispersion density 0.539 0,292 0.219 0,198 0,184 0,160 0,143 0,117

0,76 1,02 1.27 1.52 1,78 2.03
Dispersion density 0,518 0.295 0,200 0,202 0,20900,199 0,187 0,178

076 1402 1427 1.52 1.78 2.03
Dispersion density 0,529 0,270 0.190 0,168 0,173 0,191 0.202 0,195

3,18 3.81
0.042 0,012

2.4% 3,94 L L5
0.056 0.022 0,016

2,92 3.68 14,19 4,70
0.092 0.045 0.036 0,020

4,06 4,70 5.33 5.97 6.60
0.044 0,030 0,024 0,014 0,010

2.29 2.,54 2,79
0,099 0.074 0,056

2.29 2.54 2.79 3.05 3.30 3.56 3,94
0.157 0.108 0.081 0,072 0.044 0.C30 0,01k

2.29 2,54 2.79 3.05 3,30 4,19
0.180 0,149 0,122 0,102 0,052 0,020

gee



TABLE VI.6 (Cont'd.

)

Run C2V4 x = 22.06%; Fy = 1843 H = 0,705 cms.
Level 0,25 0,51 0.89 1.27 1.65 2.03
Dispersion density 0.307 0.163 0,143 0,148 0,168 0,189

Run C3V1 x = 48.74%; Fy=9.5; Hy = 0.629 cms.
Level 0.28 0451 0,76 1.02 1.27 1.52

Dispersion density 0.499 0,304 0.221 0.207 0,185 0.183

Run C3V2 x = 47.82%; Fy = 12,05 Hj = 0.720 oms,
Level 0.28 0.51 0.76 1.02 1.27 1.52

Dispersion density 0.498 0.291 0,221 0,200 0,205 0,202

Run C3V3 x = 47.00%; FH = 15.7; HL = 0,722 cnis.
Level 0025 0951 6076 1.02 1.27 1.52
Dispersion density 0.397 0.281 0,171 0,166 0,182 0,180

4,b5
00026

Run C3Vhk x = 46.13%; Fy = 18.7; Hy = 0.721 cms.
Level 0.25 0.64 1,02 1.40 1.78 2.16
Dispersion density 0.249 0,133 0.142 0,153 0,167 0.183

5.97
0,016

Run 04V1 X = 72037% FH = 9‘5; HL = 00633 CS,

Level 0.25 0451 0,76 1.02 1.27 1.52

Dispersion density 0,495 0,313 0,223 0.219 0.205 0.191

Run C4V2 x = 71.83; Fy = 12415 Hp = 0,702 cms.
Level 0025 0051 0376 1.02 1.27 1052

Dispersion density O.448 0.280 0.197 0.195 0.20% 0.204

6.47
0.010

2.1
0.186

3.68
0.091

4,19 L,70 5.21
0.050 0,037 0,014

176
0.160

3456
0,024

2.79
0.081

3405 3430

0.083% 0.048 0.033

1.78
0.193

3,56 3,81
0.031 0,018

2479
0.112

3.05 3.30
0,069 0.055

1.78
0.192

3.56 3,94
0,069 0,041

2.79
0.153

3.05 3.30
0.126 0,100

4,06
0.066

Lhs 4,83
0,045 0,031

2454
0,180

2‘92
0,167

3.30 3,81
0,134 0,095

521 5477
0.027 0,024

9ce

3,81
0,017

1.78
0.165

2,03
0.157

2.29 2.54
0.118 0.104

3.05 3430
0.049 0,038

1.78
0.186

2.03 2.29 2.54
0,184 0.173 0,132

3.56 3,81
0.053% 0,034

3.05 3.30
0.079 0.050



Run Chv2
(conttd.)

Run CLV3
Level

Run Chvh
Level

Run C5V1
Level

Run C5V2
Level

Run C5V3
Level

Run CoV4
Level

TABLE VI.6 (Cont'd.)

4,06
0.017

x = 71.54%; Fp = 15.7; Hp = 0,705
0.25 0,51 0,76 1.02 1.27

L hs 4,83
0.026 0,020

x = 71.25%; Fy = 18.8; Hp = 0.713 cms.

0.25 0.64 1,02

L

X = 92.13%; FH = 953 HL = 0,719 cms.
0.25 0,51 0,76 1.02 1.27

x = 92.09%3 FH = 13.2; HL = 0.748 cms,
0.25 0.51 0.76 1.02 1.27

x = 92.04%; Fy = 15433 HL = 0,756 cms.

0.25 0,53 0,76 1.14 1.52
x = 91.89%; Fy = 18.8; H. = 0.740 cms.
0.25 0,64 1.02

L

6.48 6.98
0,011 0,010

152
Dispersion density 0.333 0.189 0,153 0.159 0,167 0.197

1.40 1,78 2.16
Dispersion density 0.197 0.136 0,118 0,148 0.150 0.170

1452
Dispersion density 0.463 0,323 0.241 0.245 0,231 0,249

1452
Dispersion density 0.452 0.293 0,209 0,208 0.214 0,217

1491
Dispersion density 0,346 0,201 0.175 0.174 0,210 0,221

1,40 1,78 2,03
Dispersion density 0.203 0.129 0.119 0,142 0,161 0,165

1.78
0,191

1 ¢78
0.227

1.78
0.223

2.29
0.209

2.41
0.172

2.03
0,208

3,18

0.152

2.03
0.192

2.03
0.211

3,30 3,68 4,06
0.114 0.067 0,048

2.54
0.172

2479 3405
0,160 0,131

k70 5,20
0.048 0.036

622 6,73
0.020 0.013

5.72
G.025

356
0,024 0,012

2.79  3.05
0.074 0.0%7

2479 3405
0.120 0.098

3956 3,68
0,033 0,017

3.81 %19
0,045 0,040 0,031

4,95 5.33
0.024 0,014

3,94 4,32
0.102 0,085 0,058

5.08 5.97
0.049 0,02k

L2z



TABLE VI,.7

Dispersion density data System C W = 0.95 cms,

Run G111  x = 6.57%; Ty = 9.2; Holdup = 0.511 cus.

Level (cms.) 0625 0451 0,76 1.02 127 1.52 1.78 2403 2.29 2.54 2.79 3.05
Dispersion density 0.528 0.298 0.205 0,185 0,157 0.120 0.083 0.062 0.043 0,026 0.019 0.012
Run C11V2  x = 6.47%; F, = 11.9; Hp = 0.549 cms.

Level (cms.) 0.25 0,51 0.76 1,02 1.27 1.52 1.78 2.03 2.54 2.79 3.05 3.30 3,56
Dispersion density 0.503 0.285 0.218 0.186 0.177 0.156 0.139 0.053 0.0k 0,031 0.033 0.025 0,015

‘Run C11V3  x = 6,30%; Fy = 15.2; Hj = 0,620 cms.

Level (cms.) 0.25 0,51 0.76 1.02 1.27 1.52 1.78 2,03 2.29 2.54 2.79 3.05 3,30 3.56 3.81

Dispersion density 0.475 0.253 0,192 0,182 0,184 0,180 0.189 0.148 0,117 0.085 0,051 0,048 0,032 0,030 0.014

Run C11Vhk x = 6.21%; Fy o= 18.4; H. = 0.472 cms.

L

Level (cms.) 0.25 0.64 1,02 1,52 2.16 2.79 3.3% 4,06 4,70 5.33 5.97 6.60

Dispersion density 0.252 0.152 0.139 0,166 0.176 0,135 0.085 0,046 0.026 0.021 0.016 0.011
Run C12V1  x = 22.08%; Fy = 9.4y H = 0.462 cms.

Level (cms.) 0,28 0.56 0.74% 1.04 1.40 1.75 2.08 2.41 2.79 3.18

Dispersion density 0.411 0.262 0.206 0.166 0,132 0,090 0,076 0.033 0.011 0.018

Run C12V2 x = 21.6%%; Fy = 11463 H = 04516 cms.

Level (cms.) 0.25 0451 0476 1.02 127 152 1.78 2.03 2,29 2.54 2.79 3.05
Dispersion density 0.505 0,267 0,187 0,177 0.163 0,152 0,108 0,076 0.051 0.031 0.033 0,027

Run C12V3 x = 21.06%; Fyp o= 15.3; Hp = 0.591 cms.

Level (cms.) 0.25 0.51 076 1402 1.27 1452 1.78 2.03 2.29 2.54% 2.79 3,30 3.56 3,94
Dispersion density 0.416 0.226 0.168 0.17% 0.178 0.183 0.161 0.146 0.116 0,087 0.055 0.022 0.026 0,020

Qe



TABLE VI.7 (Cont'd.)

Run C12V4h  x = 20.76%; FH = 18.5; HL = 0,685 cms,
Level (cms.) 0.25 0,63 1.14 1.65 2.16 2.79 3,43 L,06 L., 70 5.3%3 5.97 6.60
Dispersion density 0.222 0,148 0.148 0,169 0,188 0.160 0,100 0,063 0,042 0,027 0,019 0.011

Run C13V1 x = 48.71%; FH = 9.k HL = 0,481 cms,

Level (cms.) 0.25 0.51 0.76 1.02 1.30 1.52 1.78 2.0%3 2.54 2.79
Dispersion density 0.456 0.262 0,195 0,162 0,144 0.132 0.101 0.074 0,042 ©.020
Run C13V2 x = 47.95%; Fp = 1215 H = 0,521 cms.

Level (cms.) 0,25 0,51 0.76 1.02 1.27 1.52 1.786 2.03 2,29 2.5% 2.79 3.05 3.30
Dispersion density 0.417 0.238 0.182 0,166 0,165 0.138 0,134 0.113 0.058 0,057 0,032 0.033 0,02k

Run C13V3 x = 47,16%; B o= 15.63 H = 0.589 cms.

Level (cms,) 0.25 0453 0.76 1.02 1.27 1.52 1.78 2.03 2.29 2,54 2.79 3.05 3,30

Dispersion density 0.41% 0.218 0,194 0.187 0.203 0,203 0.158 0.138 0,123 0,102 0,060 0.041 0,025

Run C13Vhk x = L46.0%%; Fy = 184713 H = 0,691 cms.

Level (cms.) 0.25 0.51 0,89 1.27 1.65 2.03 2.41 2.79 3,18 3.68 4,19 4,70 5.21 5.72 6.22
Dispersion density 0.203 0,130 0,129 0,136 0,166 0,165 0,172 0.149 0,132 0,081 0.060 0,039 0,028 0,026 0.015
Run C14V1  x = 71.89%; Fy o= 9.2; Hp = 0.511 cms.

Level (cms.) 0.13 0425 0.51 0.76 1.02 1.27 1.52 1.78 2.03 2.29 2.54 2.79 3.05 3.30
Dispersion density 0.605 0.462 0.258 0.198 0.174 0.147 0.126 0,098 0,074 0,046 0,028 0.020 0.029 0.010

Run C14V2 x = 71.61%; Fy =125 Hp = 04,541 cms.

Level (cnms,) 0.13 0.25 0.51 0,76 1.02 1,27 1.52 1.78 2.03 2,29 2.54% 2,79 3,05 3,30
Dispersion density 0.580 0.400 0,238 0.174 0,184 0.167 0.172 0.138 0.103 0.074 0,051 0.019 0,018 0.016

Run C14V3  x = 71.15%; FH = 15.7; HL = 0.599 cnms.

Level (cms,) 0.13 0.25 0.64 1.02 1.40 1.78 2,16 2.,54 2.92 3.30 3,68 L4.06 L..L5
Dispersion density 0.430 0.253 0.145 0,153 0.159 0.169 0.160 0,114 0,090 0,057 0,040 0.031 0.012

622



TABLE VI,7 (Cont'd.)

Run C1WWh x = 70.74%; F, = 18.5; H. = 0,692 cms.

H L
Level (cms.) 0225 0.63 1.02 1.40 1.78 2.16 2.67 3.18 3.68 4,19 4,70 5,21
Dispersion density 0.159 0.112 0.104 0,129 0,144 0,181 0.170 0,141 0,117 0,079 0.056 0,042 0.0%5 0.024 0,018
7.24
0.012

Run C15V1  x = 92,66%; Fy = 9.3; Hy = 0.610 cms.
Level (cms.) 0.25 0.51 0.76 1,02 1.272 1.52 1.78 2.06 2.29 2.54 2.79
Dispersion density 0.579 0.317 0.24L 0.227 0.215 0.184 0,123 0.079 0.038 0,019 0.015

Run C15V2 x = 92.61%: F, = 12.43 H, = 0.651 cnms.

H L
Level (cms.) 0.13 0425 0,51 0,76 1.02 1.27 1.52 1.78 2.02 2,29 2.54 2.79 3.05 3.30
Dispersion density 0,625 0,415 0.241 0,199 0,206 0.208 0,196 0.177 0.129 0,087 0.055 0.027 0.025 0.018
Run C15V3  x = 92.47%; Fy = 1545 Hp = 0.672 cms.
Level (cms.) 0.13 0,25 0,38 1.02 1.40 1.78 2.16 2.54 2.92 3.30 3.68 4,06 L.45 L,83

Dispersion density 0,437 0,264 0,152 0,152 0,169 0.194 0,171 0.134 0,086 0.072 0.035 0.031 0.026 0.026

5.72 6.22 6.73

0¢e
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TABLE VI8
Performance data System A W = 7.6 cms,

Run No. iI'I‘ 3{_9_ _}_c_’_l_ :E_I‘/_i_\[_
AV 10,0 4,28 3635 69.6
V2 13.7 4,07 3423 65.2
V3 17 1 .97 3175 62,3
Vi 20,1 3.92 2%.165 59.0
A2V 10.0 8.81 7.05 7149
Va2 1349 8.70 7,09 65.8
V3 16.6 8.56 7 <Ok 62.2
Vi 19.8 8.40 6.97 59.1
ABV1 8.7 17.18 14,57 70,2
V2 10,0 17 .0k 14,31 7349
V3 13,6 16,65 14,15 68,1
vh 17.0 16.42 14,04 63.8
ALy 9.8 23.49 20.56 72.9
V2 13.7 23,01 20.27 68.2
V3 19.7 22,52 20,04 61.9
ASV1 9.4 29.21 26.39 74.0
V2 13.4 28.84 26,18 69.5
V3 16.9 28.61 26.11 65.0
v 19.8 28.32 25,93 61.9
ABVY 10.5 39.65 37.81 72.3
v2 13.6 39.41 37.63 69.2
V3 19.7 39.19 . 37.58 62.6
APVIA 2.9 4z ,61 h2,22 74.8
V1B 10.7 42,96 41.55 72471
V2 1342 43,38 42,05 70.5
V3 15.8 43,30 42,02 63.0
vk 19.9 42,51 41,24 63.0
A8V 10.0 48,02 47,31 7245
V2 13.2 47 .98 42,30 69.0
V3 16,7 47,88 47 .20 67 41

Vi 204 | 48,28 Yo 72 62 4



232

TABLE VI.8 (Cont'd.)

Run No. F__H_ f_o_ 2{_’!_ h
A9V1 10.6 58.89 59.76 7142
Ve 13.2 59.05 59.91 69.1
V3 1747 59.11 59.92 64.8
ATV 10.2 67.10 68.92 72..1
V2 14.0 67.23 68.94 67.6

V3% 178 67.34 68.96 6L ,0
vk 20.7 67.58 69,14 61.1
A11V1 9.9 73 47 7573 72.6
V2 13.8 ?74.00 76.12 67.9
V3 2044 74 .51 764k 61.3
A2V 10.4 80.35 82.68 71.9
V2 b 80.69 82.85 6648

V3 16.9 80.97 83.03 63.8
A13V1 10,5 87.05 89.07 2.4
V2 15.5 87.52 89.33 65.5
V3 204 87.89 89.56 61.2
A1V 10.5 94,29 95.41 72,9
V2 13.8 94 48 95.53 67 4

V3 1761 ok.62 95.60 6440
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TABLE VI .9

Performance data System A W = 1.9 cms.

t=]
b
¥
{4

Run.No,

H o] 1 MV
A2V 8.8 3.57 2.9% k9.0
Ve 1.7 342 2,88 L6,
V3 18.1 340 2.86 46,3
A22V1 9.5 11,16 9.55 53.6
Ve 131 10,97 9.41 52.2
V3 18.6 10.74 9.2k 50.8
A23V1 9.8 22,82 20,64 54,7
V2 13.3 22,54 2042 53.1
V3 18.4 22.19 20,08 52.8
A2hvA 10.0 32 46 30457 Sh.b
V2 13,8 22,22 30,40 52.2
V3 18.0 22 .04 30,26 50.9
A25V1 8.9 4L .95 b 1k 53.2
Ve 10.6 L 84 Lh 00 53.8
V3 18.0 4k ,70 43,92 50.5
A26V1 9.7 56.52 56.96 60,8
Ve 1247 5641 56,82 57.8
V3 15.2 56.49 56,87 54,5
A27V1 9.5 64,99 66.%8 62.0
V2 1341 65,26 66.53 56.3
V3 15.9 65.33 66.54 535
A28V1 9,8 72,61 74 .56 64,0
V2 131 72,99 74 .69 56.3
V3 15.5 73.03 74,68 5k 1
A29V1 9.5 77 .02 79.23 65.7
V2 12.6 77 « 141 7945 60,5
V3 15.9 77«56 7939 Shb
AZ0V1 9.8 87.03 88.66 64,5
V2 12.7 87.33 88,82 58.5
V3 16.0 87.51 88.84 52.5
AZ1V1 9.4 9L .01 94,98 57.5
V2 12,9 ok, 07 9k ,97 52.8
V3 1845 94,23 95.03 b7.5
A32V1 9,1 96,54 97.10 53,1
V2 12.2 96,76 97.26 48,5
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TABLE VI.10

Performance data System B W = 7.6 cms.

=
]
»
=

Run No .

H o} 1 MV
B1V1 7.5 741 4,22 793
V2 10,0 7.22 4,03 82.7
V3 131 6.94 3.93 80.0
B2V1 7.3 25,44 15.46 83,8
V2 10.9 2421 14,61 83.4
V3 134 23.30 14,31 79.2
Vi 17 .4 22.26 13.98 73.9
B3V 8.1 41 .61 28.22 87.4
V2 1048 4o 45 27 .67 83.9
V3 12.8 39.78 27 4l 81.2
V4 18.4 38,03 26,74 74,9
B4V 8a1 60.41 48,22 83.8
V2 10.9 59.54 47 45 82.2
V3 13.3 58.64 46,87 7945
V4 18.3 56,89 45 .95 73.0
B5V1 8.1 73.32 65 .81 7849
V2 10.2 72,70 64,90 79.5
V3 12.7 72.24 64,29 794
vh 1742 71431 63.87 732
V5 20.6 70,49 63,27 69.7
B6V1 8.5 86.16 82.99 8341
V2 1.8 86.04 83.03 79 1t
V3 144 85.62 82,69 2y
Vi 18.2 85.17 82.40 69,0
B7V1 11.1 94,83 ok,21 79.7

V2 1942 94,62 94,09 674
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TABLE VI.11

Performance data System B W = 1.9 cms,

=
]
]
t=

Run No,

H o 1 MV

B10OV1 8.7 1147 7«55 55.7
V2 12.6 10,69 6.99 5642
V3 14,8 10,53 6.9k 55.0
Vi 18.5 9,84 644 55.7
B11V1 8.9 29,27 21.25 5747
Ve 1147 28.10 20.41 56,3
Vi 173 27 .91 20.25 56.2
B12V1 8.7 48,01 38,78 58.3
Ve 12.2 46,35 37425 574
V3 14,8 46,52 3737 577
Vi 179 45,69 36,64 571
B13V1 9.6 71 .26 66.23 53,6
V2 12.1 69.78 64,50 53,0
V3 155 69 .27 63,93 52.6
Vi 18.7 68.55 63,17 5147
B14V1 9.7 80.83% 78.17 48,5
V2 12.6 80,37 77 .66 48,0
V3 15.4 80.10 77 38 k7.3
vh 18.2 7973 76.90 k7,9
B15V1 9.4 95,07 9k 77 4,2
Ve 11.9 94,98 94,68 5,3

V3 17.0 94,91 9k, 62 42,5
Vi 19,8 94,86 94,58 40,1
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TABLE VI,12

Performance data System B W = 0.95 cms.

Run No. Fy X %, By
B20OV1 9.2 13.07 8.86 52.2
v2 12.1 12.62 8.39 54,8

V3 14,8 12.24 8413 5k,3
vh 18.3 11.71 7.80 54,0
B21V1 8.6 28.64 21.40 5240
V2 144 27 .36 20,01 54,3
B22V1 8ot 48.56 40,30 52.3
V2 12.7 47,15 38,57 54,0
V3 14,3 47,18 38,42 55.1
vh 1845 46,18 37429 56.0
V2 11.7 68.85 63.78 49,6

V3 14,9 68.31 63.02 50.6
vk 18.6 67.50 62.09 50,3
B24v1 9.5 80.81 78457 41.8
V2 1242 80,55 78414 43,9

V3 15.9 80.34 77476 46,0
vhia 18,6 80.07 77«39 46,7
V4B 18.6 79,87 77422 45,7
B25V1 R 94,97 ok, 71 38.8
V2 12453 94,93 9kt ,66 39.5

V3 16.8 9k .86 9k.59 39.4

vh 1942 94,85 94,57 39.9
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TABLE VI.13

Performance data System C W = 1.9 cms.

Run No. FH X X’l EMV
C1V1 8.7 8.85 - 6.27 58.6
Ve 1241 8.27 6.04 52471
V3 153 7499 5.95 484
V4 18.6 770 5.86 bl 1
cavi 9,2 20,31 24,12 634
V2 12.5 28.76 23.02 55.6
V3 15.0 27 .54 22,60 514
vh 184 26,59 22,06 4.5
C3V1 9.5 53,81 48,74 6143
V2 12,0 52.48 47,82 55.4
V3 15.7 51432 47,00 50.
vh 18.7 50,38 46,13 49,0
chva 9.5 724,75 72437 60.6
V2 1241 724 .18 71.83 58,2
V3 1547 7373 71454 534
\ 18.8 73.39 7125 5143
c5V1 9.5 92.58 92,13 5547

vh 18.8 92.23 91.89 51.4
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TABLE VI.14

Performance data System C W = 0.9 cms.

Run No. FH Xo x,I EMV
C11V1 9.2 8.78 6457 L&,1
v2 1149 846 647 4L 0
V3 1542 8.21 6.30 L3 .4
v 18.4 8.10 6.21 Lz 6
C12V1 9.k 26,96 22.08 51.0
ve 1.6 25.94 21.67 L 9
V3 15.3 25.36 21,06 45,8
vk 18.5 25.16 20,76 47,1
C13V1 9.4 52.98 48,71 514
v2 12.1 51,93 L7 .95 L7 4
V3 15.6 51.29 47,16 48,5
vk 18.1 50.27 56,03 49,0
C14v1 9.2 73.95 71.89 5049
V2 12.1 73,60 71 .41 48.9
V3 15.7 73.19 71.15 k9.0
vh 18.5 72.89 7074 50.5
C15V1 9.3 93,04 92.66 48.7
ve 12.4 93,02 92.61 51471
V3 15.4 92,88 92 .47 51.9
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APPENDIX VII

NOMENCLATURE
c Concentration (Kg moles/mB)
CD Drag coefficient
D Diffusivity
DE Effective diffusivity
DM Molecular diffusivity
d Bubble or drop diameter
a' Corrected drop diameter from equation 2.41
dc Column diameter
dp Particle diameter
EMV Murphree plate efficiency based on gas phase
Ep Murphree point efficiency
Fb F.factor based on bubbling area
FH F-factor based on hole area
FG Volumetric fraction of gas  in the dispersion
FL Volumetric fraction of liquid in the dispersion
fi,j Substance specific correction factor
G Volumetric gas rate
g Acceleration due to gravity
HL Liquid holdup per unit area of plate
h Height of dispersion
KG,KL Gas, liquid phase mass transfer coefficient
KOG’KOL Overall mass transfer coefficient based on gas, liquid phase

L Volumetric liquid rate
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Lt Characteristic linear dimension, equation 2.38
LW Liguid flow per unit column width

M Molecular weight

m Slope of the egquilibrium line

NG’NL Number of gas, liquid phase transfer units
NOG’NOL Number of overall transfer units based on gas, ligquid phase
P Pressure

QL Liguid holdup in dispersion

R Bubble or drop radius

Rs Residual sum of sguares

r Radius

S Surface area of mass transfer

s Standard deviation

T Absolute temperature

t Time

v Gas velocity

VH Hole velocity

Vo Actual gas velocity

W Weir height

X Mole fraction of component in the liquid phase
y Mole fraction of component in the vapour phase
o Relative volatility

Activity coefficient

-3 e

Hydrodynamic factor in equation 2,.,27a

Viscosity
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0 Density

o Surface tension
Subscripts

A,B Components A,B
b Bulk condition
G Gas phase

H Hole

i Interface value
L Liquid

T At temperature T
1,2 Conditions 1 and 2
Superscripts

* Equilibrium

o Reference state

Dimensionless groups

FOD Diffusional Fourier number
Ga Galileo mumber

Pe Peclet number

Re Reynolds number

Sc Schmidt number

Sh Sherwood number
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