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SCOTE

The sieve tray distillation column is one of the most widely used
separation devices throughout the chemical and petrochemical industry.
Although an enormous amount of research has been carried out in order to
understand the behaviour of the sieve trays, there are still many uncert-
ainties. One of these uncertainties is concerned with the prediction of
the tray efficiency for binary and multicomponent systems. It has been
shown that the methods availabdble at present have deficiencies for binary
system predictions and have hardly been tested against large scale
experimental data for ternary distillation. There is no theoretical method
available to predict efficiencies of systems comprising more than three
components. The prediction of tray efficiency can be divided into two
parts. In the first part the 'point efficiency' is obtained by a theoretical
or experimental method. In the second part this point efficiency is
incorporated into a mixing model taking into account the hydraulics, which

may include the uniformity of flow across the tray.

In this thesis the point efficiencies for atmospheric operation in
the mixed flow regime are presented based on measurements in two sieve

tray distillation columns operating under similar hydrodynamic condition

as follows:-

A - A small scale Oldershaw column modified to inhibit surface tension

induced 'wall effects'.

B - A large rectangular tray distillation column with narrow width and

about cne meter flow path length.

Three binaries, two ternaries and a quaternary alcohol-water systems have

been studied experimentally using these two columns.

The ternary point efficiencies for the system MeOH/n.PrOH/H20 are



predicted using the methods available and compared with actual large scale
experimental efficiencies. The point efficiencies from the modified
Oldershaw column are also compared with actual large scale experimental
point efficiencies in the ternaries znd the guaternary systems to study
the feasability of incorporating them into the design of large scale
columns.

Further steps are alsc described to improve the gas and liguid contact
on the nodified column to obtain better point efficiencies.

In crder to improve the uniformity of flow across a circular tray,
an expanded aluminium material tray has been studied experimentally with
different hydraulic conditions during distillation. The small diamond
shaped holes in this material are corrugated, thus allowing the vapour

momentun assist the liquid flow.



SUMMARY

The distillation point efficiencies for the alcohol-water binary,
ternary and quaternary systems were measured using a modified Oldershaw
column. This column is expanded above the tray to separate the newly
formed bubbles from the column wall, thus eliminating the surface tension
induced wall effects for positive systems and discouraging wetted wall
effects. The excessive and recirculating foam and froth found in the
conventional Oldershaw column is due to these wall effects and does not
represent conditions in large scale distillation.

The point efficiencies measured using this column for the system
methanol/water were lower than the point efficiencies deduced from the
composition profiles across a large and narrow rectangular distillation
column using an eddy diffusion model.

The narrow rectangular column had a liquid flow path length of about

one meter, thus avoiding stagnant zones and flow non-uniformities. The

lower efficiencies were due to the shorter contact time between the gas
and the liquid. This contact time was increased markedly by fitting an

outlet weir to the modified Oldershaw column, thus increasing the tray

liquid hold-up and the point efficiencies. These point efficiencies were

about 10 per cent lower than those on the large tray at a similar value of
the F. Factor. The eddy diffusion model predicted rectangular tray

efficiencies about 10 to 20 per cent lower than those measured, when using

the improved modified column point efficiencies. Using a suitable model,

the improved point efficiencies were scaled-up to the conditions existing

on the rectangular tray. This resulted in the large tray values of 2 to

4 per cent lower tray efficiencies than those measured.

The surface tension effect on the point efficiencies of the binary

systems MeOH/HZO, EtOH/HQO. The systems n.PrOH/HZO and MeOH/n.PrOH were



investigated using the original modified Oldershaw colunn in the absence
of wall effects nsing the concept of the Mararngoni stabilising index. The
surface tension of thepe systems were measured using a glass tensiometer.
The system MeOH/ﬁQO had the highest Marangoni index and showed the highest
point efficiencies throughout the composition range, with the EtO&/HZO
system following closely. However, the systems n.PrOH/H2O and McOH/
n.PrOH, with low values of the Marangoni index, showed comparable point
efficiencies throughout the compesition range. These systems demonstrate
all the possible itypes of surface tensicn behaviour.

The effects of the outlet weir height and hole size on the point
efficiencies in the rectangular colwmn operating under similar hydrodynamic
conditions were also investigated using the system MeOH/HQO. There was an
increase in point and tray efficiencies on increasing the outlet weir
height from 2 mm to 12.7 mm. There was also small increase in point and
tray efficiencies on decreasing the hole size from 6.4 mm to 1 mm at the
expense of higher pressure drops. The point efficiencies of these trays
under different hydraulic conditions were in the range 85 to 95 per cent,
with subsequent high tray efficiencies. This provides further evidence
of the high tray efficiencies available to the design engineer, if the
detrimental effects of stagnant zones and flow non-uniformities were
eliminated.

Two highly non-ideal ternary systems and quaternary system were also
studied using the original modified Oldershaw and the rectangular columns.
Considerable differences between the individual component point efficiencies

were observed. These differences are probably caused by the interactive

nature of the mass transfer in these systems. These systems also exhibited

equal component point efficiencies in parts of the composition range, which

illustrates the composition dependency of these systems.



The individual component tray efficiencies for these cystems were
noticeably different, even with equal component point efficiencies operating
across the tray. Thewse differences were simulated using the eddy diffusion
model, highlighting the effects of limited liquid back mixing on the tray.

The ccomposition profile for the system MeOH/EtOH/HZO were predicted
and compared with the resusurements across the rectangular column using
three methods derived from the original Maxwell and Stephan mass transfer
equationc. These predictions were in good agrcement with the mensurements.
However, ns the comparison is only biced on a one meter flow path length,
the actual design of distillation column using these methods would be
conservetive. The prediction of the compcsition profiles using the point
efficiercies from the original version of the modified Oldershaw column
yielded a similar observation for both the ternaries and the quaternary
system.

An expanded aluminium tray (Expamet 607TA) was also subject to
preliminary efficiency tests in the rectangular column. This material has
corrugated angled holes, thus encouraging the liquid flow across the tray
by using the vapour momentum. This material showed much lower pressure

drops, due to its high open area compared with conventional sieve trays,

and discourages weeping and entrainment.
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INTRODUCTION

Distillation is the most widely used sparation process. Using
about 3% of the world's energy (Mix et. al. 1980), and so cven small
emall improvements in the technology are significant.

Sieve trays have been used in the chemical and petrochemical
industry for over 30 years replacing the bubble cap columns, and generally
preferred to other contacting devices such as valve trays and packed
colums. This is because sieve trays are easy to fabricate and maintain,
they can operate under different loading conditions and tolerate reason-
able turndown ratios (Eagle and Lemieux, 1964). These trays generally
have lower pressure drops, and consequently have lower running costs.

An enormous amount of research has been carried out to establish the
behaviour of these trays under various loading conditions. Rxtensive
studies were carried in the early 1960's in the laboratories of
Fractionation Research Incorporated (F.R.I.), where the behaviour of trays
with hole sizes in the range 6.4 to 19.1 mm was investigated. Design
procedures have been formulated which are available in most chemical
engineering design texts (Smith 1963, Lockett, 1986). However, since
these early studies, some success has been achieved in understanding the
behaviour of the biphase on sieve trays. The presence of stagnant zones
and flow non-uniformities (Porter et. al. 1972, Lockett et. al. 1973 and
Bell, 1972) has been found to reduce the efficiency of trays in large scale
operation. Various attempts have also been made to use small laboratory
scale sieve tray colums to study different distillation systems.
Efficiency results from these studies have not agreed closely with those
from large trays. This is due to the shorter vapour and liquid contact,

and also surface tension induced wall effects. The biphase observed in

small laboratory columns, for a surface tension positive system, is foamy



and deep, (Haselden and Thorogood, 1964). These conditions are not
usually found on large industrial sieve trays (Zuiderveg, 1979) operating
under similar loading conditions, but instead a biphase of liquid, fairly
short-lived "froth" and spray co-exist.

Although separation processes in the chemical and petrochemical
industries often involve multicomponent distillation, there is very
limited information on the efficiencies of multicomponent systems as
compared with binary systems, particularly for large columns. This lack
of data has resulted in the usual assumption that the component efficiencies
are equal to each other. This is true for thermodynamically ideal systems,
if complete liquid mixing is achieved on the tray. However, for thermo-
dynamically non-ideal systems, made up of components of different molecular
size and nature, significant differences exist between these efficiencies.
In the case of large trays with longer liquid flow paths, where partial
liquid mixing exists, the components exhibit different tray efficiencies
(Biddulph, 1975).

In order to predict point efficiencies for a multicomponent system,
there are models available based on the Maxwell-Stephan mass transfer
equation, (Dienerand Gerster 1968). These models can only be used for
ternary systems, and incorporate a large number of assumptions, and have
hardly been tested against large tray data (Lockett, 1986). There is no
method available to compute efficiencies in systems comprising four or
more components where significant interactions between the components
exist.

The main purpose of the work reported in this thesis is to investigate
the hydraulic effects on efficiency in the mixed froth regime on a large
sieve tray in the absence of stagnant zones and flow non-uniformities.

The variables studied are the hole size and the outlet weir height.



Point efficiencies, composition and temperature profiles, pressure drop
and liquid hold-ups are reported.

In order to eliminate '"wall supported froth" common in small
Oldershaw column, a new design of column is described in which an
expansion of the column above the tray separate the newly formed bubbles
from the glass wall. The efficiencies measured in this column are
compared with those from the standard Oldershaw column, and are compared
with large scale measurements. The possibility of using improved form of
this column to predict point efficiencies for the design of a large scale
distillation column is discussed. A new efficiency classification of
positive, negative and neutral systems as defined by Zuiderweg and
Harmens (1958), is also suggested based on measurements from this column.

Studies of three non-ideal multicomponent systems are also described.
The prediction methods are tested for a ternary systems using the large
tray data. The point efficiencies measured using the modified column on
these systems were also used to predict the composition profiles across
the rectangular tray. These point efficiencies were incorporated into an
eddy diffusion model simulating distillation runs on the large rectangular
column, and the resulting tray efficiencies and composition profiles were
compared with actual measurements. The point efficiencies predicted by
the method of Diener and Gerster (1968), Krishna et. al. (1977) and
Medina et. al. (1979), using rectangular tray binary distillation data
for the pairs comprising the system MeOH/h.PrOH/H2O were also used as
above to predict composition profiles and compared with actual measurements.

Preliminary work on a expanded aluminium tray is also introduced.
The holes on this tray are angled at about 450 to the direction of vapour
flow. This means that the vapour momentum encourages the liquid on the

tray to move forward faster than on the normal sieve tray. It is hoped



that, if correct hydraulic conditions can be found, this tray will reduce
flow non-uniformities, and may eliminate the stagnant zones on circular,

chordal weir trays.
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LITERATURE SURVEY

2.1 The Effects of Qutlet Weir Height and Hole Size on the Operation

and Kfficiencics of Distillation Sieve Trays

The effects of hydraulic parameters, such as the outlet weir height

and hole size, have been studied by many investigators. The outlet weir

is used to maintain an appropriate liquid depth on the tray, (Huang et. al.,
1958), and it has been found that an increase in its height increases the
tray efficiency; (Umholtz and Van Winkle, 1957; Hellums et. al., 1958;
Finch and Van Winkel, 1964; Brown and England, 1961; Jeromin et. al., 1969;
Sargent et. al., 1964; Haselden and Thorogood, 1964; and Fane and
Sawistowski, 1964). Outlet weirs of the order of 25 to 50 mm are commonly
used in large distillation columns. In the low temperature distillation

of air much lower outlet weir heights are used to facilitate small tray
spacing.

Hole size, another important hydraulic parameter, has attracted
considerable attention in the past. Large perforations have been rec-
ommended cn the grounds of ease of fabrication, lower cost, less suscept-
ibility to fouling and corrosion, (Patton and Pritchard, 1960), and low
pressure drop. However, weeping and low turn-down ratios have been
associated with such trays. Eagle and Lemieux (1964), demonstrated that
columms with holes as small as 6.4 mm in diameter can operate in dirty
services and tolerate larger turn-down ratios. Friend and lLemieux (1956)
found that poor performance from small hole trays could occur because of
rust and sediment deposits when operating with corrosive systems. They
recommended trays with perforations larger than 6.4 mm for such services.
Hunt et. al., (1955) and Mayfield et. al., (1952) concluded that tray
stability increases with decreasing hole size.

The effect of hole size on tray efficiency has also been a subject



of interest in the past, and Table 2.1 suwnarises some colwm features

of these studies.

TABLE 2.1
Reference Hole sizes Column Equipment % Free Area
Year mm sive m

Finch and Van 1.6 to 8.0 0.15 x 0.73 7.0
Winkle (1964) rectangular
Hellums et. al, 1.6 to 4.8 0.153 dia. 5.7 to 12.5
(1958) circular
Umholtz and 1.6 to 4.8 0.076 dia. 12.5 to 16.5
Van Winkle circular
(1957)
Pruden et. al. 3.2 to 24.5 0.153 dia. 5.6
(1974) circular

Umholtz, (1957) used 1.6 to 4.8 mm hole size perforated trays with
the system octane-toluene and found no effect of hole size on tray
efficiency. Hellums et. al., (1958) used the same system and range of
hole sizes. At the lower vapour rates, smaller holes exhibited higher
efficiencies, but at high vapour rates they found no effect of hole size.
It was suggested that smaller holes, at low vapour rates, prevent the

liquid being dumped due to the capillary surface tension effects, thus

increasing the tray liquid hold-up and the efficiencies. Finch and Van

Winkle (1964) used the methanol-air-water system for their studies, and

stagnant zones were absent during their experiments. They detected no

significant effect of hole size on tray efficiency. They also computed

point efficiencies, assuming plug flow in the liquid phase. Pruden et. al.,



(1974) used an absorption system, finding the effect of hole size on tray
efficiencies to be negligible. The range of hole size used was 3.2 to
?4.5 mm, but wall effects were present during their experiments. Zenz
(1972), in his comprehensive absorption review, suggested that higher
efficiencies be used for smaller perforated tiay design purposes.

Fryback and Hufnagel (1960), using data from some confideuntial reports,
reported that large perforations of 12.7 to 24.5 mm to be as efficient

and flexible as 2.4 and 6.4 mm hole size trays. Kreis and Raab (1979),
using the examples of six industrial air separation columns and petrochemical
plants, found no effect of hole size on tray efficiency. Their columns
employed trays with a hole size range of 1 mm to 25 mm. Patton and
Pritchard (1960) indicated that trays with smaller holes provide a greater
degree of mixing and a wider range of flexibility. Fell and Pinczewski
(1977), recommended small hole trays for distillation of surface tension
positive systems as they have high capacity advantage (Lemieux and Scotti,
1969). Burgess and Calderbank (1975), measured bubble properties and
concluded that the hole size had a negligible effect on mass transfer.

An examination of the bubbling process on a tray may however suggest that
the rate of mass transfer could markedly increase as the perforation size
decreases. Lockett et. al., (1979) proposed that the mass transfer on a
sieve tray takes place in two regions, the "formation" and the "bulk froth".
In the formation region they suggested that the mass transfer is highly

sensitive to hole size. Smaller jets are issued by small holes which

increase the mass transfer process. Their absorption experiments were
carried out in small scale columns where froth heights of up to 20 cm,

presumably due to the wall effects, were reported.
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2.2 Small-column Efficiencies

For many years workers in the field of distillation have tried to
simulate the behaviour of large distillation columns by usirg labaratory
scale studies. Recent mathematical simulation of tray behaviour using
point efficiencies (Riddulph, 1975) and the short—comings of prediction
methods (Tockett and Ahmed, 1983; Dribika, 1986), together with the
scarcity of field data, recessitate an easy methced of cobtaining point
efficiency data for the design of distillation columns. Small columns
have been used for years to study distillation systems. One of the most
famous of these is the sieve tray Oldershaw column (1941), and many
systems and flow condition studies have been made over the years using
this type of laboratory arrangement. Zuiderweg and Harmens (1958),

Ellis and legg (1962) and Medina et. al., (1978) studied surface tension
effects using an Oldershaw column arrangement. Ellis and Bennett (1960),
Ellis and Contractor (1959), and Ellis and Catchpole (1964), used this type
of arrangement to study vapour velocity, performance at reduced pressure,
composition effects and mass transfer effects. Meanwhile other laboratory
scale studies with novel designs or Oldershaw columns were carried out.
Brown and Fngland (1961) used a small sieve tray column to investigate

the effect of vapour velocity, outlet weir height and mixture composition
on the efficiencies of the nitrogen/oxygen system. Fane and Sawistowski
(1969) and Bainbridge and Sawistowski (1964) studied surface tension and
other effects at high vapour velocities. Haseldon and Thorogood (1964),
and Hart and Haseldon (1969) tried to represent the behaviour of large
sieve trays by installing a foam baffle at the outlet of their small
tray, and hence study the liquid hold-up and composition effects on
point efficiencies. However, the use of the efficiencies measured in

small columns to design large tray columns has always been difficult.

This is because the dispersion stability, its hold-up and character are
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sufficiently different to make translation of the results to indusirial
gcale columms difficult. One of the impovtant reasons for this is the
oresence of "wall effects" referred to by Standart (1974), Ashley and
Haseldon (1972), Thomas and Haq (1976), Lockett and Almed (1983), Young
and Weber (1972), Zuiderweg (1969), Surgent et. al., (1964), The Bubble
Tray Design Manual (198), Pruden et. al., (1974), Finch and Van Winkle

(1964) and Dribika and Biddulph (1986).

2,247 The Scale-up of Plate Efficiency from Small Column Data

Veatch et. al., (1960) reported that Oldershaw columns had been used
successfully in scale-up studies for the acrylonitrile process. Martin
(1964) showed that laboratory studies with a glass Oldershaw column were

in good agreement with plant studies of a high-vacuum solvent-water

fractionator. Similar conclusions were reached by Andrew, (1969). Finch

and Van Winkle (1964) proposed a model based on residence times and
efficiency coefficients for the gas and liquid phases to obtain scaled-up
tray efficiencies. The more significant studies, however, have been

published in recent years. Fair et. al., (198%) measured point efficiencies

using an Oldershaw column and compared them with the Fractionation Research

Inc. (F.R.I.) results (Sakata and Yanugi, 1979; and Yanugi and Sakata,

1981). The efficiencies in both devices were comparable. They proposed

a scale-up model based on mass transfer, tray spacing and the approach-

to-flooding of the two columns. Dribika and Biddulph, (1986) measured

point efficiencies of surface-tension-neutral systems in an Oldershaw
column and compared them with measurements from a large rectangular
column. They proposed a model based on the hydrodynamics of columns using

penetration theory. The efficiencies of the Oldershaw column were some-

what lower than those in the larger column.
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2.3  Surface Tension Effects on Tray/Point Efficiencies

2.3.1 Surface Tension Systems

Farly studies of surface tension effects in distillation by
Zuiderweg and Harmens (19%8) resulted in a classification of systems
according to their surface tension characteristics. The systems are
defined as positive if the surface tension of the reflux increases down
the column, negative if it decreases and neutral if it remains unchanged.
The latter occurs if the pure components have similar surface tensions,
or if the mass transfer driving force is insufficient to cause a major
surface tension change. Their work with supported area (i.e. packed
columns) or unsupported area (i.e. laboratery Oldershaw sieve tray)
columns revealed higher efficiencies for the positive systems. This was
explained in terms of Marangoni effects on the stabilisation of the
liquid films or froth in the positive systems. Similar conclusions were
also made by Ellis and Bennett, (1960); Hart and Haseldon,(1969), Medina
et. al., (1978); and Young and Weber,(1972). The reverse, however, was
observed by Bainbridge and Sawistowski,(1964). They operated their
column in the spray regime, and their higher efficiencies for the negative
systems were explained in terms of "Marangoni" effects on droplet form-
ation. TFane and Sawistowski (1969) corrected the above statement by
defining the foam (liquid-phase continuous) and spray regime (vapour-

phase contimious). In the spray regime the negative systems obeyed the

Bainbridge and Sawistowski (1964) rule but in the froth regime Zuilderweg

and Harmens (1958), observations were repeated. Boyes and Ponter (1970)

obtained photographs of the retarded re-coalescence of ejected droplets
in a negative system. This gave longer exposure times between liquid

and gas. In some cases entrance of a droplet caused secondary ejection

of more droplets from the ligquid. Boyes and Ponter (1970 and 1971) also



succeeded in m-asuring contact angles under the conditions obtaining
in distillation and successfully correlated the column efficiency against
the contact angle for positive systems in both supported and unsupported
interfacial area equipment. For negative systems, however, the production
of satellite droplets and sprays becomes important and hence were not
related to contact angles.

Macroscopic applications of these surface tension systems are also
considered. Fell and Pinczewski (1977), based on the above findings,

provided the following design strategy:-

a) TFor surface tension positive systems, the tray should be designed to
operate at low F.Factor. The tray spacing was rather moderate (300 to
460 mm) as the entraimment for such systems is low. Small holes and low
free area should be used as higher tray capacities are possible. Under
these circumstances large tray efficiencies are obtained which lead to
savings in cost. This also applies to low driving force, high surface

tension systems.

b) For surface tension negative systems the tray should be designed to
operate at a high F.Factor, with large holes and free area to encourage
spraying effects. lLarge tray spacing is hence required to accommodate
higher entrainment. The saving in cost results from a reduction in the

column diameter. This will also apply for surface tension neutral system.

2.3.2 Surface Tension Renewal Effects

Biddulph (1966), photographed, and hence measured, eddies arriving
at the surface for positive and negative systems in a glass-sided cell.
The eddies were the dyed liquid of the system to be examined injected by

hypodermic needle at the bottom of the cell. The spreading of the dye
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on the surface was then measured by photographic techniques. The positive
gsystems with the highest difference in individual component surface tension
showed the maximum spreading effect. The surface tension negative systems
showed no spreading but rather a repulsion of the eddies. He then followed
this work by experimenting using a constant area pocl column. There was

no abrupt change in terminal efficiencies of the positive and the negative
systems. This was explained as the result of a constant interfacial area.
For the negative systems, larger liquid phase-resistances to mass transfer
due to the lack of interfacial turbulance were measured. Higher point
efficiencies were obtained for the positive systems. Moens and Bos (1972),
accepting the above criteria, added that in macro-scale operation, the
efficiency most probably changes as a result of interfacial flow generated
by the surface tension gradient parallel to the liquid flow. They also
used a surface tension stabilising index to explain their findings using

a pool column. Similar conclusions to those of Biddulph (1966) and Ellis
and Biddulph (1967), were reached. In general, the larger the stabilising
index, the larger the efficiencies of the pool columns due to the surface
tension turbulances. Moens (1972) also studied the effect of composition

and driving force on the performance of packed distillation columns.

2¢3.3 Surface Tension Effects on Mass Transfer

Both Ellis and Biddulph (1967) and Moens and Bos (1972) demonstrated
how surface renewal effects can enhance efficiencies of the positive
systems. Sawistowski (1973), in two reports, emphasised the importance
of Marangoni-induced instability and renewal. In the first report it
wag stressed that these Marangoni effects affect both the mass transfer

coefficient and the effective interfacial area. It was stated that these
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surface tension effects increase the mass transfer coefficient several
times, that is from similar predictions using film or penetration theory.
In the second report he confirmed the previous speculation (Fune and
Sawistowski, 1969)in terms of the effect of Marangoni instabilities on
droplet sizes. Zuiderweg (1983) reported a large enhancement of

point efficiency owirg to the Marangoni effect. Dribika (1986) compared
the distillation of a surface tension neutral system, methanol/n.propanol,
with the highly surface tension positive system methanol/water. These
two systems were very similar in physical properties, and their equilibrium
relationship shows a similar form. Higher point and tray efficiencies
were measured for the positive system. His measurement of mass transfer

coefficient confirmed the conclusions reached by Sawistowski (1973).

2.4 Multicomponent Distillation Efficiencies

In designing a column for a multicomponent system, it is the normal
procedure to calculate the number of theoretical stages from the equilibrium
data for a required separation, a constant column efficiency is then used
to estimate the required number of trays. Nord (1946) and Qureshi and
Smith (1958) were among the first investigators to point out that, in
multicomponent systems, individual components may operate with different

efficiencies. Toor (1957) showed theoretically that, for thermodynamically

non-ideal multicomponent systems, there are marked differences between
binary and ternary mass transfer, arising out of interactions between the
diffusing species. These interactions were designated as, firstly,
"diffusion barrier" (no mass transfer occurs despite there being a driving
force), secondly, "osmotic diffusion" (mass transfer when there is no
driving force) and thirdly, "reverse diffusion" (mass transfer against

the direction of the driving force). Toor and Buchard (1960) studied the



- 16 -

mass transfer behaviour of the non-ideal system methanol-isopropanol-

water to demonstrate these effects. They computed different component
point efficiencies existing in this system. Haselden and Thorogood (1964),
using the system nitrogen-oxygen-argon, and Dribika (1986), using the
system methanol-ethanol-n.propanol, measured equal component point effic-
iencies. This is the expected result since both these systems are
thermodynamically ideal. Meanwhile, different component point efficiencies
were measured for the thermodynamically non-ideal systems methanol-acetone-
water, (Diener and Cerster 1968, Vogelpohl 1979), acetone-methanol-ethanol,
(Free and Hutchinson 1960), methanol-isopropanol-water, (Vogelpohl 1979,
Vogelpohl and Cerettor 1972), methanol-ethanol-n.propanol-butancl-water,
(Gelbin 1965), ethanol-tetra butanol-water, (Krishna et. al., 1977),
cyclohexane~toluene-n.heptane, (Medina et. al., 1979), cyclohexane-toluene-
ethanol and hexane-methylcyclopentane-ethanol-benzene (Young and Weber
1972).

Different individual component efficiencies were also reported by
Miskin et. al., (1972), Ciliamu et. al., (1974), Cermak (1970), and
Konstantinov and Nikolae (1968) working on different termary systems.

These efficiencies were found to have values outside the (0, 1) internal,
especially when a maximum in concentration occurred for one of the
components. Medina et. al., (1979) have pointed out that the composition
of the component exhibiting the maxima is independant of the precise
values of its efficiency in this region.

Mixing effects on the tray have an important influence on the ind-

ividual component tray efficiencies. In a series of papers Biddulph

(1975, 1977) and Biddulph and Ashton (1977) used an eddy diffusion model
to allow for the extent of the liquid back mixing on the tray and to
simulate conditions corresponding to those in large industrial applications.

They computed different component tray efficiencies despite equal component
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point efficiencies operating across the tray. Dribika (1986) measured
different component tray efficiencies across the tray despite the
existence of equal component point efficiencies for the system methanol-

ehanol-n.propanol.

2.4.1 Prediction Methods

These methods lead to the calculation of individual component point
efficiencies, taking into account diffusional interactions. The procedure
involves using the Maxwell-Stefan diffusion equations. These equations
were derived by Diener and Gerster (1968), Krishna et. al. (1977) and
Medina et. al. (1979). They assumed equimoler mass-transfer, no influence
of finite mass-transfer rate on mass transfer equations, neglected
thermodynamic correction factors and, most important of all, no liquid-
phase resistance to mass transfer. The latter is still unknown and
requires further research to take into account the interactions in the
liquid phase. A method for the calculation of the liquid phase resistance
is given by Krishna and Standart, (1979), but there are still complications.
Krishna et. al. (1977) and Medina et. al. (1979) used these equations and
their predictions were in agreement with experimental measurements.
Aittama (1981) used this theory taking into account the liquid phase
resistance satisfactorily. In a recent report, Lockett (1986) used this
theory from first principles to calculate efficiencies for the system
methanol-ethanol-water. These efficiencies were different for different
components and similar to industrial data. The mass transfer process in
this system was reported to be vapour phase controlled (Kutsarov and

Tasev, 1986).



2.5 The Effect of Liquid Flow Maldistribution on Tray Efficiency

Kirschbaum (1954) was the first investigator to recognise that the
ligquid flow on a circular tray is fsr from uniform, and that maldistri-
bution causes a loss of efficiency. It was not, however, until 1972 that
Bell (F.R.I.) published some experimental results from a 2.4 m diameter
tray which showed significant concentration changes at right angles to
the direction of flow. Lines of constant concentration were U shaped.

(i.e. composition at the sides of the tray was similar to that of the

liquid lezving.) Porter et. al. (1972) and Lockett et. al. (1973) suggested
a model which not only predicted the above behaviour, but also predicted

a loss of <ray efficiency on scaling up single pass sieve trays above about
5> meter ir diameter. This is because as the liquid flows onto a single-
pass tray Trom the downcomer, it tends to take the shortest route to the
other downcomer by channelling down the centre of the tray. This leaves
slower moving, stagnant or circulating liquid at the sides of the tray
Lockett (1986). Since there is no bulk flow of liguid through these
regions, they reach equilibrium with the vapour flowing through them.
This obviously reduces the tray efficiency. There were other reports

confirming the above criteria Lockett and Safekourdi (1976), Bell (1972a, b),

Weiler et. al. (1973) and Neuburg and Chuang (1982). Smith and Delnicki

(1975) and Weiler and Lockett (1985), of Union Carbide Co., used slotted
trays to promote liquid movement at the sides of the tray. This was
reported to increase the tray efficiencies. Porter and Davies (1986) are
currently investigating the effect of changing the shape of the bottom of
the inlet downcomer to encourage liquid flow round the curved walls,
raising the outlet weir to allow some liquid to escape from underneath

and using inclined trays in order to linearise the liquid flow on the tray.

It is worth noting that all the above problems are associated with operation

in the froth regime (Hofhuis and Zuiderweg, 1979). Porter et. al. (1974)

reported no liquid channelling in the spray regime.
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2.6 Conclusions

a) Although the effect of variation of the outlet weir height and
the hole size have been the subject of thorough studies in the past, there
seems to be considerable experimental inconsistancies. The comparison
made by Hellums et. al. (1958) and Umholtz and Van Winkle (1957) used
trays with different free areas, although it can be assumed that the flow
non-uniformities were non-existant on their small circular tray. Pruden
et. al. (1974) used baffles on the test tray. It was reported that wall
effects affected their experiments. The same can be said about the works
of Lockett et. al. (1979).

b) Various authors have reported the existance of "wall effects”
in small Oldershaw colwums. These small columns do not represent the
distillation process on a large tray. No attempt has ever been made to
tackle this problem. There is a large number of conclusions made about
the effect of different factors using small Oldershaw distillation column
data. Serious doubts may be cast on the validity of these conclusions,
in the light of the "wall effects" and their influence on the mass transfer

process.
c) The Marangoni effects on mass transfer in the froth regime, where
the 1liquid phase is dominant, was studied by Dribika (1986). A large
number of columns operate in the spray regime, and there seems to be a
lack of information about the nature of the mass transfer in these columns.
This may involve studying the cumulative droplet distribution for different
surface tension systems, and their effects on mass transfer.
d) Surface renewal effects play an important role in the distillation
of different positive systems, Biddulph (1966), Moen and Bos (1972), and

these effects require further investigation under distillation conditions

in order to obtain a clearer picture.
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e) 1In recent years, there has been growing attention paid to the

behaviour of multicomponent systems. Recent reports emphasise that equal

individual component tray efficiency is an unrealistic assumption and

better design methods are required to take into account:-

i) The effect of the interaction on individual component
point/tray efficiencies.
ii) The effect of liquid back mixing on individual component

composition gradients and tray efficiencies.

f) The multicomponent point efficiency prediction methods are limited

to ternary systems. These methods require testing against large tray

data (Lockett 1986).

g) There is no method reported to predict point efficiencies for
multicomponent systems comprising more than three components.

h) The effect of flow non-uniformities and stagnant zones on tray
efficiencies have been studied by Porter and co-workers (1972, 197.).
The Union Carbide Company have been using slotted sieve trays as one means

of overcoming this problem.

Further research is required to find other means and understand the

effect of these flow non-uniformities under different hydrodynamic

conditions, (Lockett, 1986).
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BOILING POINT SURFACE TENSION

MEASUREMENTS ON THE AQUEOUS ALCOHOL

SYSTEMS



BOILING POINT SURFACE TENSION MEASUREMENTS ON THE AQUEOUS ALCOHOL SYSTEMS

3.1 Introduction

The Marangoni effect has been attracting increased attention because
of its influence on mass transfer in the field of distillatiocn (Zuiderweg
and Harmens 1958, Biddulph 1966, Boyes and Ponter 1971, Fane and
Sawistowski 1969, Bainbridge and Sawistowski 1964, Zuiderweg 1983),
humidification, absorption of gases, and liguid-liquid extraction (Liddel,
J. 1985). It has been shown to occur in many systems of commercial
interest, affecting interfacial turbulence and droplet-droplet coalescence
rates, froth formation and droplet size, thus altering the interfacial
area available for mass transfer. Marangoni effects occur when large
surface tension differences exist between the pure components, and is
intensified by large mass transfer driving forces. Examples of such
systems are alcohol-water combination, and considerable effort has been
made in the past to develop suitable correlation to describe the surface
tension behaviour of these systems (Winterfield et. al. 1978, Tamura,
1955). Due to the highly non-linear nature of these systems, arising from
the complexity of the structure of the hydrogen bonding of water, the

correlations are not very successful. In the field of distillation the

surface tension/composition relationship is required at the boiling point
and most of the measurement technique, such as capillary rise, cannot

be used. Sugden (1922-1924) gave details of a tensiometer which was
reported by Adam (1941) to "combine the advantages of speed, simplicity
and accuracy to a greater extent than any other method". Although the
apparatus was originally designed for room temperature determinations,
with some modification it was used successfully for measurements at the
boiling point by Catchpole (1962) and Biddulph (1966).

Using this equipment the surface tensions of the binary and ternary



alcohol-water mixtures were measured. In addition the surface tension
of the system MeOH/h.PrOH was also determined. For the binary systems
correlations are proposed which predict the surface tension at the

boiling point.

3.2 Apparatus

The overall equipment is shown in figure 3.1. Photographs in
figures 3.3 and 3.4 illustrate a general view, the tensiometer in operation
and a close up of the tensiometer. The glass tensiometer (G) consists of
a vessel provided with a variable electrical heating element (H ), side
condensers (F) and a drain line. Into the top of the vessel is fitted a
B.40 general glass stopper through which are sealed two tubes and a
thermometer pocket (Figure 3.2). One tube has a short length of precision
bore capillary tube of 1.52 mm hole diameter, the other is drawn out until
its diameter is about one-third of that of the capillary section. This
diameter need not be known. The length of these tubes are identical, so
their depth of immersion in the boiling liquid is the same. A two-way
tap is used to divert the gas flow from one tube to the other.

Nitrogen from the gas cylinder (A) is passed through a drying tower (B)
containing calcium chloride, and then passes through a fine needle valve (C)

and a manometer (D) immersed in a constant temperature water bath (E),

to the tensiometer (G).

3.3 Procedure

A liquid mixture is introduced into the tensiometer vessel, and a

small amount of mercury is introduced into the vessel to fill the drain



arm, thus avoiding "dead-space" liquid. The heating mantle (H) is then

switched on and the current varied to maintain a non-vigorous boiling of

the liquid. The gas flow rate is adjusted to maintain a bubbling rate

of one bubble every five seconds. The manometer level fluctuates,

registering a pressure difference corresponding the maximum pressure

required for a bubble to break. The water bath temperature was kept at

o
30°C. The mixture boiling temperature was measured by a pre-calibrated

thermocouple with an «rror of + 0.1°C. The manometer pressure difference

was measur~d by using a travelling microscope, The equipment was

carefully cleaned and free f.om contamination, and all the tensiometer

Joints were :ciled with P.T.F.E. sleeving. The tensiometer fitted in the

heating mantle was maintained upright by using a spirit level mounted in

a circular, flat stainless steel disc. The pressure drops were taken as

nitrogen bubbles break and leave the capillaries. The procedure was

repeated up to five times to check for reproducibility.

3.4 Sugden Equation

The emperical equation developed by Sugden (1922-1924), and reported

by Catchpole (1962), has an accuracy of 0.1% for the surface tension is

as follows:-

1 + 0.69 Ty Ppix
6 m = A pIIl 8 (AH' - AHZ) S(AH1—AH2)

When: A,: Constant of apparatus, determined by calibration with dried

distilled toluene.
& : surface tension of the mixture (mN/m)or (Dyne/cm)

A H,: manometer difference through fine capillary((m)



- 25 -

C
7
B\, AR T
1]
E B
N D
™M
A
G)H
o I
FIGURE 3.1 Surface Tension Apparatus
.___:1
Two way valve ___ g ll f‘ L‘-
Thermometer Pockett.
T Condenser
J U

e

=

- TFine Capillary

Large Capillary w”m_o__n

\
Mercury

Drain Line

FIGURE 3.2 The Tensiometer






Figure 3. 3 A View of the Apparatus.
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Figure 3.4.a A View of the Tensiometer in Operation .
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Figure 3.4.b The Glass Tensiometer.



3.4.b The Glass Tensiometer.

Figure
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A\ H,: manometer difference through larger capillary (cm)
: radius of larger capillary = 0,076 (cm)
P : density of liquid (gr/ml), (see appendix C for calculation)
P,: density of manometer liquid = 0.784 (g/ml) (kerosine)
g: 981 (Cm/secz)
incorporating the values of g , F; and Toy equation 3.1,

reduces to the following:-

Oy = A 769.104 (AH, - ANH,) +51.44 P . 3.2

3.5 Calibration
The calibration of the tensiometer was carried out using dried

distilled Tonluene, supplied by Fisons Ltd., over a range of temperatures

up to and including the boiling point. The pure component surface tension

data for this system was reported by Jasper (1972) and the density data by
Gallant (1970). Table 3.1 summarises all the measurements. The constant
A was found to have a value of 0.03519, which produced a maximum error
in surface tension evaluation of 3.4 Z.Using this constant,the surface
tensions at the boiling points of water, methanol and ethanol were
determined and compared with the measurements reported by Jasper (1972).

This comparison is shown in Table 3.2, and the agreement is satisfactory

The percentage error was calculated from this equation:-

»*
- 100
(6" - ;) .
)

% Brror =

AR grade alcohol and ®ionised water was used throughout this work.
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3.6  Analysis of the Samples

Details of the analysis of the samples are given in appendix D.

3.7 Results

The surface tensions of the binary systems, MeOHA.PrOH, MeOH/HQO,
EtOH/H20 and the ternary system MeOH/n.PrOH/HZO were determined. These
results are tabulated in tables 3.3, 3.4, 3.5, 3.6 and 3.7. The tables
also include the bubble point temperatures of the test mixture, determined
by the thermocouple. The results of the binary surface tension deter-
minations are plotted in figure 3.5 and for the ternary system in the
triangular diagram 3.6. The bubble point temperature of the test mixture
was also calculated, taking into account the non-idealities in the phases
(see appendix B). These temperatures are plotted against the measurements
by the thermocouple in the figure 3.7. It can be seen that the agreement

is good.

3.8 Binary Surface Tension Correlations

An attempt was made to correlate the surface tension behaviour of

the binary systems studied here. The non-linear behaviour of the aqueous

systems made it impossible to derive a relationship which covered the whole ¢

the composition range adequately. However, since the surface tension of

these aqueous systems decreases sharply at high water concentration as a

result of an increase in alcohol composition, it was decided to use two

forms of correlation to describe this behaviour. Using a Least Mean

Square method the following relations were obtained:-



a) Composition range 0 - 0.1 mole fraction more volatile component.

]
§= TTT= +b
Xy + a

AN
I

b) Composition range 0.1 - 1.0 mole fraction more volatile component.

TP (¢ - 4 1n x?) A0

The constants for equations 3.4 and 3.5 are tabulated in table 3.0.

Table %.8 Constants of the Equations 3.4 and 3.5

System a b c a

MeOH/H20 0.0394  33.81 2.990  0.3238
EtOH/HZO 0.0270 22,35 2.850  0.2133
n.PrOH/HZO 0.0214  12.481  2.943 0.0968

The boiling point surface tensions calculated from these equations
are in a good agreement with the measurements, as illustrated in figure

3.5. The following equation was used for the MeOH/n.PrOH system:-

§= 1744 + T.739 x1 = 11.96 x2

3.9 Discussion

Boiling point surface tensions of the aqueous systems of interest

were measured using the tensiometer described. The use of this equipment

is quick, easy and precise. There have been a few attempts to measure
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the surface tension of the systems at boiling point under man transfer
conditions in the past. Ling and Van Winkle (1958) developed a method
designed to bring the liquid and the vapour into equilibrium contact while
measuring the surface tension. This equipment was rather complicated.
Aquiler et. al. (1983) measured the surface tension of their mixtures

at lower temperatures and extrapolated them to the boiling point. They
used the ring method. Both authors measured the boiling point surface
tension of the systenm n.PrOH/H20 and a comparison of their measurements is
made in figure 3.8, and compared with the measurements reported here.

There is good agreement between these measurements, but a very important

feature of the measurements using the tensiometer described here is the

ease of use under boiling conditions.
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Table 3.1  Summary of Tensiometer Caliberation
with Dried Distilled Toluene
7 °C 5¥ On % Error A
mN/m mN/m
26.1 27.80 27.76 0.14 0.03524
28.6 27.50 27.70 0.69 0.03495
35.3 26.70 26.75 0.19 0.03512
37.6 26.43 26.56 0.49 0.03502
41.7 25.94 25432 2.40 0.03605
47.9 25.21 25.89 2.71 0.03564
50.% 24.92 24.64 1.1 0.03559
53.4 24.55 24.59 0.15 0.0%514
56.2 24.22 24.28 0.26 0.03510
59.0 2%.88 2%.88 0.00 0.03519
63.1 23,39 23.53 0.67 0.03%500
69.4 22.65 22.86 0.95 0.03485
T4.4 22.05 22.27 0.99 0.03485
80.3 21.35 21.69 1.59 0.03%464
84.6 20.84 21.55 3.41 0.03404
89.3 20.28 20.01 1.33 0.03566
110.,00%* 17.70 17.21 2.74 0.03618
A average = 0.03519
Deviation of the measured
+ 0,26

Surface Tension

¥*

¥*

Jasper 1972

Boiling Point
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Table 3.2 Deviation of Measured Surface Tension

from Published Works

* %

Liquid i 5 Ou | 5*-On '
°c mN,/m mN/m mN/m
Ethanol 78.0% 17.56 17.69 0.13
Methanol 65.0% 18.98 19.47 0.50
" 47.0 20.37 20.71 0.34
Water 100.0% 58.85 59.21 0.3

* Boiling Point

**  Jasper (1972)



Table 3.3  Methanol/n.propanol Surface Tension at

Boiling Point

Test No. X1 Sm T
(mN/m) 1%C

68 0.0428 19,72 66.0

69 0.1594 19.35 68.6
70 0.2971 19.82 72.5

71 0.5276 18.63 77.8
72 0.6579 18.85 82.0
73 0.7825 18.82 86.6
74 0.8640 18.15 90.5
75 0.935 18.18 93,1

76 0.9659 17.38 95.



Table 3.4 Methanol/Water Boiling Point Surface Tension

Test No. X1 Sm T
(mN/m) °¢

1 0.0218 49.23 96.6
2 0.04345 45.69 92.6
3 0.0%84 49.69 92.2
4 0.0760 42.43 88.0
5 0.1696 37.14 82.6
6 0.1980 34.03 82.8
7 0.2667 22.53 79.1
8 0.2974 30,06 78.0
9 0.3630 27.85 76.0
10 0.6004 23,20 70.8
11 0.5026 24.40 73.0
12 0.7293% 21.63% 68.6
13 0.8162 20.40 67.8
14 0.8959 20.52 66.8
15 0.9480 20.31 66.0



Table 3,5 Ethanol/Water Surface Tension

at the Boiling Point

Test X1 S T
(nN/m) °c
24 0.0143 46.95 96.2
35 0.0206 45.17 94.8
26 0.0423 28.26 91.0
37 0.0576 34.15 88.7
28 0.1076 28.44 85.4
29 0.1347 28.58 84.4
40 0.17505 25.88 83.2
41 0.1830 24 .96 82.0
42 0.3027 21,59 81.1
43 0.5269 20.58 79.3
44 0.7029 18.19 78.5

45 0.8982 18.10 78.0
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Table 3.6 n.propanol/Water Surface Tension at the Boiling Point

Test X1 Sp T
(ml¥/m)

16 0.00 59.21 99.8
17 0.0088 54.75 96.4
18 0.0194 38,32 90.7
19 0.0300 30,05 89.4
20 0.0495 26.66 88.0
21 0.0663 24.35 "
22 0.0830 23.84 "
23 0.0874 24.23 "
24 0.1136 26.30 87.7
25 0.1351 22.77 87.4
26 0.2306 22.55 87.3
27 0.4990 21.12 87.4
28 0.6621 21.08 88.6
29 0.8125 19.18 90.2
30 0.9033 19.10 92.4
31 0.2306 20.985 87.7
32 0.0851 22.66 88.3
33 0.078 28.39 88.7
335, 1.000 17.53 99.0
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Table 3.7 Surface Tension of the Ternary
System MeOH/n.PrOH/H20
Test X1 X2 Sm
(mN/m) °
46 0.8458 0.0053 19.77 68.00
47 0.7880 0.0720 19.50 69.00
48 0.7044 0.1272 19.06 72.0
49 0.1780 0.8015 17.40 89.0
50 0.1110 0.543%3% 19,07 87.7
52 0.3972 0.5445 19.99 179
53 0.4689 0.3023 18.57 76.8
54 0.5544 0.2522 19.61 74.3
55 0.4132 0.1979 21.31 775
56 0.2177 0.1116 26.18 81.0
57 0.1805 0.0979 24.45 g82.0
58 0.1317 0.0718 24.08 83.2
59 0.0830 0.0458 28.08 85.0
60 0.0528 0.0293 31.16 88.0
61 0.0298 0.0152 37.32 90.5
63 0.3690 0.0184 34.55 89.0
64 0.1395 0.0129 34.50 84.00
65 0.2691 0.0100 30.56 78.4
66 0.3727 0.0079 28.45 73.2
67 0.4339 0.1155 23,23 76.2
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A MODI¥IED OLDERSHAW COLUMN FOR DISTILLATION EFFICIENCY MEASUREMENTS

4.1 Introduction

A considerable amount of research has been carried out into efficiency
measurements using small sieve tray columns during past 30 years to study
the characters of different systems under closely controlled conditions.
Fase of fabrication and lower costs have been the main attraction of this
sort of arrangement. The literature survey in Chapter 2 covers a number
of published works concerning the use of such equipment. One of the
disadvantages of small sieve tray distillation columns, distilling '"high"
surface tension positive and neutral systems, Zuiderweg and Harmens (1958),
is the phenomenon of wall-supported froth. The froth height in a large
sieve tray distillation column is partly a function by the liquid-hold up
on the tray. The liquid hold-up is a direct function of the outlet weir
height, as shown by the recent correlations of the Bennett et. al. (1983)
and Zuiderweg (1982). Therefore much lower froth heights swould be

expected in a small laboratory size distillation column, usually having

no outlet weir and having a short flow path length.

4.2 Systems Investigated

The methanol/water, ethanol /water, n.propanol /water, and methanol/

n.propanol systems were investigated. The aqueous systems are defined as

highly positive according to the Zuiderweg and Harmens,(195® clasgification.
The system n.propanol-water is especially interesting since it is positive

up to the azeotropic composition, neutral at the azeotrope and negative

at high n.propanol concentrations. The system methanol-n.propanol is

surface tension neutral since both the constituents possess similar and

low pure component surface tensions.
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4.3 The Properties of the Systems

The physical properties of methanol, ethanol, n.propanol and water
are given in appendix C. In addition, the surface tension of these
systems was measured at the boiling point using a glass tensiometer.
The surface tension measurement detials are given in Chapter 3, and the

change of surface tension with composition is shown in figure 3.5.

4.4  Vapour/Liquid Equilibrium Data

The equilibrium data for the systems methanol/water, ethanol/water
and n.propanol/water were provided by Maripuri and Ratcliff (1972),
Stabinkov et. al. (1972) and Smirnov et. al. (1955) respectively. These
data, in form of the Wilson parameters, according to the recent compilation
of equilibrium data by Gemhling and Onken (1977) are thermodynamically
consistant. The VLE data of Dribika and Biddulph (1986) were used for
the system MeOH/n.PrOH. These parameters are given in table 4.1 and will

be used in subsequent multicomponent work (see 1ater).

TABLE 4.1 BINARY WILSON PARAMETERS

System Wilson Parameter  Reference

Methanol-n.propanol 421.821, -245.905 Dribika and
Biddulph 1986

Methanol-water 216.851, 468.601 Gemhling and Onken
1977 Part 2a

Ethanol-water 276.756, 975.488  Gemhling and Onken
1977 Part 2a

n.propanol-water 906.526, 13969.639 Gemhling and Onken
1977 Part 2a



4.5 Computation of the Egquilibrium Vapour Composition

A computer model taking into account the non-idealities in both
phases (Prausnitz et. al. 1967) was used to carry out the required
computation of the activity coefficient using the Wilson model. The
key eqations involved in such computation, and the data required, are

given in appendix B.

4.6 The Modified Oldershaw Column

The idea that a modification is desirable grew after calculating the
point efficiencies of highly positive aqueous systems using a standard
Oldershaw column (Figure 4.7a) and studying the mechanism of froth form-
ation in small columns. One of the systems of interest, methanol/water,
had been studied before and point efficiencies had been measured in
larger scale columns (Lockett and Ahmed 1983, Biddulph and Dribika 1986).
Clearly the point efficiencies measured from small column experiments
(see later) were excessive.

Based on our observations, it was decided to design a column with a
similar form to that of the standard Oldershaw column used during our

earlier experiments but with an expansion above the tray to try to avoid

the wall supporting the froth. Figure 4.1.b shows the new column and

compares it with the previous arrangement. The two columns are compared

in Table 4.2.
The experiments with the modified column appeared to give a much
more representative froth for the outlet weir height used. A froth

height of 1.5 to 2.5 cm was obtained as compared with 12 to 15.5 cm with

the unmodified column, see Figure 4.2.
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System:Methanol/Water

Run:112b

Froth Height:1l5 cm
Point Efficiency: 1.0l
Vapour Velocity:0.45 m/s
X:0.8268

Run:112a

Froth Height:2 cm

Point Efficiency: 0.77
Vapour Velocity:0.41 m/s
X:0.8356

Figure 4.2 Operation of the Standard and the Modified
Oldershaw Columns.



System:Met hanol/Wate1

Run:112a Run:112b

Froth Height:2 cm Froth Height: 15 cm

Point Efficiency: Q.7 point Efficiency: 1.0l
Velocity:0.45 m/ s

Vapour Velocity:0.4l m/ s Vapour
X:0,82068

X:0.83560

Figure 4.2 Operation ol the Standard and the Modified

0ldershaw Columns.
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TABLE 4.2 A COMPARISON OF THE STANDARD AND MOFIFIED OLDERSHAW COLUMNS

Oldershaw Modified

Tray Diameter (cm) 3.8 3.8
Column Dia. (cm) 3.8 6.4
above the tray

No. of holes 46 46
Hole Diameter (mm) 1.1 1.1
Weir Height (mm) 2.5 2.0
% Free Area 8% 8%
Hole Pitch (mm) 3.8 3.8

Biddulph and Dribika (1986), and Lockett and Ahmed (1983), reported froth

heights of the order 8 to 9 cm on their large distillation columns with

high outlet weirs.

4.7 The Apparatus

The apparatus is shown diagramatically in figure 4.3. A 10 litre

reboiler (R) was provided with a heating mantle and covered with a heating
jacket, together generating a heat input of 1300 watts, controlled by a

variac. The vapour from the reboiler passed through a calming section (CS)

and then through the test tray. The vapour then passed through the space

above the tray (S), and an elbow (E) before being totally condensed above

(CO). The condensed liquid then passed through a flowmeter (F) before

returning to the column at the top sample point (ST). Here a chimney

keeps liquid and vapour apart. The reflux then returned to the test tray

after passing through the external downcomer made in a U-shape at the

bottom to seal the downcomer. A similar arrangement was made for the

liquid leaving the test tray to the bottom sample point (SB). The reflux
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then returned to the reboiler by overflowing the top of the chimney. The
column section was enclosed in an air heated cabinet to minimise heat
losses. The electrical heater (H) was controlled manually, the temperature
gradient across the cabinet being monitored by thermocouples installed at
T1 and T2. Two additional thermocouples T3 and T4 measured the reboiler

and the vapour temperatures.

4.8 The Materials

For the aqueous system experiments, Fisons SIR grade alcohol was
used, with water being the major impurity. De-ionised water was provided
by the water treatment plant in the laboratory. Similar materials were
used for the large scale binary and multicomponent experiments (see later
chapters). For the experiments on the system methanol/n.propanol and

analysis Fisons AR grade alcohols were used with purities of up to

99.8% W/W.

4.9 The Experimental Procedure

About 6 litres of the test mixture was placed in the reboiler and
brought to boiling. Bach experiment was of 4 hours duration to achieve
steady-state conditions, the cabinet and the reboiler temperatures

providing a guide to steady-state condition, these being monitored

regularly and adjustments made if necessary. The experiments were carried

out at atmospheric pressure and total reflux. The froth height was

measured using a scale placed behind the column. The samples were

collected in precooled bottles. Prior to sampling a small amount of

liquid was withdrawn from each sample point to ensure representative
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sampling. The boil up rate was measured by direct collection of the

reflux. There were the usual measurement errors involved in measuring

the reflux rate, and the froth height.

4.10 The Analysis

The analysis of the samples was carried out by gas liquid chromato-

graphy. The average error in mole fraction calculations are tabulated

in Table 4.3.

TABLE 4.3 ACCURACY OF THE ANALYSIS

System ACC
(mole fraction)

MeOH/n. PrOH + 0.0020
MeOH/H,,0 + 0.0038
EtOH/H,0 + 0.0028
n.PrOH/H,0 + 0.0043

Details of the gas-liquid-chromatography and the analysis techniques

are given in appendix D.

4.1 Results

All the experiments were carried out at a F.Factor of about 0.4
m/s (K’g/’mB)o'5 except for n.propanol-water when a lower F.Factor of about
0.25 m/s (Kg/’mB)O'5 was also investigated. Figures 4.4, 4.5 and 4.6

show comparisons of the point efficiencies and froth heights for the



aqueous systems using two columns, the standard Oldershaw column and the

modified column.

It is apparent that the "wall supported" froth gives rise to high
efficiencies by providing extra interfacial area. Figure 4.7 shows a
comparison of the point efficiencies for the system methanol/water measured
by the modified column with those of Biddulph and Dribika (1986), inferred
from measurements in a one meter long rectangular sieve tray simulator
colum with 2.5 cm high outlet weir, and Lockett and Ahmed (1983), where
point efficiencies were deduced from measurements in a 59 cm diameter
sieve tray column with 5 cm high outlet weir providing a much g eater
liquid hold-up. A comparison is shown in Figure 4.8 for the su.. ‘e
tension neutral system of methanol/n.propancl based on experiments with
an Oldershaw column similar to Figure 4.%1.2 by Dribika (1986) and our
modified column. This illustrates that the expansion above the plate in
the modified column has no effect on the point efficiency measurements
where non-frothing neutral or slightly positive and negative systems of
low pure component surface tension are concerned. Finally the results
on the n.propanol/water system, using the modified column, confirm that
in the "froth regime", (Hofhuis and Zuiderweg 1979), the column superficial
F-Pactor appears to have no significant effect on the point efficiency.
This is in agreement with the experimental observations of Lockett and
Uddin (1980), Biddulph and Dribika (1986) and Dribika and Biddulph (1986).
It is also worth noting that in the positive and negative composition

ranges on either side of the azeotrope (Figure 4.6), the efficiencies are

comparable.
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The behaviour of the biphase on the test tray is shown and compared
by the photographs in Figure 4.2. The biphase in the standard Oldershaw
column consists of the supported froth and some recirculation, whereas
the modified column biphase consists of froth and droplets. These
droplets seemed to form as a direct atomisation of the liquid on the tray
by the high speed vapour, or as a result of froth breakage. Smaller
droplets were related to the latter. TFigure 4.9 clearly demonstrates the
foamy nature of the froth. TFigures 4.10 compares the positive and negative
surface tension system n.propanol/water during distillation. The biphase,
in contradiction of previous reports (Zuiderweg and Harmens 1958), seems
very similar in nature and casts serious doubts in the efficiency
definition of these systems (Zuiderweg and Harmens, 1958). They referred
to the positive systems on "foaming" and negative systems as '"non-foaming",
and reported lower efficiencies for the negative system. All the
efficiency measurements concerning these two columns are tabulated in

appendix A, Tables A.1.7, A.1.2, A.1.3, A.2.1, A.2.2, A.2.3 and A.2.4.

4.12 Discussion

4.12.1 Wall Effects

The measurements reported here clearly demonstrate the contribution

of the "wall supported" froth to the high efficiencies evaluated. Further-

more, the modification encourages steady operating conditions. It seems
likely that with the conventional column, the wetted wall effects due to
returning small droplets colliding with the wall, some being carried over

to the top sampling point, contributed to fluctuating point efficiencies.

However, with the expansion above the plate reducing the vapour velocity,

these effects have been markedly reduced.
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Other studies have indicated that the size of the pilot test column
has a direct influence on wall effects, and consequently on the measured
point efficiency. Studies of the surface tension positive system
n.heptane-toluene were carried out by Medina et. al. (1978), Zuiderweg
and Harmens (1958) and Fane and Sawistowski (1969). Figure 4.11
illustrates the measured efficiencies which resulted from these studies.
Medina et. al. (1978) and Zuiderweg and Harmens (1958) used columns very
similar to the unmodified column described here and reported efficiencies
of the order of 80 to 90% whereas Fane and Sawistowski (1969), despite a
large liquid hold up on their tray, reported lower efficiencies from their
larger tray. Another surface tension positive system, NQ/OQ, had been
studied extensively in the past by Brown and England (1961), Ellis and
Catchpole (1964) and Haselden and Thorogood (1964). A comparison of those
results in terms of point efficiencies and froth heights is shown on
Figure 4.12. The same trend is observed, the larger tray with the greater
liquid hold-up but lower froth heights exhibits the lowest point efficiencies.
Haselden and Thorogood (1964) used a foam supporting baffle in an attempt
to represent the behaviour of an industrial air separation distillation

column, and obtained efficiencies of about 90%. Hart and Haselden (1969)

used the same arrangement for their efficiency studies. One of the surface
tension positive systems used in their study, benzene-n.hexane, showed
efficiencies above 100% at mid composition range. These efficiencies were
discarded from their studies due to the probability of inaccurate phase
data. However, Zuiderweg (1969) discussed Hart and Haselden's work (1969)
and concluded that the foam conditions produced on their plate did not
resemble those of large industrial sieve plates since the drainage patterns
and foam heights were different. It seems very likely that the foam
supporting gauze baffle compensated for the lack of liquid hold-up in

simulating point efficiencies measured on the larger trays (Biddulph 1975).



It also seems likely that the column wall can help to support bubbles due
to surface tension forces and reduced vapour velocities near the wall.
These supported bubbles assist the bubbles nearer the centre of the plate
to stabilize. However, in the case of larger diameter plates the
supporting effect is quickly lost and the froth height is determined by
the rate of build-up and break-down of froth on the main part of the plate.
The modified column described here appears to provide more reliable point
efficiency values, within its definition (Standart 1974), representative
of the conditions found in the centre of a large plate. Several studies
have reported increased tray efficiencies as a result of increased froth
heights due to increased outlet weir heights or increased vapour velocities.
The amount of froth is also expected to be a function of the liquid hold
up on the tray and the vapour velocity (Haselden and Thorogood, 1964;

Fane and Sawistowski, 1969; Brown and England, 1961; Finch and Van Winkle,
1964; Umholtz and Van Winkle, 1957; Jeromin et. al., 1969; Sargent et. al.,
1964). To explain the above phenomena we refer to the results of Lockett
and Ahmed (1983) and Biddulph and Dribika (1986). Using the system
methanol/water a comparison is made between their results and our measured
point efficiencies, in Figure 4.7, using the modified Oldershaw column.

It is likely that the lower point efficiencies measured here are due to
the much shorter gas and liquid contact on the tray due to lower froth

height and smaller liquid hold-up present. The point efficiencies measured

in the modified column can be used for the conservative design of a

distillation column or be scaled-up by the recent method of Dribika and

Biddulph (1986) for more accurate design. It is evident that such a column

can actually measure point efficiencies very close to the ones operating

on an industrial tray for any system, including those of extractive

distillation.

In Chapter 8 this work has been taken further by increasing the height

of the outlet weir on the modified column tray.



4.12.2 Surface Tension Effects

Figures 4.13 and 4.14 illustrate the change in surface tension and
the Marangoni stabilising index (M), at boiling point, for the systems
studied. The surface tension measurements were carried out in a tensio-
meter as reported in Chapter 3. The Marangoni stabilising index, defined
as the change in the mixture surface tension with time (Hart and Haselden,
1969), is a measure of the surface behaviour of a system, as a result of

the local change in surface tension due to mass transfer.

d s
M (Y -Y) (4.1)
= dX - 4‘
Y - Mole fraction of the more volatile component in the vapour
phase.
Y* - Mole fraction of the more volatile component in the vapour

phase in equilibrium with the liquid.

Surface tension at the boiling point (mN/h)-

[e]
1

Mole fraction of the more volatile component in the liquid

»
1

phase.

M - Marangoni stabilising index (mN/m).

Systems were defined by Zuiderweg and Harmens (1958) as positive if
the surface tension of the reflux increases in the column, negative for
the reverse and neutral either if the constituent of the mixture are of
the same order of surface tension or if the driving force tends to zero.

The azeotropic system n—propanol/water exhibits all the behaviour described

here, being positive at low and negative at high n-propanol concentrations,

it is neutral at the azeotropic point. The system ethanoL/water also

exhibits the same behaviour but only measurements on the positive side

were feasible. The system methanol/water and methanol/n-propanol are



"highly positive" and "neutral" respectively.

Note that with the conventional column high froths were formed for
the positive and neutral aqueous system whereas the "surface tension
neutral" system of methanol/n-propanol was reported (Dribika and Biddulph
1986) to form no froths. This confirms that the froth supported by the
column wall is partly a surface tension phenomena and its extent a function
of pure component surface tension difference between the constituents of

the mixture studied. The comparison of the point efficiencies of the

neutral system methanol/n.propanol with the highly positive systems of

methanol/water and ethanol /water (Figure 4.15) suggests that the positive

systems exhibit higher point efficiencies due to the Marangoni surface

renewal effects (Fllis and Biddulph, 1967). The comparison of the positive

and the negative composition range point efficiencies of the n.prOpanol/
water system indicates that since the system properties are unchanged and
the variation in the mixture surface tension, and consequently the

stabilising index, is low in the composition range studied, similar point

efficiencies result.



10

)

08

07

Eog

06

0%

04

03

02

oL
0

57

04 05

0607

MODIFIED
STANDARD

B

o

MOLE FRACTION METHANOL

o

- 58 -

c-.

A
2187

FROTH =

20

Figure 4.4 MeOH/H20 System Point Efficiencies and Froth heights

MODIFIED ~~ &7

o STANDARD ~o

12 o ]

1 o o . .

]O ¢ © oo

09 ’ .

08 Lt et

07 -

[s ] - -

o ..

06 -

05 - e

03

o2l -~~~ T i
ol 02 03 0& 05 06 07 08

MOLE FRACTION ETHANOL

Figure 4.5 EtOH/H20 System Point Efficiencies a

20

Cm

50

FROTH HEIGHT

00

nd Froh Heights



1.0

09

08

07

06
Eog
Qs

04

03

10
09
08
07
06

0b

00

Figure 4.6

F-tACTOR )
STANDARD o 0% -5 -
= 04
MODIEIED ()5
tt
14, o n" \ a o
t
0t ! oo "
| ty
n
o !
| (3]
! {
| (]
P'ositive | Nngutlvu .]
l (B} O
1w
| - 1
(R O ~
- I O a O ¢ -« }1‘
o | - O
o - t - o o 18
° o, i - w
° ' 20
o |
- -
- |
! O 'i)
i
e~ [}
\i\ 10
|
|
1 9
|
! — _ ~ _ -
I s =T
! o . ]
o0 or "oz 03 0k 05 06 07 08 09

MOLE FRACTION nPROPANOL

n.PrOH/H20 System Point Efficiencies and Froth Heights

[ o MODIFID COLUMN
) ~--- BIDDULPH
—— LOCKETT
)
0o a 0z 63 04 05 06 07 s 09 10

Figure

MOLE FRACTION METHANOL

4.7 MeOH/H20 System Point Efficiencies



- 60 -

08
p o -OO. .0
07 L o @
C o .O °
o * "
06 ..
Eog co °*
05 ]
MODIFIED COLUMN *
04 STANDARD COLUMN o
03 L .

W 01 02 03 04 05 06 07 08 09 10
MOLE FRACTION METHANOL

Figure 4.8 MeOH/n.PrOH System Point Efficiencies



[
¥




Run:12 System: n.Propanol/Water
Vapour Velocity:0.37 m/s
X=0.2044
Eog=0.97

Figure 4.9 Operation of Standard Oldershaw Column,



n.l’rup;mol/Wa ter
Velocity:0. 37 m/s
X=0,2044

Eog=0.97

System:
Vapour

Runs 1?2

Figure 449 Upvr;)Liull of Standard 0ldershaw Column.






Figure 4,10.a

Run:131
System:n,Propanol/Water(positive)

Vapour Velocity:0.49 m/s
X:0,3887
Eog:0.44



Figure ¢4, 10.Q Run: 131
System:n.Propanol /Water(positive)

Vapour Velocity:0.49 m/s
X:0.3887
Eog:0.44






4.10.b Runz155
System:n.Propanol/Water (negative)
Vapour Velocity: 0.48 m/s
X: 0.5424
Eog: 0.32

Figure



Figure

4,10.b

Runs: 155

System:n.Propanol/WaLer (negative)
vapour Velocity: 0.48 m/s

X: 0.5424

Eog: 0.32
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Figure 4,10.c

Run: 156
System:n,Propanol/Water (negative)
Vapour Velocity:0,26 m/s

X: 0.5448

Eog:0.36



Figure 4.10.c

Run: 156

SysLem:n.Propanol/Wulcr (negative)
Vapour Velocity:0.206 m/s

X: 0.5448

Eog:0.306
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RECTANGULAR DISTILLATION COLUMN
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RECTANGULAR DISTILLATION COLUMN

5.1 Introduction

The distillation equipment used here has been described previously
by Biddulph and Dribika (1986), and Dribika (1986). A general flow sheet
of the arrangement is given in Figure 5.1 and a photograph of the equipment

is shown in Figure 5.2. Briefly it consists of the following sections:-

1. Reboiler
2. Rectangular Distillation Column

3. Condensers

The vapour from the reboiler (R), passed through the rectangular
distillation column (D) containing three trays and then to the condensers
(C) where it was totally condensed. The resulting condensate formed the

reflux and returned to the column via a calibrated rotameter.

5.2 The Reboiler

This vessel was constructed of stainless steel and was cylindrical

in shape, having equal length and diameter of 0.76 metre. It had a

capacity of 450 litres and could withstand working pressures of up to

100 p.s.i. The outside of the reboiler was insulated with 50 mm thick

fibre-glass enclosed in aluminium cladding. The reboiler was steam

jacketted with an automatic air vent for high efficiency operation. It
was equipped with a pressure gauge, a sight glass, filling and drainage

valves, a safety valve on the boiler mixture side, locations for the steam

inlet and outlet condensate, a thermocouple pocket, and a steam pressure

safety valve.
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Figure 5.2 General View of the Rectangular Column.



Figure 5.2 General View of the Rectangular Column.






Figure 5.3 Front view of the Rectangular Column.
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5¢3 The Column Section

The rectangular distillation column, of dimensions 1.067 x 0.089
metre, had three trays, the middle being the test tray. The bottom tray
acted as a vapour straightener, the top tray duty is to calm the liquid
prior to entering to the test tray for stable hydrodynamic operation.
The column itself was made up of three sections, in order to allow easy
access to the internals. It had removable sides between the trays, each
bolted to the main body frame and sealed with a silicon rubber gasket.
This allowed minor changes/checks, such as moving the outlet weir to a
new height or inspecting the sample lines or the thermocouples. If a
major change, such as changing the tray, was required, the column could
be dismantled easily. The modifications to the column could then be made

by raising the section. Afterwards, these sections were bolted back

together, including a neoprene rubber gasket.
The tetrahedral shaped upper and lower parts of the column had a
height of 0.5 metre with rectangular base and circular top 0.15 metre

in diameter, and were insulated with 50 mm thick fibre glass and aluminium
cladding. The rectangular body of the column was also insulated with

removable fibre glass, (Figure 5.3).
Observation of the biphase on the test tray was possible through five

double-glazed windows made from borosilicate glass discs. Four of these

windows were placed at equal distances of 50 mm apart on the front (Figure

5.3), and there was one at the end. Froth height measurements, observation

of weeping and entrainment, and a close study of the froth and spray

formation was then possible. A light beam could be directed through the

end window to illuminate the biphase

The top of the column was connected to the condensers via a comb-
ination of a 90o glass bend and a tee. The lower part of the tee was

connected to a reducer and then a stainless steel reflux line of 25 mm
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in diameter. The rotameter was fitted to this line. The line delivered
the liquid to the inlet downcomer of the top tray. The return liguid to
the reboiler left the outlet bottom downcomer also via a 25 mm in diameter
stainless steel line.

The test tray (Figure 5.4) was fitted with an inlet weir of 4.8 mm
height. This reduced velocity of the entering liquid across the tray and
encouraged uniform bubbling.

The liquid samples were withdrawn from the test tray, inlet and outlet
downcomer, the reflux line and the liquid returning to the reboiler after
achieving steady state conditions. These samples were collected in pre-
chilled sample bottles. Six equally spaced sample tubes were fitted
along the centre line of the tray, the liquid samples flowing by gravity.
These stainless steel lines had 3 mm inside diameter. In addition two

more sample points were also available in the inlet and outlet downcomers
of the test tray. This allowed the measurement of the tray efficiency
directly and a study of the concentration profiles across the tray. These

sample lines where insulated with polymer sleeving below the test tray to

avoid evaporation in the sample line and they were fitted with P.T.F.E.

stainless steel valves.

5.4 Condensers

Three shell and spiral-wound tube glass condensers were connected in

series, and provided a cooling area 5.3 square metres. The first two

Quickfit condensers provided 2.5 m2 of cooling area each, and the third,
connected to the middle condenser by a reducer, provided the extra 0.3 m

surface area. These condensers were reported (Dribika, 1986) to be

satisfactory even when operating at high boil-up rates. The cooling water

supplied to these condensers was continuously recycled to a cooling tower
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to maintain a constant low temperature.
Chrome-aluminium thermocouples were available to measure the simult-

aneous temperature profiles in the test tray, the temperature of the

liquid inlet and outlet to the test tray downcomers, and the reboiler

temperature. Each thermocouple on the test tray was placed in the nearest

perforation available to a sample point, and 3 mm above the test tray.

The thermocouples were pre~calibrated against boiling distilled water to

an accuracy of O.1OC.

Two vapour connection points, one above the test iLray and the other
below it, were also available for pressure drop measurements. In addition
two perforated tracer injection probes were available for liquid mixing

studies on the tray. These lines were all fitted with P.T.F.E. valves.

5.5 Operation of the Column

The distillation experiments were carried out at total reflux and

atmospheric pressure. About 180 litres of the test mixture was used, and

the steam pressure was adjusted to give the required boil-up rate, which
was measured by using a calibrated rotameter placed in the reflux line.
The column was run for about four hours during which the boil up rate,

temperatures, froth heights and manometric readings, if required, were

noted at regular intervals. Steady-state conditions were achieved during

this period. The operation of the column was carried out at a vapour

F.Factor of about 0.5 (m/s) (kg/b3)0'5, which was found to produce a
hydrodynamically stable biphase of decreasing height from the inlet to
the outlet. The mixed froth biphase (Hofhuis and Zuiderweg, 1979 ) consisted

of froth and spray. The samples were collected into pre-chilled bottles

at the end of each run to be analysed by G.L.C. methods. The sample
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probes were regularly inspected to ensure proper insulation, and the
thermocouples were also recalibrated after a major change involving

removal and replacement of the test tray.

5.6 Safety of the Column

The reboiler was treated as a pressure vessel fitted with a steam
safety valve and a mixture bursting disk safety valve connected to the
top condenser and open to the atmosphere outside the laboratory through

a pipe. This pipe also provided a safety measure against cooling water

failure to release the volatile vapour to the atmosphere. The cooling

water was also fitted with an automatic valve connected to the mains

water supply in case of cooling water failure.
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CHAPTER 6

DISTILLATION OF ETHANOL-WATER AND n.PROPANOL-WATER

IN THE LARGE RECTANGULAR COLUMN
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DISTILLATION OF ETHANOL/WATER AND n.PROPANOL/WATER IN THE LARGE
RECTANGULAR COLUMN

6.1 Introduction

Following the satisfactory development of the modified Oldershaw

column to eliminate wall effects (see Chapter 4), and in order to study

the relationship between the efficiencies of different columns for these

highly surface tension affected systems, a series of experiments was

conducted in the large distillation column (see Chapter 5). The components

comprising these two systems also constitute the multicomponent systems

studied (see Chapters 9 and 10). The distillation experiments were carried

out similar F-Factors to those used in the small column and rectangular

column experiments on the multicomponent systems. In addition the same

tray percentage free area was used. The rectangular tray had a flow path

length of about one metre and was narrow to avoid stagnant zones and flow

non uniformities which are known to affect the performance of large

circular trays (Lockett et. al. 1973). Mixing studies carried out on

this tray by Biddulph and Dribika (1986) indicated that the conditions
were approaching plug flow, so the AICHE partially-mixed flow model was

used to deduce component point efficiencies from the measured tray

efficiencies. It was originally intended to use the rigorous eddy diffusion

model (Biddulph, 1975) as described in Chapter 7, but due to the non-linear
behaviour of the "K' values in these systems the less satisfactory AIChE

model was used. The rigorous eddy diffusion model required a linear

relationship between the temperature and K-value in order to make the

predictor-corrector method stable.
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6.2  Systems Used

Two systems, ethanol/water and methanol/water were used here. The
equilibrium data for these systems are quoted in Chapter 4. The surface
tension of these systems at the boiling points measured by a glass

tensiometer (Chapter 3) are given in Figure 3.5.

6.3  Equipment
The rectangular sieve tray column has been described in detail in

Chapter 5. The test tray (Table 6.1) material is typical of that commonly

used in low temperature air distillation.

Table 6.1 Tray Details of the Rectangular Column

Weir Length 83 mm
Liquid flow-path length 991 mm
Tray Spacing 154 mm
Hole Diameter 1.8 mm
% Free area 8 %
Outlet weir height 25 mm
Inlet weir height 4.8 mm

6.4 Experimental

The experiments were carried out at an F-Factor of about 0.5 m/s

(kg/hB)o'S. This provided stable hydrodynamic conditions on the tray.

The experiments were conducted at total reflux and atmospheric pressure.
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The flow of the reflux, temperatures along the tray and the froth heights
were monitored regularly as a guide to sieady-state operation. The
reflux rate was measured using a rotameter placed in the reflux line
and the froth height was observed through the windows of the test tray.
These measurements were subject to the usual judgment errors. The samples
at the end of each run were collected in pre-chilled bottles after a small
quantity of the liquid was discarded from each sample point to ensure a
representative sample. These samples were analysed by G.L.C., the
accuracy of the mole fraction measurements being + 0.0028 and + 0.0034
for the EtOH and n.PrOH systems respectively. The details of the analysis

and calibrations are given in appendix D.

6.5 The Tray Model

Assuming complete vapour stream mixing, the Murphree tray efficiency

(Emv) is defined as the ratio of actual change in vapour composition through
the tray to the change which would have occurred if the vapour had actually

reached a state of equilibrium with the liquid leaving the tray.

Where the subscripts n and n-1 refer to the outlet and inlet vapour
streams (seethe rext page). Yh* is the concentration of the vapour in
equilibrium with the liquid of composition Yn, which at total reflux, is

equal to Yn. Thus at total reflux the equation 6.1a can be written as:-

By - 2l m 6.1b
Y - X



- 83 -

Tray n + 1

Tray n

—————————— 4 Tray n - 1

A Typical Stage

If complete mixing were achieved on the tray, equations 6.7a and 6.1b

could be rewritten as;-

Y -Y
n n-1 ¢
= = * -23.
Emv Eog Y -y
n n-1
xn+1 xn ¢
= —3 * L)
Emv Eog v ¥ 2b
n n

As complete mixing is never achieved on a long flowpath tray, equation
6.2b can only describe a point on a test tray where complete mixing of

the liquid can be assumed. Thus Eog is referred to as the point efficiency.

As stagnant zones and flow non-uniformities were absent, a knowledge of
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the extent of liquid mixing on the tray is required to predict the

relationship between the tray and point efficiencies.

6.5.1  Partially Mixed Model

The final report of the University of Delaware (1958) research team,

incorporating the extent of liquid back-mixing in terms of a Peclet number

(pe) suggests:

Emv 1 - e + e - 6.3
Eog (" - Pe) (1 4+ 2% Pe ) n (1 + “ﬁﬂ:‘§g )
n

where =
total reflux , = m 6.4a
2
Pe = 21 6.5
Dp tp

DE is the eddy diffusion coefficient, which is a measure of the amount

of back-mixing.
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6.6  The Relationship Between the Point Efficiency (Eog) and Overall
Number of Transfer Units (NOG)

The overall number of transfer units is given by:
rd

Assuming that the liquid concentration is constant in the vertical
direction (i.e. completely mixed), the vapour enters the tray completely
mixed and the vapour passing upwards through the liquid along any vertical
section is in plug flow (i.e. no vertical mixing of the vapour), equation
6.6 can be integrated along any vertical line on the tray from the tray
deck (2 =0,y =y_, x = x) to the top of the froth (Z =Z, y = ¥, x = X).

*
Since x is constant y 1is a constant and:

*
Yy - 7Y
NOG = - 1n —n*———-—g 6.7
yn - yn-1
or NOG = - 1n (1 - Eog) 6.8
Two film theory suggests that
G
a _ 1 . om 6.9
NOG NG L N
m L
1 G
where /NG and %——%— are the vapour and the liquid phase resistances to mass
m L

transfer respectively. A knowledge of m and Eog enables the evaluation

This facilitates the study

of N, and N. by the slope and intercept method.

G L
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of binary systems and permits the identification of the elements of

equation 6.9,

6.7 Mixing Study

The mixing studies on the 1.8 mm hole diameter tray was carried out

by Biddulph and Dribika (1986). They used the system water/steam with

sodium nitrate tracer injection. Using the well-established method of

Barker and Self (1962), a Peclet number of about 39 was evaluated for

the loadings used here from eddy diffusivity measurements. This result

indicates that conditions are approaching plug flow on this tray, and a

small variation in Peclet number, perhaps due to slightly different vapour
velocities in different runs, will not greatly affect the predicted

composition profiles.

6.8 Results

In order to cover a wide range of composition, a large number of runs

was carried out at total reflux and atmospheric pressure. The F-Factor

was approximately 0.5 m/s (kgyh5)0'5 in all cases, except for the n.

propanol-water runs at high alcohol concentration where a slightly lower

F-Factor was required to stop excessive foaming. However the results

from the small column (Chapter 4) indicated that this would have a
negligible effect on the point efficiencies. All the results are tabulated

in Tables 6.2 and 6.3.

6.8.1 Observation of the Biphase

The froth heights were measured by using a metre rule and using the

four observation windows available. These measurements were for each



individual run averaged as shown in Figure 6.1. The system ethanol /water
exhibited large froth heights, especially in the higher ethanol composition
range, whereas lower froth heights were obtained for the n.propanol/
water system. The system n.propanocl/water, as discussed in Chapter 4,
exhibits all surface tension characteristics.

It is positive at low n.propanol concentration, neutral at the azeo-
tropic point and slightly negative in the higher alcohol composition
range. The froth heights measured for this system indicated lower heights
in the rnegative surface tension composition range presumably due to
slightly lower F-Factor used. Further discussion of the surface tension

characteristics of these systems appears in Chapter 4. The biphase itself

consists of mixed flow of the froth and droplets. The froth had different
bubble sizes and the droplets, some of them fairly large, were thought to
be produced either as a result of the atomisation of the liquid by high

speed vapour in the perforations or as a result of the bubbles bursting.

Smaller droplets were associated with the latter phenomenon. As expected,

the biphase declined in height from the inlet to outlet due to the

hydraulic gradient.

6.8.2  Composition and Temperature Profiles Across the Tray

The temperature profiles across the tray were measured directly using

the thermocouples installed on the test tray next to the sample points.

These are plotted on Figure 6.2. A comparison between these measured

temperatures and the calculated bubble-point temperatures (see Appendix B)

are presented in Pigure 6.3. They compare very well and indicate that

heat losses from the column are minimal. The concentration profiles for

the runs are presented in Figures 6.4 and 6.5. They indicate that the

sampling technique was satisfactory.
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6.8.3 Tray Efficiency Measurements

Equation 6.1b was used to calculate Murphree tray efficiencies, by
incorporating the inlet and outlet compositions measured experimentally.
The equilibrium value of the vapour leaving the tray, or the liquid
entering the tray since operation was at total reflux, was calculated by
using a ceries of computations outlined in Appendix g. These tray
efficiencies are presented in Figures 6.6 and 6.7. The average liquid

composition on the test tray was calculated by the following relationship

(Lockett and Ahmed 1983):-

wi

where w, is the relative position in the tray.

6.8.4  Component Point Efficiencies

The partially mixed flow model was used to evaluate component point

efficiencies. The slope of the equilibrium line was directly calculated

using x, y data, (see Figure 6.8) using the following equation:-

Y* Y*
O A 6.11
X1 - X2

Small changes in x were used in the above evaluation. To calculate

each point efficiency, the average composition on the tray was calculated
by incorporating the measured profiles into equation 6.10 and corresponding

m from Figure 6.8. These point efficiencies are plotted on the Figures

6.9 and 6.10. These point efficiencies follow the same trend observed
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Table 6.2 Results of EtOH/H,0 Runs

RUN X m Emv  Eog(AIChE) 1/ i

NOG (sz
EA 0.4570  0.42 1.05 0.87 0.49 5.5
EB 0.3052 0.49 1.01 0.82 0.58 5.5
EC 0.2527 0.55  1.01 0.74 0.74 5.5
ED 0.4149 0.41 1.02 0.85 0.52 7.0
EE 0.4750 0.43  1.02 0.85 0.53 8.5
EF 0.5132  0.44 1.03 0.85 0.53 9.0
EG 0.52%5  0.45 1.02 0.84 0.55 8.5
EH 0.5324 0.46 1.04 0.85 0.55 9.0
EI 0.5450 0.46 1.02 0.84 0.55 9.0
EJ 0.5670 0.47 1.05 0.85 0.54 9.0
EK 0.5880 0.49 1.09 0.87 0.50 9.5
EL 0.6243 0.52 1.16 0.91 0.42 10.0
EM 0.5510 0.47 1.08 0.88 0.48 10.0
EN 0.6229 0.52 1.19 0.93 0.38 10.0
EO 0.6792 0.56 1.25 0.95 0.33 10.0
EP 0.2193  0.66 1.1 0.83 0.86 5.5
EQ 0.1701 1.1 1.21 0.77 0.68 5.5
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Table 6.3 Results of n.Propanol/H,0 Runs
RUN X m Emv  Eog(AIChE) 1 / H ¢
NOG (cm)
PA 0.8515 1.26 1.24 0.75 0.753 4.0
PB  0.8172 1.12  1.17 0.75 0.73 4.0
PC 0.7943 0.935 1.16 0.79 0.65 4.0
PD 0.6682 0.485 1.09 0.88 0.48 4.0
PE 0.3970 0.242 0.85 0.77 0.68 7.0
PF 0.3490 0.232 0.84 0.77 0.68 7.0
PG 0.2435 0.228 0.89 0.82 0.58 6.5
PK 0.110 1.62  1.86 0.86 0.51 5.5
PL 0.1523 0.554 1.06 0.84 0.55 55
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in the small column measurements (Chapter 4). The point efficiencies

of the system ethanol/water shows the expected composition dependency,
but the system n.propianol/water does not show any specific trend, and

both positive and negative surface tension regions exhibit fairly similar

efficiencies,

6.8.5 Individual Number of Transfer Units and Percentage of Liguid

Phase Resistance

The cvarall number of transfer units (NOG) was calculated using the

point efficiencies for these two systems. The reciprocal of these NOG's

were plotted against the slope of the equilibrium line m, (Figure 6.11).
Using the slope and intercept method, the individual number of the transfer

units NL and NG were calculated and tabulated in Table 6.4.

Table 6.4 N. and NG Values

L
System NL NG
EtOH/H20 4.8% 2.3
n. PI‘OH/H20 7.05 1.88

The perce-:age of the liquid phase resistance is calculated from:-

N
n G 6.13
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6.9 Discussion

a) The component point efficiencies obtained here are in very good
agreement with the ones calculated in a small Oldershaw column described
in Chapter 4. This indicates that a modified column can be used to obtain

direct design data for a large distillation column, or be scaled-up using

the proposed method of , Dribika and Biddulph, (1986 ,Chapter 8).

b) The measured component point efficiencies for the system ethanol/
water are composition dependent (Hart and Haselden, 1969). The variations
observed here can be explained in terms of the extent of phase resistance.

At the lower ethanol end of the composition range there is a greater
resistance to mass transfer from the liquid phase. The system n.propanol/
wvater does not show much variation and there is of course a much lower

liquid phase resistance to mass transfer throughout the composition range.

These findings are in agreement with the works of Biddulph (1966), Dribika

(1986) and Mostafa (1979).

c) The influence of the slope of the equilibrium line on tray efficiency

is noticeable (Mostafa 1979). Which is in agreement with the theoretical

equation used here.

d) In the absence of stagnant zones and flow non-uniformities which are
known to decrease the tray efficiency (Porter et. al. 1972, Lockett et. al.
1973) better efficiencies are to be expected from circular sieve trays,

operating in the mixed flow regime, if these detrimental effects are

eliminated.
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DISTILLATION SIEVE TRAY EFFICIENCIES IN THE ABSENCE OF THE STAGNANT ZONES

T.1 Introduction

Although the effect of the outlet weir height and hole size have
been the subjects of studies by many investigators, due to experimental

inconsistancies observed in most of these works it was decided to invest-

igate these effects further. The sources of previous inconsistency were

as follows:-

a) Percentage Free Area

In comparing the effects of hydraulics a constant free area is

desirable as the initial interfacial contact between the liquid and the

vapour is directly related to this. Hellums et. al. (1958) and Umholtz
et. al. (1958) used trays with different free area to study hole size

and the outlet weir height effects.

b) Wall Effects

In Chapter 4 the importance of removing the wall supported froth was

It is very important to ensure that the hydrodynamics of the
In

discussed.

biphase in the small column is similar to that in the larger column.
the studies reported by Lockett et. al., (1979) and Pruden et. al.,
(1974), experiments were carried out in the presence of large froth

heights dissimilar to the hydrodynamics of the larger trays, presumably

due to wall effects.

c) Stagnant Zones and Flow Non-uniformities

These detrimental effects reduce the efficiency of large circular
sieve trays (Porter et. al. 1972, Lockett et. al. 1973). The distillation

tray used in this investigation therefore must be rectangular.
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d) Liquid Mixing on the Tray

If point efficiency is to be deduced from large tray measurements,
a knowledge of the extent of the liquid mixing on the tray is required.
Finch znd Van Winkle (1964) assumed plug flow of the liquid on their

rectangular tray tec infer point efficiencies.

e) F-Factor

The F-Factor preferably should be kept constant throughout the
experiments. The liquid and the vapour may experience different contact
at different boil-up rates. Hofhuis and Zuiderweg (1979) identified

four different regimes in a distillation column:-

The spray regime
- The mixed froth regime
- The free bubbling regime

~ The emulsified flow regime.

The investigation into hydraulic effects on the tray efficiency must

lie within one of the asbove regimes. For atmospheric distillation the

mixed froth regime is the most common.
Using the system methanol/hater, an investigation into the effects

of the outlet weir height and the hole size were carried out in a narrow

rectangular distillation column (see Chapter 5). This avoids the problems

associated with stagnant zones and flow non-uniformities in the mixed

froth regime. Wall effects were absent during our experiments and the

percentage free area was kept constant at 8 per cent. An eddy diffusion

model (Biddulph, 1975) was used to match the composition profiles measured

by experiment, and hence point efficiencies were inferred. The model

took into account the extent of the liquid mixing on the tray. Tray

pressure drops and liquid hold ups were also measured and compared with

the recent predictions of Bennett ,et.al,(1983),
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7.2 Fxperimental

Full details of the rectangular column and the methods used to carry
out the investigation are given in Chapter 5. The only addition to the
column being the use of different perforation size trays, different outlet
weir heights and pressure drop measurcments. Trays with hole sizes 1.0,
1.8, 3.2 and 6.4 mm at an outlet weir of 12.7 mm were used to investigate
the hole size effects. In addition the effect of outlet weir heights of
2 and 12.7 mm on tray/point efficiencies were also investigated using the

1.8 mm hole size tray. The details of tray are given in Table 7.1.

Table 7.1 Tray Details of the Rectangular Column

Tray thickness 2 mm

Weir length 83 mm

Liquid flowpatn 991 mm

Tray spacing 154 mm

Hole diameter 1, 1.8, 3.2 and 6.4 mm
Outlet weir height 12.7 and 2 mm

% free area 8

Inlet weir height 4.8 mm

The sieve tray material is typical of that commonly used in low
temperature air distillation (i.e. aluminium). The tray pressure drop

was measured by a water manometer connected to vapour sample points above

and below the test tray. To measure the clear liquid head the manometer

was connected between a liquid sample point withdrawing liquid from the
surface of the tray and the upper vapour sample point as shown in Figures

7.1 and 7.2. Figure 7.3 shows a photograph of the manometer as connected

during a typical run to measure pressure drops. All the runs were carried

out at total reflux and atmospheric pressure at a vapour F-Factor of about
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Figure 7.1 Liquid head measurement

Figure 7,2 Pressure drop measurement






Figure 7.3 A View of the Manometer in Operation .,
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0.5 m/s (kg/h5)o'5, which was found to produce a nearly uniform biphase,
decreasing in height from the inlet to outlet weir.

All the samples were analysed by chromatography, as described in
appendix D, with an average error of 0.003% in mole fraction. The measure-
ment of the froth height, pressure drop and liquid hold-up were also

subject to the usual measurement errors.

7.3 Design of the Sieve Trays

All the trays employed had a free area of eight per cent. The 1 mm

hole size tray was provided by B.0.C./Cryoplant Ltd., London. The 1.8,
3.2 and 6.4 mm trays were made in the Department workshop by drilling.
A comparison of these trays is shown in the Figure 7.4.

A correlation between the percentage free area and the ratio hole

pitch/hole diameter for equilateral triangular pitch was provided by

Backhurst and Harker (1973).

Hole Pitch - 3.4
Hole Diameter )

For 8% Free Area,

The calculated values of the hole pitch and numbers holes on each tray

are tabulated in the table T7.2.

Table 7.2 Hole Pitch and the Number of the Holes on Each Tray

Hole Size Hole Pitch Number of Holes
mm mm
1.8 6.1 2586
3,2 11.0 818

6.4 21.0 208






Figure 7.4 Comparison of Different Sieve Trays.,



Figure 7.4 Compariso

® o o oo o & °
e o & o 0 o o o
e o & o 8 & o
® o o 0o o 8 o
e o o o o & & O
e o @ & & & o o
® o & o & o o o
. . ® o o & & s 00 . .
® & » o o o & @&
® @ o & & & o
¢ o & o o & o
e e 0 0 0 0 0o 0
e o & o o & o @
e o @ o & & & o I
@ © o e°9 & o O
@

n of Different Sieve Trays.



- 108 -~

7.4 Determination of the Flow Regimes

Hofhuis and Zuiderweg (1979) have defined four flow regimes;

the spray regime : dominant in vaccuum distillation

mixed froth regime : dominant in atmospheric distillation

(or mixed flow)
emulsified flow regime : dominant for high liquid/vapour ratios

free bubbling : dominant for operation close to weeping point.

They proposed the following relationship to identify these regimes:-

q ey o P 1
Yo (_.._L___.___X )< 7.1
VS pv

Where vy , is the flow ratio parameter, q, the liquid volumetric
flowrate, and bothe length of the outlet weir. Note that the mixed
froth regime is a transition state between the spray regime, free bubbling

and the emulsified regime. The flow ratio parameter representing this

regime is:-

002 > Y > 001
Hofhuis and Zuiderweg (1979) concluded that most trays operate in the
mixed flow regime. The application of the equation 7.1 to the work

carried out here resulted in a flow ratio parameter of about 0.12 which is

in agreement with their mixed flow conditions. Observation of the biphase

further supported that the operation is in the mixed flow condition, with

the sprays, froth and emulsified liquid coexistence.

7.5 Theoretical Model

A number of models have been proposed in order to represent the

behaviour of the biphase on an operating tray to establish the relationship
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between point and tray efficiencies. The concept of eddy diffusion has
been used in this study to model the observed profiles of each component
across the tray, and hence infer component point efficiencies. This

model has been developed and used previously in an analysis of low
temperature air distillation column by Biddulph (1975). 1In addition it
has been applied in a study of an industrial distillation column (Biddulph
(1977); Biddulph and Ashton (1977)), and was recently used in binary and
multicomponent studies. (Biddulph and Dribika (1986); Dribika and Biddulph
(1986)). Briefly a mass and enthalpy balance is carried out over a slice
through the biphase on the tray (Figure 7.5). The eddy diffusion model

is used to introduce back mixing in the liquid phase and a simple partial

average model is used to account for the relatively less important influence

of mixing in the vapour phase, (Diener, 1967). Liquid mixing was considered

to be complete in the vertical direction. The resulting differential
equations are solved numerically using a predictop/corrector method,

stepping across the tray from the outlet weir to the inlet weir against

the direction of the liquid flow. This is a stable iterative method and

provides predicted component composition profiles of vapour and liquid
phases across the tray for given values of component point efficiencies.

The solution uses 50 steps across the tray making the solution stable up

to values of Peclet number greater than 60. The three basic equations

used were as follows:-

= 702
Z; dxi/dw

dr’
1 4z, 1 ’ - .
Y=z -TWw ey = %) = Vg 2y, (yn,i yn-1,i) 1.3
P aw +
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ar’ LdH 0
— = (=2 ZMo-L 1 H z2.)/ (B, -H. ) -
aw dw n-1 “L im Ln,i “1i an Ln
7.4

0

ii1HL n,i (yn,l - xl)
where

0

Ho = ani_i£1 HL.n’i (yn,i - n—1,i) —H'V:n'l 7e5

The model uses equilibrium (K)-values, and these were available from the
equilibrium data, Vapour and liquid enthalpies were available from
standard steam tables for water and from the heat of vapourisation data

for the alcohols. The procedure for the calculation of the heats of

vaporisation and hence the deduction of the liquid and vapour enthalpies
for the alcohols, together with enthalpy data on water, are given in

appendix C. A peclet no of about 39 represented the extent of liquid

mixing on the tray, as discussed in section 6.7.

7.6 Results
The measured experimental composition and temperature profiles are
presented in Figures 7.6 and 7.7 for operation in the mixed flow regime.

Observation of the biphase behaviour on the tray indicated steady operation,

with negligible entrainment and weeping.
These composition profiles were matched against the profiles predicted

by the model across the middle tray. A series of trials inferring component

point efficiencies was carried out. The trials involved computing the
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Model for Liquid Mixing Equations
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vapour composition in equilibrium with the composition of the reboiler
mixture, to predict the liquid composition leaving the column at total
reflux. The next step involved predicting the liquid composition leaving
the test tray by adjusting the bottom tray point efficiency. Finally
the composition profile across the test tray was predicted by a series of
trials inferring point efficiencies until a good match with the experimental
component liquid composition profiles was achieved. The final liquid
component composition profiles, point efficiencies and tray efficiencies
were then obtained. The comparison between the experimental points and
model lines were mostly quite good (Figure 7.6). At very low methanol
compositions these lines do not match well with our inlet conditions.
This may be due to the known high dependency of point efficiency on
composition in the lower methanol range, and it is possible that different
point efficiencies are operating at different points on the tray. Measure-
ments of the point efficiency for this system, using a modified Oldershaw
column avoiding surface tension wall effects, yielded lower point
efficiencies in these composition ranges (Figure 4.4). The experimental
liquid temperature profiles across the tray are shown in Figure 7.7, these
measured temperatures being then compared with the bubble point temperatures
(Figure 7.8). The bubble point temperatures were calculated taking into
account the non-idealities in the phases, (Appendix B). Using the above
calculations the tray efficiencies were also evaluated using the measured
inlet and outlet conditions.

The effect of the outlet weir height on tray/point efficiencies
The mean liquid

using 1.8 mm tray are presented in Figures 7.9 and 7.10.

composition was calculated using the composition profiles by:

1
= 5 x . dw 7.6
0

where w is the relative position on the tray.
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In reducing the weir height from 12.7 to 2 mm, lower efficiencies
were obtained. The observed froth height (Agure 7.11) also exhibited the
same trend. Figure 7.12 shows the effect of hole size on froth height.

The study of the effect of hole size on point and tray efficiencies
(Figures 7.13 and 7.14) demonstrated the tendency of the smaller holes
to exhibit higher efficiencies.

The behaviour of the biphase on the tray was observed closely. The
3.2 and 6.4 mm perforated trays produced much more spray, and larger
bubbles, whereas the 1 and 1.8 mm hole size trays tended to atomise fewer
and smaller droplets. The biphase on the 1 mm tray was highly mobile
with some back and forth motion lengthwise.

Porter and Jenkins (1979), in their comprehensive review of flow
regimes, suggested that in decreasing the perforation size the capacity
of the tray increases as a result of partial transition from spray to
mixed flow conditions. The observations of the biphase and increase in
measured clear liquid head (see later) as a result of decrease in the
perforation size may support the above proposal.

The results of the tray pressure drop and liquid head measurements
for different outlet weir heights are shown on figures 7.15 and 7.16
respectively. The tray pressure drop and liquid head appear to be largely

unaffected by the decrease in the weir height from 25.4 to 12.6 mm,
analagous to the froth height and efficiency measurements. However, the
2mm outlet weir height demonstrated lower pressure drops and liquid head.
These measurements were compared with the recent prediction method of

Bennett et. al. (1983) based on experimental work with low weirs and small

perforation size trays. Bennett proposed the following relationship based

on all the available data:

7.7

hT = hL + hD + h,5
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where hT is the total tray pressure drop, hL height of the liquid
inventory on the tray, hD dry pressure drop and hé pressure drop due to

the surface tension. CV was obtained from the correlation of Prince

et. al. (1960). The mixture surface tension at the boiling point was

measured by a tensiometer (Chapter 3). Our experimental pressure drops,

using 2 and 12.6 mm outlet weir heights are in a close agreement with the

Bennett correlation, but the correlations appear to overpredict the

pressure drop at 25.4 mm outlet weir heights. This is partly because

of the extra emphasis given to the liquid head element in their corre-

lation (see Figure 7.16).

The effects of the hole size on pressure drop and liquid head on



- 115 -

the tray are presented in Figures 7.17 and 7.18. Although there is some

scatter in the measured points, there is evidently a slight increase in

bressure drop with a decrease in perforation size. The liquid head

follows the same trend. These measurements are in a close agreement with
the correlation presented by Bennett (1983). Note that there is a slight

increase in the measured pressure drop here at low methanol concentrations

due to an increase in vapour velocity to maintain stable biphase conditions
on the tray. The increase in pressure drop as a result of decrease in
hole size is due to surface tension effects. The dry pressure drop is
unchanged since a constant tray free area was used.

Further particulars of the computed results are tabulated in the

appendix A , Tables A.3.1 to A.3.11.

T7 Discussion

a) The Effect of the Outlet Weir Height

There appears to be a decrease in the tray efficiencies at 2 mm

outlet weir conditions compared with the higher weir. This decrease in

tray efficiency at virtually no outlet weir is due to the decrease in
liquid hold up and consequently the froth height on the tray (see Figures

7.18 and 7.11). The decrease in tray/point efficiency is probably due to

a reduction in the interfacial area. This sudden drop in tray efficiency

from an outlet weir condition to no outlet weir conditions has also been

reported by Finch and Van Winkle (1964) and Brown and England (1961).

b) Effect of the Hole Size

Umholtz (1957), Hellums et. al. (1958), Finch and Van Winkle (1964),
Pruden et. al. (1974), Fryback and Hufnagel (1960) and Burgess and

Calderbank (1975) reported no significant effect of hole size on mass
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transfer efficiency. However, the smallest hole size used was 1.6 mm as

compared with 1 mm used here. There have been reports that smaller holes

may significantly increase the tray efficiency, (Zenz, 1972). In view

of the mass transfer characteristics associated with smaller holes there
have been suggestions that they provide higher efficiencies due to
increased mixing and mass transfer interfacial area (Patton and Pritchard
(1960); Lockett et. al. (1979)). Fell and Pinczewski (1977) suggested

that small holes should be used for surface tension positive systems to

achieve maximum tray efficiency.

The measurements reported here reveal that there is a fairly small
increase in tray/point efficiencies with decreasing hole size (see Figures

7.13 and 7.14). The increase is not as great as might be expected,
considering the apparent increase in interfacial area. These differences
in tray/point efficiency are minimised at high methanol concentrations,

which may be due to a decrease in the surface tension of mixture (Figure

7.19). Hellums et. al. (1958) suggested that at low vapour rates the

tray liquid hold up is increased, because of the capillary surface tension

effects. An increase in the liquid hold up on the tray would result in

higher efficiencies. The measured liquid hold-ups presented on Figure 7.18

suggest that the surface tension effects may have caused slightly higher

liquid hold-ups for smaller perforated trays and consequently increased

the froth heights (see Figure 7.12). From the observation of the biphase

it is also evident that the 3.2 and 6.35 mm hole size trays caused more

spraying, which reduces the liquid capacity on the tray. It is suggested
that the increase in tray/point efficiencies with decrease in perforation

size is due to:-

1. A slight increase in the tray liquid hold up and froth height.

2. An increased rate of bubble formation, which provides larger mass

transfer interfacial area.
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These effects may be further enhanced by the following effects:

3+ Marangoni surface renewal effects at low methanol composition
range, Ellis and Biddulph (1964).
4. The magnifying effect of the slope of equilibrium line at low

methanol concentration. (See Figure 7.19)

The Marangoni stabilising index M, a measure of surface renewal
effects stated above, is calculated from equation 4.1, Chapter 4.

It has been reported that these Marangoni surface renewal effects
enhance the mass transfer, Sawistowski (1973), and they are at their

highest in the lower methanol concentration range.

The perforation sizes 1, 1.8 and 3.2 mm are recommended for clean
and non-corrosive services such as low-temperature distillation of air,
and services where low liquid rates are expected, Smith et. al. (1981).
These trays provide a large degree of flexibility and increased capacity,

(Patton and Pritchard, 1960; Lemieux and Scotti, 1969 and Fell and

Pinczewski, 1977). The pressure drops associated with these trays under

the conditions experienced here are comparable with larger perforated

tray .

¢c) Pressure Drop, Liguid Head

The small hole size trays used for the experiments exhibit slightly

increased pressure drops compared with larger hole size trays. The

increase in pressure drop with decreasing hole size is mainly due to the
higher surface tension pressure drops. The measured clear liquid heads
show a slight increase with decreasing hole size. An increase in outlet
weir height from 2 to 12.6 mm caused a jump in pressure drop, and clear

liquid head, while further increase in the outlet weir height had a

negligible effect,
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The Bennett et. al. (1983) pressure drop correlation predicted reasonably
well the dependence on hole size at 12.6 mm outlet weir height, but it
overpredicted the clear liquid head and pressure drop at an outlet weir

height of 24.5 mnm.
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CHAPTER 8

SCALE-UP STUDIES
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SCALE-UP STUDIES

8.1 Introduction

The development of the modified Oldershaw column (Chapter 4),

providing a biphase similar to the biphase on a larger tray (see Chapters

6 and 7), was very encouraging. The point efficiencies for the systems

MeOH/HQO, EtOH/HZO and n.PrOH/HzO measured in this column followed the

same trend as those deduced from large tray measurements. They were

somewhat lower in magnitude due to the shorter contact time of the liquid

and vapour in the small column. In Chapter 7, it was demonstrated that

large tray with 1.8 mm perforation size and an outlet weir height of
2 mm, exactly the same as the modified column, would support a biphase

almost double in height. Subsequently high point efficiencies were

deduced. This observation confirmed that in order to measure point

efficiencies close to those operating on a large tray, an improvement and

an increase in the contact time of the gas and liquid is required, without

encouraging wall effects to occur. In this chapter it is demonstrated

how an increase in the outlet weir height in the modified column has

improved this contact on the tray. The point efficiencies measured here

are compared with those from the 1 mm perforation-size rectangular tray,

reported in Chapter 7. These point efficiencies were then used directly

or scaled using the Dribika and Biddulph (1986) model, and incorporated

into the eddy diffusion model described in Chapter 7 simulating distillation

runs on the 1 mm hole size tray as given in the same Chapter , thus

deducing tray efficiencies.
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8.2 Equipment

The same apparatus as described in Chapter 4 was used here. The only

difference was the further modification to the modified column to accomm-

odate outlet weir heights of 6.4 mm and 12.7 mm. Figure 8.1 shows a view

of this column. The new modification was achieved by cutting the modified

column in half above the tray and fitting it with a ground glass socket.

The stainless steel outlet weir was then fixed by using silicon rubber

near the outlet of the tray. No holes were lost from the tray.

8.3 Experimental

The experiments were carried out using the system methanol/hater at

a column F.Factor of about 0.4 m/s (kg/m3)0°5. The analysis of the

samples etc., was exactly the same as described in Chapter 4.

8.4 Observation of the Biphase

On increasing the outlet weir the biphase height was increased as

shown in Figure 8.2. The biphase also appeared to be holding the bubbles

for a longer time prior to bursting. Satellite droplets of different

sizes were produced as a result vapour jetting through the biphase or the

the bubbles collapsing.

8.5 Results

As expected, there was an increase in the measured point efficiencies

throughout the composition range as a result of increasing the outlet

weir height from 2 mm to 6.4 mm (see Figure 8.3). This increase was



Figure 8.1 A View of the Improved Modified Oldershaw Column,






Figure 8.1 A View of the Improved Modified Oldershaw Column.
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especially marked in the low methanol composition range. This is
because there is a reduction in liquid load due to the increase in the
liquig density to maintain the F.Factor constant in this range. When
there was no outlet weir poor contact between the gas and the liquid was

achieved on the plate. On increasing the outlet weir this problem is

reduced. Further increase of the outlet weir height from 6.4 mm to
12.7 mm resulted in a further Jump in point efficiency due to an increase

in the biphase height (see Figures 8.2 and 8.3).

Purther increases in outlet weir were not studied as the biphase

could have reached the top of the column expansion above the tray and

wall effects could have reappeared. These point efficiencies are compared

with 1 mm perforation size rectangular tray results (see Chapter 7) in

Figure 8.3. All the results obtained are tabulated in appendix A.

8.6 Tray Efficiencies Using Modified Column Point Efficiencies

The point efficiencies measured at an outlet weir height of 12.7 mm

in the modified column were used to develop a correlation using a least

mean square polynomial fitting method. The following equation was obtained:-

Eog = 0.902 - 0.359 x + 0.376 x°

The point efficiencies calculated from this equation are shown on Figure
8.3, represented by a dotted line.

These efficiencies were then incorporated into the eddy diffusion
model described in Chapter 7, simulating conditions under which the 1 mm
perforation tray distillation was carried out in order to evaluate tray

efficiencies. These tray efficiencies are compared with the model

prediction of actual 1 mm hole size rectangular tray measurements in
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Figure 8.4.

There is a 10 to 20 per cent difference between the tray efficiencies,
which would provide a fairly accurate, safe design of a distillation

column.

8.7 Scale-up Work

Dribika and Biddulph (1986), using the application of the penetration

theory, developed a scale-up equation for translating efficiencies from

one column to another. The equation is as follows:-

. 0.5
h H.l
NGl [._ﬁ_.._f_ ] 6.

NOG2 hLZ - Hf2

When 1 and 2 referred to the modified Oldershaw column and rectangular
columns respectively.
The measured froth heights are tabulated in appendix A, Tables A.4.1

and A.4.2 were used to develop the following equations by a least mean

square method:-~

803

H.1 1,884 + 4.022 x1 ~ 2.477 x°

f

He

8.4

[

3,458 + 4.15 x

The tray liquid hold-up was calculated by the Bennett et. al. (1983),

correlation, Chapter 7 equation 7.8.

The overall number of transfer units or the point efficiencies, were

then calculated using the equation 6.8, Chapter 6.
The resulting point efficiencies are plotted in Figure 8.3. These

point efficiencies compare very well with the large tray point efficiencies.

The eddy diffusion model was then used as in 8.6, to predict tray
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efficiencies for the 1 mm perforation size large tray. These predicted

efficiencies are only 2-4 per cent lower than actual large tray effic-

iencies, (see Figure 8.4).

8.8 Discussion

The increase in the outlet weir height in the modified Oldershaw

column, as expected, caused a marked increase in the measured point

efficiencies. These peint efficiencies are now compatible with the ones

operating on a larger distillation tray. For a more accurate design the

scale~-up equation 8.2 can be used. The only difficulty in using the

equation is a lack of information about the biphase height on the large

tray, and the way the liquid flows across a circular tray. This equation

was developed using experimental results from the rectangular tray column

where detrimental flow non-uniformities and stagnant zones characteristic

of large circular trays do not exist. In Chapter 7, it was concluded that

the hole size had a relatively small influence on tray efficiencies. This

means that the modified column could be used for the design of larger

perforation size trays. Fair et. al. (1983), quoted that higher mass

transfer efficiencies obtained in an Oldershaw column are due to the small

perforation size. They derived the following scale-up relationship,

comparing the mass transfer of such a column with larger columns, on the

basis of the same approach to flooding:-

(Kog)1 al

Koe), 5, - °

8.5

As our study of the effect of the hole size in Chapter 7 indicated

this relationship, although correct, may have been mis-interpreted. As
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the hole size has a relatively small effect on mass transfer efficiencies,
(Kog)1 should have the same value as (Kog)2. The remaining terms at

and a2 should therefore be responsible, if we assume the same flow

conditions were achieved in their Oldershaw and large tray column. The

interfacial contact between the liquid and gas is directly related to
liquid hold up and the biphase height, and this is the only major

difference between the mass transferred on a larger tray column compared

with the small laboratory Oldershaw column.
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STUDY OF NON-IDEAL TERNARY DISTILLATION EFFICIENCIES

9.1  Introduction

Multicomponent systems are divided into two catagories. Firstly,

thermodynamically ideal where the system is constituted from molecules

of a similar nature and structure. Close members of a homolegous series

or components with the same order of polarity would fall into this category.

Secondly, thermodynamically non-ideal systems, where components of different

Toor (1957)

molecular structure and polarity constitute the system.

showed theoretically that for thermodynamically non-ideal ternary systems,

there are marked differences between the binary and termary mass transfer

arising from interactions between the diffusing species. This was partly

explained, in the earlier investigations into multicomponent efficiencies

by Nord (1948) and Qureshi and Smith (1958) where different component

efficiencies were reported. This was because, in a non-ideal system

individual components have different diffusion coefficients and in addition

diffusional interactions play an important role. Figure 9.1 shows a

comparison of diffusivities of binary alcohol-alcohol and alcohol-water
pairs of interest in this investigation (see appendix C for calculations).
As there are large differences between the diffusivities of these pairs,
according to Toor (1957) significant interaction effects can be expected

in a multicomponent mixture of alcohol-water which may result in individual

components showing different point efficiencies.

In multicomponent systems, independently of the thermodynamic behaviour,
individual components operate with different effective equilibrium line
slopes which can result in different individual component tray efficiencies

(Biddulph 1975). Dribika (1986) confirmed this expectation experimentally

by distilling an ideal ternary system MeOH/EtOH/n.ProOH.

In this chapter, the results from two ternary non-ideal systems of
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MeOH/n.PrOH/HQO and MeOH/EtOH/HQO are reported, using the modified
Oldershaw column (Chapter 4) and the rectangular distillation column (see
Chapter 5). The intention is to broaden knowledge of the behaviour of
non-ideal multicomponent system efficiencies. The feasability of using
small column efficiencies to predict large tray applications is also
investigated. Furthermore, the middle components of such systems are
known to exhibit maxima in concentration (Cilianu et. al. 1974; Dribika
1986), and the adequacy of the Murphree definition of point efficiency
to represent these conditions has been tested. Lockett (1986), in his
recent review, has emphasised the need to test multicomponent efficiency
prediction methods against data from large-scale columns using the
predictive methods (Diener and Gerster 1968; Krishna et. al., 1977 and
Medina et. al., 1979) based on the application of the Maxwell-Stefan

equations for diffusion, the adequacy and accuracy of these methods for

large tray measurements are tested in this chapter.

9.2 Vapour Liquid Equilibrium (VIE) Data

The VLE measurements on the systems MéOH/n.PrOH/HQO and MeOH/EtOH/

H,0 were carried out by Ochi and Kojima (1969) and Delzene (1958) respect-

ively, compiled by Gemhling and Onken (1977). The Wilson model, incorp-

orating binary parameters of the pairs constituting each ternary system,

was used to test the predictions against the reported measurements. This

comparison is shown in the Table 9.1.

Thermodynamically consistant parameters used for the required
calculation were reported in Chapter 4, Table 4.1, and in addition the

following thermodynamically consistent Wilson parameters were used as

tabulated in Table 9.2.



- 144 -

Table 9.1 Comparison of the differences between the measured and

predicted bubble temperaturs and vapour equilibrium

composition
- L3 ¥*
S = - ‘ -
ysten | ™o,mxp Mo, prED /n S T PRE:J, /n
C
MeOH/EtOH/H2O 0.43 0.0222
MeOH/EtOH/H2O 0.79 0.0011

Table 9.2 Binary Wilson Parameters

System Wilson Parameters Reference
Methanol-Ethanol 226,951, 284.643 Gemhling and Onken
(1977 Part 1)
Ethanol-n.Propanol 385.395, 299.258 Dribika and Biddulph
(1986)

9.3.a  Equipment
The modified Oldershaw column has been described in Chapter 4, and
the rectangular column has been described in Chapter 5. The rectangular

tray details are given in Chapter 6, Table 6.1.
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9.3.b  Experimental

All the experiments were carried out at atmospheric pressure and total

reflux, with a superficial F-Factor of about 0.5 m/s (Klg/ins)o'5 to ensure

steady operation in the mixed froth regime. PFurther details of the

experimentation are given in Chapters 4 and 6. The samples were analysed

by gas chromatography, as reported in appendix D, with an accuracy of

+ 0.0043 mole fraction and + 0.0053 mole fraction for MeOH/EtOH/H,0 and

MeOH/n.PrOH/HQO systems.

Prediction of Individual Component Point Efficiencies Application

9.4
to the Syster: MeOH/n.PrOH/H,0

These methods are based on interpretations of the Maxwell-Stefan

equations for diffusion and their application to ternary distillation

using binary data. The individual component point efficiencies are predicted

by applying these equations (Diener and Gerster (1968), Krishna et. al.,

(1977), Krishna (1977) and Medina et. al. (1979). A summary of these

methods is given by Lockett (1986). The following assumptions are made:-

i) Equimolar mass transfer

ii) No influence of finite mass transfer rates on the mass transfer

coefficient

iii) Neglecting thermodynamic correction factors.

It is also assumed that gas-phase resistance to mass transfer is

controlling. The following steps are taken to carry out the required

calculations:-~
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a) Evaluation of binary overall, liquid phase and vapour phase
Number of Transfer Units. These can be obtained experimentally by carrying

out experiments under the same hydrodynamic conditions. This is the

approach taken here whereby the binary experimental data in the rectangular

distillation are used. These binary data can also be calculated using

standard procedures available (see Chan and Fair (1984)).

b) Evaluation of Equivalent Ternary Transfer Units (Method of
Diener and Gerster (1968)

Diener and Gerster (1968), suggested the following equations:-

NTG11 = NG.13 (Y1 NG23 + (1 - Y1) NG12))S 9.1

NTG12 = Y1 NG 23 (NG13 - NG12)/S 9.2

NTG21 = Y2 NG 13 (NG23 - NG12 )/S 9.3

NTG22 = NG 23 (Y2 NG13 + (1 - Y2) NG12 )/S 9.4
where:

S = Y1 NG23 + Y2 NG13 + Y3 NG12 9.5

Equations 9.1 to 9.5 are used to compute the ternary equivalent liquid

phase mumber of transfer units (NTL) using binary liquid phase transfer

units (NIij), substituting (NIL) by (NIG), and (NLij) by (NGij). Note

also that a theory has not yet been developed to take into account the

thermodynamic non-idealities in the liquid phase. This is the main reason

why the vapour phase resistance to mass transfer is required from the

binaries,if the above theory is to be used. Finally Krishna (1980)

questioned the work by Medina et. al. (1979) regarding the effect of

surface tension on mass transfer, as the multicomponent theory does not
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take this to account. The surface tension of the ternary MeOH/n.PrOH/HZO

measured at boiling point, Figure 3.6, indicates that the surface tension
gradients are only significant at a very low water concentration, and will

not have any significant effects at higher alcohol concentrations.

c) Ternary equivalent slope of the equilibrium line (mij) are

calculated from theoretical tray column simulations taken from two adjacent

trays n + 1 and n:

Y -Y

o1 = 1,n+1 1,n 9.6
x1,n+1 - x1,n
Y -Y

012 = 1,n+1 1,n 9.7
x2,n+1 - x2,n
Y -Y

o1 = 2,n+1 24N 9.8
X1,n+‘l - x1,n
Y - Y

002 = 2,n+1 2,n 9.9

*2,n41 T *2,n

d) Ternary overall-gas-phase transfer units (NOGij) are then
calculated by combining the ternary gas and liquid phase transfer units
and incorporating in the same manner as for a binary system using the two

film theory. Diener and Gerster (1964) give further details of the

equations used.

e) BEvaluation of the elements of the matrix
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~NOG11 ~-NOG12
EXP -NOG21 -NOG22

G11 G12
9.10
G21 G22

The equations G11, G12, G21 and G22 are derived using Silvester's theorem,

EXP —NOG]

and are given by Diener and Gerster (1968), with a slightly different form

by Krishna et. al. (1977).

Calculations of vapour compositions leaving the test tray, Y1n’ Yon

and YSn'

f) Calculations of the individual component point efficiencies
E0g1, Eog2 and EogB.

The numbers of liquid phase and vapour phase transfer units were
available from experiments using the rectangular column for the binaries
constituting the system MeOH/h.PrOH/HZO from Dribika (1986) and Table 6.3

for the system n.PrOH/H,0. These experiments were all carried out at

similar hydrodynamic conditions. Table 9.3 summarises the values of NL

and NC.

Table 9.3 Values of NC and NL

System NG NL
MeOH/HZO 2.56 12.5
MeOH/n.PrOH 1.61 5.83
n. ProB/H,0 1.88 7.05

The vapour phase was controlling the mass transfer for all these binary

systems.
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9.4.2 Method of Medina et. al. (1979)

All the basic steps as indicated by the equations 9.1 to 9.5 and 9.10
are taken to calculate the overall number of transfer units, replacing
NOGij by NGij. The point efficiencies for the binary systems of interest
were measured by Dribika (1986), and for the systems n.PrOH/H2O measured
as reported in Chapter 6. These data were correlated by a least mean-

square polynomial method to give the following equations:-
Systoem w0 7.0

v

Eog = 0.8482 + 0.101 X 9.1

System MeOH/n.PrOH

Eog = 0.6449 + 0.166 X 9.12
System n.PrOH/H,0
° ’ 9.13
Eog = 1.0048 - 1.74 X + 4.4 X° - 3.19 X .

Note that all the above binary measurements were carried out under the
same running conditions as the ternary measurements.

The composition of the vapour leaving the test tray was evaluated

by the following equations:-

*

* ¥*
- 1 -Y o1
n,1 + G11 (xn’1 Y n,1) + G12 (xm,2 n,2) 9.14
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Y Y G21 Y ) + Ge2
n2~ ' qg2* (x I R (xn,Q - n,2) 9215
Yh,B =1 - Yh’1 - Yn,2 9.12

The individual component point efficiencies were calculated using

the Murphree equation.

MWL v T ox L)
n,i n,i

9.4.3 Method of Krishna et. al. (1977)

The equations 9.1 to 9.5 and 9.10 were used to compute the ternary

equivalent gas phase numbers of transfer units, using the N, values as
tabulated in Table 9.3
The individual component point efficiencies were then calculated

using the following equations:-

Eog, = Eog11 + EBog,,/r 9.7
Eog, = Eog,, + Eog,,/r 9.18
where:
- o1
Bogyy = 1-0Gyy 919
- .20
Bogy, = - Gyy 9
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Eog21 = —G21 9.21

Eog‘22 = 1 = Géz 9.22

[ is the ratio of driving forces of components 1 and 2.

9.5 Deduction of Point/Tray Efficiencies

The "Eddy diffusion" model (Biddulph 1975), described in detail in

Chapter 7, was used to simulate the ternary experiments carried out in the

rectangular column., The mixing study data are reported in 6.7. The vapour

and liquid enthalpy values are given in appendix C., The 'K' values were

calculated from V.L.E. data computations, taking into account the non-

idealities in both phases (see appendix B). The point/tray efficiencies

were thus inferred by matohing with the observed composition profiles

across the tray.

To predict the composition profiles across the tray for a given run

using the predicted or measured point efficiencies the same procedure as

described in Chapter 7 was used. The reboiler and bottom tray conditions

were simulated as in the experimental runs. The point efficiencies of two

components were used to predict the composition profiles across the tray,
ensuring that the component which exhibited the maximum in concentration

was not one of these, as there are large errors involved in computation

of Murphree point efficiency for such component (Medina et. al. 1979). In

an n-component mixture only (n-1) efficiencies can be specified. Note that

the K~-values were computed separately for each run as they were composition

dependent.
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9.6 Modified Column Point Efficiencies

The Murphree equation 9.16 was used to calculate the point efficiencies.

9.7 Results

9.7.1 Modified 0ldershaw column

The Murphree point efficiencies for these two ternmary systems are

tabulated in Tables 9.4 and 9.5 as a function of their composition and

second and third component K values.

9.7.1.1  System: MeOH/n.PrOH/H,0 Results

The biphase height was closely examined for all the runs. The biphase

height varied from 1.5 to 2.5 cm. It was at its lowest and seemed to be

less bubbly for the runs 202 to 207. Examining these runs reveals that at

these concentrations the system would have been slightly negative, with
water transferring from liquid to the vapour phase (see the K-values of

water in Table 9.4), according to the classification of Zuiderweg and

Harmens (1958). For the rest of the runs the biphase was bubbling more

and these were slightly positive according to Zuiderweg classifications.

The biphase increased in height from 1.5 to 2.5 cm as more water was added

to the reboiler. In Figure 9.2 the point efficiency of methanol is

plotted against its concentration on the test plate. There is a decrease

in methanol point efficiency corresponding to the negative runs. This is

because the plate seemed to have a larger capacity for the positive systems

than for the negative (Fell and Pinczewski 1977). The work in Chapter 8
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Table 9.4 Modified Oldershaw Column Point Efficiencies System:
MeOH/n.PrOH/H2O
RUN NO. X1 X2 K3 K2 Eog1 Fog? Eog?
202 0.2707 0.5911 1.23 0.56 0.60 0.66 1.26
203 0.2231 0.5454 1.14 0.61 0.56 0.66 1.56
204 0.1911 0.5139 1.08 0.65 0.56 0.68 2.58
206 0.1431 0.4784 1.03 0.17 0.57 0.72 -2.81
207 0.1699 0.4357 0.92 0.75 0.57 0.71 0.08
208 0.1511 0.4292 0.91 0.78 0.57 0.72 0.20
209 0.1322 0.4145 0.89 0.83 0.58 0.76 0.29
210 0.1143 0.4100 0.89 0.87 0.60 0.80 0.42
211 0.0977 0.3919 0.88 0.92 0.65 0.82 0.56
212 0.0818 0.%912 0.88 0.95 0.71 0.90 0.65
213 0.063 0.3986 0.90 0.97 0.78 0.80 0.78
214 0.0522 0.4032 0.91 0.99 0.77 1.21 0.73
215 0.0985 0.3598 0.84 0.97 0.73 1.40 0.65
216 0.0867 0.3626 0.85 0.99 0.76 2.31 0.71
217 0.0692 0.3627 0.86 1.03 0.78 0.70 0.77
218 0.0572 0.3403 0.84 1.11 0.80 0.71 0.77
219 0.0443 0.2877 0.79 1.30 0.82 0.63 0.7
220 0.0491 0.3226 0.82 1.18 0.84 0.75 0.80
221 0.1040 0.2750 0.75 1.16 0.78 0.59 0.72
222 0.1850 0.2233 0.68 1.08 0.78 0.08 0.71
223 0.2837 0.1688 0.61 0.98 0.76 3.56 0.71
224 0.3360 0.1499 0.58 0.90 0.71 0.86 0.73
225 0.4501 0.1011 0.52 0.74 0.74 0.86 0.73
226 0.5271 0.0723 0.40 0.67 0.66 0.43 0.68
227 0.5725 0.0587 0.47 0.64 0.72 0.62 0.73
228 0.6322 0.041 0.45 0.56 0.73 0.68 0.76
229 0.6891 0.0256 0.43 0.50 0.75 0.73 0.76
230 0.7359 0.0156 0.43 0.46 0.78 0.83 0.78
231 0.7542 0,0110 0.42 0.9 0.69 0.84 0.73
232 0.7862 0.0062 0.42 0.42 0.78 0.91 0.77
233 0.7722 0.0221 0.44 0.42 0.73 0.27 0.76
235 0.7864 0.0403 0.43 0.39 0.87 0.86 0.87
236 0.8424 0.027 0.44 0.36 0.79 0.81 0.79
237 0.8651 0.0211 0.44 0.35 0.79 0.80 0.79
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Table 9.5
RUN NO. X1 X2 K2 K3 Eog1 Bog2 Fog3
281 0.1427 0.1889 1.78 0.56 0.89 0.76 0.82
283 0.3691 0.1149 1.23 0.49 0.73 0.73 0.73
284 0.4442 0.0872 1.1 0.47 0.75 0.98 0.76
286 0.5892 0.0486 0.91 0.45 0.78 0.26 0.79
287 0.6585 0.0309 0.83 0.44 0.79 0.56 0.79
288 0.6868 0.0252 0.81 0.44 0.80 0.39 0.81
289 0.6108 0.1105 0.83 0.47 0.76 0.50 0.79
290 0.5441 0.1805 0.85 0.50 0.34 0.53 0.78
291 0.6009 0.1507 0.81 0.49 0.72 0.53 0.77
292 0.655 0.1219 0.77 0.48 0.74 0.55 0.79
293 0.6800 0.1102 0.75 0.47 0.74 0.53 0.78
294 0.6559 0.1275 0.76 0.48 0.69 0.52 0.73
295 0.6220 0.1578 0.78 0.49 0.72 0.57 0.76
296 0.550 0.2196 0.81 0.52 0.74 0.61 0.79
297 0.5120 0.2536 0.83 0.54 0.73 0.62 0.72
298 0.4631 0.2958 0.85 0.56 0.73 0.64 0.76
299 0.4407 0.3%036 0.87 0.56 0.72 0.64 0.75
300 0.3910 0.351 0.89 0.59 0.73% 0.64 0.76
301 0.3651 0.3619 0.91 0.57 0.73 0.65 0.97
302 0.3090 0.4219 0.93 0.63 0.72 0.66 0.74
303 0.2609 0.4219 0.95 0.66  0.69 0.58 0.72
304 0.2439 0.4706 0.97 0.66 0.74 0.66 0.75
305 0.2296 0.4678 0.98 0.66 0.75 0.94 0.74
306 0.2148 0.464 1.01 0.66 0.73 1.20 0.75
307 0.2001 0.4641 1.0% 0.66 0.75 0.74 0.76
308 0.1872 0.4628 1.05 0.66 0.71 0.77 0.75
309 0.1716 0.4598 1.06 0.66 0.74 0.21 0.73
310 0.1 0. 1.1 0.66 0.76 0.69 0.73
1 0.1251 0.2232 1.18 0.65 0.76 0.76 0.76
312 0.1266 0.3883 1.26 6.3 0.76 0.67 0.72
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also supports this conclusion. The individual point efficiencies for

this system are also different from each other as expected. This system
shows maxima in concentration for the middle components (water in case of
the runs 202 to 207). The point efficiencies of these components were
found to exceed the interval(0 - 1.0). In the Figures 9.3 and 9.4 the

point efficiencies of n.PrOH and H20 are plotted against their X' values.
These point efficiencies are outside the boundary(O - 1.0)as the volatility

of the component passes through unity (i.e. its concentration maxima).
However, at high methanol concentrations these differences in individual
point efficiencies were found to be rather small for some of the runs,
(e.g. Runs 229, 235, 236, 237, 238 and 239). This is in support of the
theory of interaction effects, as at high methanol concentrations the

number of the polar, i.e. water, and large molecular components, i.e.

normal propanol, are markedly reduced.

9.7.1.2  MeOH/ EtOH/ H,0 System Results

The biphase was observed to be bubbly and the height almost constant

at 2.3 cm throughout the composition range studied. The point efficiencies

for this system are plotted against the methanol concentration in Figure 9.5.
The differences in point efficiencies for this system are almost negligible

at high methanol concentration, as expected, but at low ethanol concen-

tration, the point efficiencies of this component are reduced with the other

two components showing little change at an average value of 0.75. There

was one run, 306, where the K-value of ethanol reached unity and its point

efficiency exceeded the (0 - 1.0 Yregion to reach 1.2, which can be explained

as before.
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9.7.2 Rectangular Column Results

9.7.2.1 MeOH/h.PrOH/Hzo System Results

The composition and temperature profiles across the tray for this

system are plotted in Figures 9.6 and 9.7. A comparison of the measured

and observed bubble-point temperatures for this system is also shown in

Figure 9.8. The measured and observed bubble-point temperatures agree very

well. Table 9.6 also gives the mean composition of each component,

calculated as in Chapter 6. The average observed biphase height for each

run is also included.

Table 9.6  Average Composition and Biphase Heights

RUN NO, X1 X2 X3  Biphase Height

(cm)
WA 0.1533 0.5213 0.3255 4.0
WB 0.2847 0.4126 0.3027 4.0
WC 0.3%611 0.3557 0.28%2 4.5
WD 0.2474 0.3927 0.3098 5.0
WE 0.1460 0.2015 0.6525 7.0
WF 0.0785 0.1343 0.7870 7.0
WG 0.2127 0.2103 0.5769 7.0
Wl 0.1572 0.2388 0.6041 7.5

For the runs WA and WB, water was transferring weakly from the liquid

to the vapour phase and the system was negative according to the usual

classification. In runs WC and WD, water had reached its maxima in

concentration and the system was neutral. For the runs WE to WI the

system was positive. The froth height of the runs WA to WE were also

lower, as positive systems are known to encourage greater capacities on a

seive tray with small holes (Fell and Pinczewski, 1977).
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The tray efficiencies of the individual components for each run

were calculated from the inlet and outlet composition measurements. They

were found to be significantly different (see Table 9.7). The point

and tray efficiencies were also inferred from fitting the measured comp-
ogition profiles to the eddy diffusion model, and are included in Table
7.8. These individual component point efficiencies were found to be

significantly different for the runs WA, WB, WC, WD and WI, whereas for

the runs WE, WF and WG constant individual component point efficiencies

were operating across the tray. The measured and model tray efficiencies

for the components not exhibiting maxima in concentration also compare

very well.

The point efficiencies were also predicted using the three methods

described in 9.4, using the average conditions obtained on the tray. These

point efficiencies are compared with the predictions from the model in

Table 9.8. Included are also point efficiencies measured in the modified

column. For some of the runs the composition in the small column were very

similar to the average composition, in the rectangular column. These were

runs 206, 246 and 222 matching with runs WA, WC and WG respectively.

The average deviation of these point efficiencies from the model are

also included in this table. It may suggest that the methods of Diener

and Gerster (1968) and Medina et. al. (1979) to predict the point effic-

iencies are more accurate with the modified column and the results from

the Krishna et. al. (1977) model follow closely. Note that the statistical

test did not include the efficiencies of the components passing through

a maximum in concentration, as experimental errors are predominant here.
These point efficiencies from each prediction method were then

incorporated into the eddy diffusion model simulating the large column

experimental runs to predict the composition profiles across the test tray.

These composition profiles are included in Figure 9.6 and are compared
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Table 9.7  Comparison of Tray Efficiencies System: MeOH/n.PrOEL/HQ_O_
Emv Emv2 Ernv3
RUN Measured Model Medi Diener M.C. Measured Model Medi Diener M.C. Measured Model Medi Diener M.C.
WA 1.22 1.28 1.27 1.05 0.90 1.16 1.3% 0.89 0.95 0.96 173 1.42 0.20 0.76 1.07
WB 1.7 1.11 1.27  1.09 - 1.16 1.10  0.94 0.92 -~ 1.73 1.29 9.6 6.9 -
WC 1.19 1.05 1.22 1.07 0.87 1.27 1.01 0.98 0.9% 0.90 1.24 1.24 2.25 1.67 0.75
WD 1-19 1.17 1.27 1.08 — 1.12 1.17 0.95 0.91 - 1.42 1.18 4.7 2.82 -
WE 1.41 1.40 1.88 - - 0.59 0.33 0.34 - - 1.02 0.88 1.13 - -
WF 1.50 1.5t 1.78 - - 0.77 0.86 1,22 - - 0.98 1.05 0.98 - -
WG 1.49 1.54 1.53 1.66 1.40 0.43 0.02 0.22 0.12 -=0.25 1.16 1.1 1.17 1.12  0.93
Wl 1.5 1.45 1.59 - - 0.37 0.17 0.56 - - 111 0.89 1.14 - -
Emv, -Emv,
i Vl ea, 0.06 0.14 0.13 0.22 0.18 0.25 0.2 0.4 0.18 0.05 -
n
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with the experimental points. This comparison agnin agrees with the
earlier suggestion that the method of Diener and Gerster (1968) and

Medina et. al. (1977) are more suitable. The tray efficiencies inferred

from the simulations are included in Table 9.7 and compared with measured
and model tray efficiencies, with the Diener and Cerster (1968) showing

the least deviation from the measurements.

9.7.2.2 MeOH/EtOH/HQO System Results

The temperature and composition profiles measured for this system

are plotted on figures 9.7 and 9.9 respectively. A comparison of the

measured and the bubble-point temperatures, including the ones corres-

ponding the inlet and outlet downcomers, are also included. These bubble-

point temperatures, as for the previous system, compare very well with the

measurements with most of them slightly higher due to the heat transfer

from the vapour phase, (see Figure 9.8).

These composition profiles the same way as before were simulated

using the eddy diffusion model to infer point/tray efficiencies. These

efficiencies, together with the measured tray efficiencies and the average

liquid composition on the tray, are included in Table 9.9. The biphase

of mixed liquid, froth and droplets had an average height of about 8 cm

for this highly positive ternmary system. The average deviation of the

tray efficiencies predicted by the model from the measured values are also

given in Table 9.10. The agreement is excellent.

Table 9.10  Mean Deviation in Modelling Component Tray Efficiencies

MeOH EtOH HQO

E . E .
mvi mvi model 0.065 0.084 0.047
n
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Runs

Table 9.9

Exneriment and predicted results

System MeOH/EtOH/HQ_O_

Mean liquid Experimental Component Predicted component
composition across component tray point tray efficiencies
the tray efficiencies efficiencies by the model
MeOH BtOH H2O MeOH EtOH HQO EtOH H20 MeOH EtOH H20
XA 0.5229 0.0993 0.3778 1.226 0.73%0 1.130 0.88 -1.20 0.97 1.188 0.726 1.163
XC 0.4676 0.1084 0.4339 1.157 0.6878 1.116 0.80 -2.80 0.93 1,080 0.705 1.05
XD 0.4108 0.2193 0.3699 1.244 0.026 1.150 0.86 -0.20 1.02 1.263 0.190 1.174
1B 0.2595 0.3792 0.3%613 1.316 0.694 1.121 0.86 0.86 0.86 1.442 0.463 1.115
XF 0.2283% 0.4172 0.3545 1.392 0.774 1.180 0.88 0.88 0.88 1.535 0.487 1.171
XG 0.1960 0.4195 0.3845 1.380 0.776 1.110 0.76 0.86 0.75 1.228 0.621 1.020
XH 00,2004 0.391 0.4087 1.310 0.784 1.115 0.75 0.90 0.76 1.209 0.641 1.001
XI 0.1827 0.4482 0.3%691 1.302 0.847 1.106 0.80 0.90 0.81 1.340 0.787 1.090
XJ 0.5614  0.2051 0.2335 1.159 1.325 1.126 0.81 0.67 0.87 1.132 1.437  1.075
XK 0.5498 0.2266 0.2236 1.170 1.280 1.140 0.81 0.67 0.87 1.132 1.437 1.075
XL 0.2419 0.2252 0.5329 1.314 0.992 1.168 0.81 0.99 0.85 1.229 0.913 1.097
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The efficiencies of the components passing through a maximum in concentratior
are excluded from this analysis, (i.e. ethanol runs XA, XC, XD and XE).

The individual component point efficiencies for this system, as
expected, were different from each other, but there were some runs where
equal component point efficiencies were operating across the tray. These
differences in component point efficiencies are again attributed to
different diffusional mobilities of the individual components (Krishna,

1977 Krishna and Standart, 1979). The middle component, ethanol, point
efficiencies were found to be composition dependent, taking values also
outside the (O - 1.0) interval, when composition maxima occured. This is
due to the effect of experimental errors in evaluating Murphree point
efficiencies (Medina et. al. 1979, see also Chapter 10). The individual
component tray efficiencies, as expected (Biddulph 1975), were significantly
different from each other even, with equal component point efficiencies
operating across the tray, which emphasises the effect of limited liquid
back mixing on individual component composition gradients (the same as

for the system MeOH/n.PrOH,/H20).

An attempt was also made to predict the tray efficiencies and comp-
osition profiles of some of the runs by simulating these runs, but using
the modified Oldershaw column point efficiencies. Runs 296, 302 and 308
were found to operate with approximately similar compositions as runs
(X7 and XK), XE and XI respectively, and their point efficiencies, similarly

to the previous system, follow the same trend as the inferred values from
the rectangular column. The deviation of these point efficiencies for
individual components are included in Table 9.11., The efficiencies of

the modified column, as expected, were lower than the larger column (see

Chapter 8).



- 163 -

Table 9.11 Deviation Between Modified Column and Rectangular Column

Point Efficiencies

(Eog’iRecta - Fog; modi)

Runs MeCH EtOH HéO
XJ and 296 0.07 0.09 0.08
XK and 296 0.07 0.05 0.09
XE and 302 0.13 0.20 0.12
XI and 308 0.09 0.23 0.08
Average Mean 0.09 0.14 0.09
Deviation

Slightly higher deviation of the intermediate component is due to

the effect of experimental error on point efficiencies. The predicted

composition profiles, using these point efficiencies, are included in

Figure 9.9. The comparison is very good. Table 9.12 also shows the tray

efficiencies for individual components and their deviations from the

measured values. This comparison gives further encouragement to use

small column point efficiencies in the future design of columns operating

on multicomponent distillation systems.

Tray Efficiencies of Rectangular Column using Modified

Table 9.12
Column Point Efficiencies
Tray Efficiency Deviation
Sl?;&itlon E%vi EEVZ ERVB L 2 3

XBE 1.12 0.38 0.88 0.20 0.31 0.24
XI 1.11  0.67 0,91 0.21 0.18 0.19
xJ 1.00 1,19 0.96 0.16 0.13 0.18
XK 1.00 1.24 0.96 0,170 0.04 0.18

Average Deviation 0.19 0.17 0.20
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9.8 Discussion

a) As expected, the individual components in these two ternary
systems showed different point efficiencies due to the diffusional inter-
actions arising from different molecular structure and polarity. However,
there were some runs where equal component point efficiencies were
operating across the tray, for both of the distillation columns used.
This behaviour could b2 a result of the interaction effects of reverse
diffusion, diffusion barrier or osmotic diffusion, due to large non-
idealities and the very different diffusional characteristics of alcohol/
alcohol and alcohol/water systems (see Figure 9.1). This is in agreement

With the theory of Toor (1957), Krishna et. al. (1977) and Krishna and
Standart (1979).

b) The intermediate components, ethanol in the case of MeOH/EtOH/HZO
system and either HZO or n.PrOH in case of the MeOH/h.PrOH/HéO system, were

capable of transferring from vapour or liquid or could exhibit a concen-—

tration maxima in the composition profile across the tray. In most of the

runs the intermediate component showed the highest point efficiencies.
The point efficiencies of the intermediate component were also found to
80 outside the interval (0 - 1.0) when concentration maxima occurred.
This is the direct result of errors in evaluating the Murphree point

efficiencies. However, these values will not have any effect on the

prediction of the composition of that component (Medina et. al. 1979).
c) As expected, there were larger non-idealities in the system

MeOH/n.PrOH/HQO, as the structure of the components constituting this

system are different from those in the system MeOH/EtOH/HQO.
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d) The system MeOH/h.PrOH/HgO wag capable of exhibiting both
positive and negutive surface tension behaviour, although the surface
tension driving force was fairly low for the composition ranges studied

(see Figure 3.6), The biphase in the positive runs seemed more bubbly,

whereas for the negative runs less bubbling but more spraying was observed.
These observations are in agreement with works of Zuiderweg and Harmens

(1958) and Bainbridge and Sawistowski (1964). However, the foamy biphase

suggested by Zuiderweg and Harmens (1958) was never observed. The biphase

in the negative runs was generally smaller in height than the positive
system runs, which explains why lower point efficiencies were obtained.

In Chapter 8 the effect of biphase height on the point efficiency is

described in detail. If the surface tension behaviour of the ternary

system MeOH/n.PrOH/HEO can be assumed to be similar to the binary n.PrOH/
H,0 and the ternary MeOH/EtOH/HZO similar to MeOH/HZO (see Chapter 3),
this means that there are larger surface tension gradients in the latter.
The higher, measured point efficiencies for the MeOH/EtOH/H20 system,

especially for the non-interacting component methanol in the rectangular

column, is probably due to greater surface renewal effects. The measure-~

ments in the modified column give a more confused picture due to the

smaller gas and liquid contact (see Chapter 8) on the test tray.

e) The eddy diffusion concept (Biddulph 1975) was found to model

the differences in component tray efficiencies, including the higher and

the lower efficiency values. This model is flexible and requires n-1,

component point efficiencies. This means that the component which shows

a maximum in concentration can be left out, as its concentration is

independent of the point efficiency to carry out the simulation.
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f) One of the most important features of the work carried out in
this chapter, is the illustration of differences between component tray

efficiencies, despite the fact that equal component point efficiencies

were operating across the rectangular tray. This is a result of the

limited back mixing on the tray. This influences the individual component

composition gradient across the tray. Similar predictions were noted in

a study of an air distillation column and an aromatic column, Biddulph

(1975), Biddulph and Ashton (1977) respectively. These experimental

findings confirm such predictions. The fact that component tray

efficiencies can vary widely from one another in multicomponent systems,
due to the thermodynamic non-idealities or the effect of back mixing, can

obviously casts serious doubts on the validity of the normal design approach

of using constant and equal component tray efficiencies.

g) Individual component point/tray efficiencies and composition

profiles were predicted using the methods of Krishna et. al. (1977),

Medina et. al. (1979) and Diener and Gerster (1968) respectively. From

these methods the largest deviation from the measured values was obtained

with the Krishna et. al. (1977) method. This is due to using the number

of gas phase transfer units (NGij) in the original computations to fulfil
the assumption of no liquid phase resistance to mass transfer. The other

two methods are also based on the same assumption, however as the overall
number of transfer units (NOGij) take into account the number of ligquid
phase transfer units (NLij)’ better predictions were obtained. An

attempt is also made to model the rectangular column distillation runs

using modified column point efficiencies. These efficiencies were chosen

from a number of runs made using this column with approximately similar

compositions on the tray. The deviations of the tray efficiencies and the

composition profiles obtained were similar to those using the prediction
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methods. However, the work on this column indicated (see Chapter 8)
that better point efficiencies may be obtained using this column fitted
with a 12,7 mm outlet weir. These efficiencies may be scaled up to values

very clcse to the cres operating across the rectangular tray.
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CHAPTER 10

EFFICTENCIES OF A QUATERNARY SYSTEM




EXFICIENCIES OF A QUATERNARY SYSTEM

10,1 Intrcduction

The number of efficiency studies in multicomponent distillation is

The majority of these studies concern ternary systems and even

(Gelbin 1965,

limited.

less attention has bdeen paid to systems with more components.

Young and Weber, 1972),
In this chapter a distillation efficiency study of a thermodynamically

non-ideal guaternary system of MeOH/EtOH/n.PrOH/H0 is introduced. For
the first time the effect of liguid back mixing on the tray efficiencies

of such a system is studied. This system was especially chosen to extend

the knowledge of multicomponent distillation efficiencies where large

non-idealities are present. This is due to large differences between the

molecular sizes and polarities of these components, hence different point
efficiencies were expected to operate due to the presence of interactions
Figure 9.7 compares the binary gas

in both liquid and vapour phases.
As there are

diffusivities of the components constituting this system.
large differences between the diffusional mobilities of the alcohol-water
and alcohol-alcohol pairs, according to Toor (1957), Krishna et. al. (1977),
significant interactions are expected in this system in the vapour phase.

In addition, the point efficiencies in this system are also expected to be

composition dependent due to a greater liquid phase resistance associated

with aqueous systems (Mostafa, 1979, Dribika, 1986). The middle components

of this system are also expected to have maxima in concentration the same

way as in the ternary systems (Cilianu et. al., 1974, Chapter 9). The

adequacy of the Murphree definition of point efficiency to account for such

behaviour has been tested. In Chapter 9, it was implied or demonstrated

that some prediction methods can be used to estimate point efficiencies

for the ternary system, from first principles, or if enough binary data
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were available. These methods had their deficiencies as the non-idealities

in the liquid phase were not known and hence not taken into account in the

equations. It was also demonstrated that using point efficiencies measured

in the modified Oldershaw column, predictions of the same order of accuracy

as the predictive methods available were possible. In this chapter the

same strategy is used to compare the point efficiencies obtained from a

comparison of the small and large rectangular distillation columns.
Distillation runs were carried out in three plate~type distillation

columns. Firstly the familiar rectangular column, secondly the modified

Oldershaw column and thirdly a ten plate bubble cap column (the only non-

sieve tray distillation device used for this thesis).

10.2 V.L.E. Data
The vapour-liquid equilibrium data for this system were not available
in the literature, but binary measurements had been carried out and

thermodynamically consistant Wilson parameters have been established (see

Tables 4.1 and 9.2). In order to study the feasability of using these

parameters, it was decided to measure the V.L.E. data for this system

and to compare these with the predictions from the Wilson model using

these parameters. An Ellis-Froome (1954) still was used to carry out the

experiments at atmospheric pressure (see appendix B). A statistical test

comparing the measured and predicted equilibrium data established the

applicability of these parameters (see Table 10.1).

A computer model taking into account the non-idealities in the phases
(Prausnitz et. al. 1967) was used to carry out the required computation

of the vapour equilibrium composition (see appendix B).
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Table 10.7 Statistical Analysis of Measured and Predicted Equilibrium

Data

Component No. (X =X )/n X =X x, - X,

p max p lmin 1p

1 * 0.0115 0.0284 0.0003%

2 + 0.0058 0.03%42 0.0019

3 + 0.0117 0.0171 0.0008

4 + 0.0109 0.0199 0.0004
ZT—Tp/n = + 0.76°C
l T-T | pax = 2.1%

D

, T-Tp, min - 0.00°%

10.3 Equipment
The details of the modified Oldershaw column and the rectangular

columns are given in Chapters 4 and 5 respectively. The outlet weir of

the 1.8 mm hole size tray was 25.4 mm in height (see Table 6.1).

10.3.1 10 Plate Bubble Cap Column

The stainless steel column has 10 bubble cap plates, and a window is

fitted above each plate. Each plate is provided with sample points and

thermocouple points, the latter being located slightly above the plate in
such a way as to allow temperature measurements of the biphase. Each
elliptical tray contains 7 bubble caps and the tray spacing is 22.9 cm.
The column and the bubble tray arrangements are shown in Figures 10.1 and

10.2. Further details of the column are given in Table 10.2.
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The stainless steel reboiler is provided with an external steam
Jacket and an internal heating coil. The reboiler, having a capacity of

40 litres, was three-quarter filled with the test mixture. The condensers

connected in series provided a total cooling area of 2 m2, the reflux

returning to the column via a calibrated rotameter. The column was

insulated with glass wool and aluminium cladding to minimise heat losses.

Tray Details of the 10 Bubble Cap Plate Column

Table 10.2
Total Plate Area 197.4 cm2
Plate Spacing 20.5 cm
Weir Height 2.54 cm
Downcomer Area 7.8 cm2
Riser Diameter 3.1 cm
Total Riser Area 54.0 Cm2

10.4  Experimental

The experiments were carried out at total reflux and atmospheric

pressure. Sufficient time was allowed to reach steady state conditions,

the boil up rate and temperatures being noted in regular intervals. The
operation of the columns was carried out at a vapour FP-Factor of about
0.5 m/s (kg/hj)o's, which provided stable hydrodynamic conditions on the
tray. A wide range of composition was covered, and samples were collected
into prechilled bottles and analysed by G.L.C. techniques giving an

average error of + 0.0045 in mole fraction, (see appendix D for further

analysis details).
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10.4.1 Theoretical Model

The eddy diffusion model (see Chapter 7) was used to match the comp-

osition profiles across the rectangular tray and along the bubble cap

column.,

10.5 Results
Observation of the biphase behaviour on the tray indicated steady

hydrodynamic operation, with negligible entrainment and weeping. The

main results from the studies in the three different columns were as

follows;

10.5.1 Modified Oldershaw Column Efficiencies

The Murphree point efficiency, defined below, was calculated for

the individual components.

yi,n+1 B yi,n 10.1

where yi’ s i1s the vapour inlet and yi,n+1 is the vapour outlet mole

fraction. The point efficiencies and the compositions are presented in

Table 10.3. A wide range of composition was investigated and Figure 10.3

illustrates the variation of the point efficiency of methanol in the

quaternary mixtures. These efficiencies are composition dependent and

exhibit similar trends to those shown in the binaries methanol-water and

methanol-n.propanol, (Chapters 4 and 7), that is a decrease in point

efficiency at low methanol composition. The scatter in these results is
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Table 10, 3Experimental Measurements of Modified Oldershaw Column

RUN NO

249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280

X1

0.2610
0.2584
0.2154
0.1953
0.1662
0.1423
0.1116
0.1010
0.0864
0.0762
0.2019
0.3607
0.3795
0.4496
0.4782
0.5331
0.5321
0.4539
0.3968
0.3387
0.3157
0.3527
0.4406
0.4101
0.3343
0.3859
0.3228
0.2894

0.2148°

0.1786
0.1450
0.1293

X2

0.0414
0.0863
0.2216
0.2995
0.3842
0.4456
0.4151
0.4635
0.5330
0.4980
0.3897
0.2731
0:2303
0.1891
0.16U1
0.1191
0.0957
0.0883
0.0825
0.1071
0.0819
0.0643
0.0491
0.0488
0.0478
0.0805
0.0782
0.0753
0.2723
0.3647
0. 4401
0.4799

X3

0.3475
0.3232
0.2778
0.2U471
0.2216
0.2039
0.1811
0.1639
0.1398
0.1533
0.1291
0:1060
0.1018
0.0916
0.0938
0.0981
0.1057
0.1293
0.1521
0.1650
0.1986
0.1924
0.1514
0.1603
0.1851
0.1451
0.1634
0.1734
0.1002
0.0692
0.0469
0.0367

X4

0.3502
0.3322
0.2853
0.2581
0.2281
0.2082
0.2922
0.2715
0.2407
0.2725
0:.2793
0.2602
0.2887
0.2698
0.2638
0.2498
0.2665
0.3284
0.3686
0.3892
0.4037
0.3906
0.3589
0.3808
0.4328
0.3905
0.4356
0.4619
0.4127
0.3875
0.3680
0.3540

Eog1

0.69
0.61
0.60
0:.56
0.60
0.63
0.63
0.58
0:61
0.93
0.64
0.66
0.68
0.70
0.54
0.62
0.69
0.71
0.70
0.68
0.66
0.69
0.73
0.73
0.77
0.72
0.73
0.7
0.74
0.69
0.67
0.67

Eog?2

0.64
0.55
0.54
0.73
0.81
1.05
0.68
0.83
0.74
0.64
1.13
0.62
0.60
0.61
0.73
0.48
0.61
0.46
0.21
0.75
0.70
0.72
0.36
1.23
0.67
0.97
0.66
0.71
0.71
0.78
0.78
0.79

Eog3

0.78
0.71
0.69
0.66
0.70
0.7
0.72
0.7
0.71
0.84
0:73
0.73
0.79
0.76
0.75
0.70
0.71
0.75
0.75
0.76
0.80
0.76
0.78
0.77
0.92
0.79
0.80
0.90
0.85
0.86
0.90
0.87

Eogl

0.53
0.44
0.38
0.36
0.30
0.4k
0.54
0.56
0.52
0.75
0.60
0.63

0:.70
0.43
0.61
0.69
o.M

*. o, o

COO0OO00OO0ODOO0ODOOOO
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caused by the influence of varying composition of the other components.
The middle component, ethanol, shows the largest variation in point
efficiency, due largely to errors occurring in the calculation as the K-
value approaches unity, (Figure 10.4). Medina et. al. (1979) showed that
experimental errors can be very significant under these conditions, since

the numerator and the denomenator of equation 10.1 are of the order of the

experimental error. As expected, the individual components of this non-

ideal system were also shown to exhibit different point efficiencies.
The K-values required were provided from the V.L.E. data. The liquid
and vapour enthalpies were available from steam tables and Chopey Hicks

(1984), (see appendix C). A Peclet number of 39 was used, as before,

incorporated into the model to account for the liquid back-mixing on the

rectangular tray. For the simulation of the ten plate column, complete

liquid mixing was assumed and hence a Peclet number of zero was used.

This is reasonable as the tray bubbling area in the bubble cap column is

small. The biphase height was also measured to be approximately 2.2 cm

throughout.

10.5.2 Bubble Cap Column Efficiencies

A few experimental runs were made using the 10 plate bubble-cap

column to establish concentration profiles along the column when large

changes in individual component concentrations occurred. The active area

of the tray is small enough to assume complete mixing in the liquid phase.

A total of four runs were made at atmospheric pressure and total reflux,
the resulting composition profiles being presented in Figure 10.5. The
profiles could be satisfactorily simulated by using equal component

efficiencies for runs A and B, whereas runs C and D required unequal

individual component point efficiencies in some composition regions. The
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consequence of using the best equal component point efficiencies is shown
in Figurem5, run C (dashed line), and this resulted in significant
deviations from the measured composition profiles. The experimental
component point efficiencies are compared with the computer predictions

(using unequal and equal (dashed lines) point efficiencies for run C)

of point efficiencies, in Figure 10.6. These experimental component

point efficiencies vary from one tray to another, probably due to the
errors involved in sampling, and so no definite conclusion regarding the
comparison of component point efficiencies can be reached using these
data. However, the computer simulation of these runs does indicate that
unequal individual component point efficiencies do best represent runs

C and D. It can also be seen that for these two runs point efficiencies

greater thanone were required for water on some trays, but these values

were strongly dependent on the choice of efficiencies for the other three

components.,

10.5.3 Rectangular Column Efficiencies

The measured concentration profiles were matched with those predicted

using the eddy diffusion model to infer point efficiencies. This involved

guessing and re-guessing component point efficiencies until a good match

wag achieved. Table 10.4 summarises the results of all these measucements.

Pigures 10.7 and 10.8 illustrate the composition and temperature profiles.
A comparison is also made (Figure 10.9) between the measured temperatures

and computed bubble point temperatures for this system, showing a tendency

to values slightly above the bubble point temperature. This is probably

the result of heat transfer from the vapour phase. Table 10.5 also compares

the deviation between the measured and predicted values of tray effic-

iencies. As before, it appears that different individual component point
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TABLE 10.4 Experimental and Predicted Results of Rectangular Column

RUN

X1

MEAN COMPOSITION

X2

VA 0.1959 0.0455

VB
Ve
VD
VE
VF
VG
VI

0.2373
0.2712
0.2824
0.1076
0.1646
0.1710
0.3049

0.0668
0.0804
0.0898
0.0649
0.0776
0.0702
0.1640

X3

0.4067
0.3229
0.2854
0.2649
0.2092
0.1985
0.1885
0.10Mm

X4

0.3518
0.3733
0.3629
0.3629
0.6182
0.5593
0.5703
0.4300

Emv1

1.32
1.26
1.27
1.27
1.59
1.31
1.21
1.34

MEASURED
Emv2 Emv3
1.21 1.39
0.97 1.40
0.87 1.38
0.88 1.43
1.42 0.4y
1.16 0.04
1.03  -0.39
0.82

2.52

TRAY EFFICIENCY

Emvid

-11.60
"0.92
1.09
1.06
1.03
1.03
0.99
1.15

Emv1

1.14
1.18
1.23
1.02
1.75
1.27
1.09
1.26

Emv2

1.16
1.07
0.89
0.83
1.27
1.05
1.05
0.77

MODEL

Emv3

1.31
1.37
1.36
1.4
0.46
0.001
~0.24
2.88

Emvli

-11.98
0,74
1.03
0.96
1.07
0.94
0.80
1.03

POINT EFFICIENCY

Eog!

0.68
0.7
0.74
0.74
0.80
0.72
0.65
0.78

Eog2

0.95
0.88
0.82
0.82
0.80
0.80
0.79
0.98

Eog3

0.90
0.94
0.92
0.95
0.80
0.30
0.60
0.80

Eogl

0.16
0.34
0.56
0.53
0.80
0.79
0.69
0.79
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efficiencies were operating across the tray for the majority of the runs.
The measured individual component tray efficiencies were significantly
different, with equal or unequal point efficiencies operating across the

tray. The average froth height on the tray was about 7 cm throughout.

Table 10.5 Statistical Comparison of Measured and Model Tray Efficiencies

Component S (Emvi, measured - Emvi, model)/n
1 + 0.1
2 + 0.07
3 + 0.03
4 + 0.12

10.6 Discussion

10‘ 6.1
The study of this highly non-ideal system highlights the possible

offects of diffusional interactions which, according to Toor (1957) and

Krishna et. al. (1977), arise from the presence of reverse diffusion,

osmotic diffusion or diffusion barrier. It is assumed that these effects

must be responsible for such large variation in individual component point

efficiencies. The system used here is particularly interesting as there

are two "middle" components which can transfer from the liquid to vapour

or vice versa. These middle components also reach maxima in concentration

where their mass transfer reach minima. In the majority of the tests

n.Propancl was transferred from the vapour to the liquid and its point

efficiencies were in general higher than the other components. FEthanol,
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however, showed a more confused picture. There were some experiments,

(A, B and VE), where approximately equal component point efficiencies

appeared to be operating across the tray. The maximum variation in

individual component point efficiencies was obtained when one of the

middle components reached its composition maximum. In this region errors

become very significant.

10.6.2

The Murphree definition of point efficiency clearly has its limitations,

especially for the components reaching a maximum in concentration. Under

these circumstances the magnitudes of the numerator and the denominator
of equation 10.1 become comparable with the experimental errors (Medina

et. al. 1979), and meaningless values of point efficiency are obtained

for that component. By using the mathematical model over a range of

composition, more reliable point efficiencies can be obtained for the
component which has reached its maximum in concentration (Figure 10.6).
However, it is also important to note that when a component reaches a
maximum in concentration, its vapour composition becomes independent of

the point efficiency and the efficiency obtained by equation 10.1, although

possibly unusual, has little influence on the evaluation of the vapour

composition.

10.6.3
The component tray efficiencies in this system are significantly

different from each other. Run VE shows large differences between ind-

ividual component tray efficiencies despite approximately equal component

point efficiencies operating across the tray. These differences result
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from the effect of limited backmixing (Biddulph, 1975 and Biddulph and

Ashton, 1977).

10.6.4

The eddy diffusion concept was found to model and predict the profiles

and the differences in component tray efficiencies. Table 10.5 shows

the deviation in measured and predicted component tray efficiencies.
The efficiencies of the components which exhibited a maximum in comp-

osition were excluded from this evaluation as errors had infl... -4 the
computation of the tray efficiencies (Medina et. al. 1979). I. can be

seen that these deviations are reasonable.

10.6.5
The point efficiencies were found to be composition dependent, as

in the case of some of the constituent binaries, namely ethanol-water,

methanol-water, n.Propanol-water and n.Propanol-water (see Chapters 4

and 6).

10. 6.6
The measured tray efficiencies, shown in Table 10.4, indicate that

high efficiencies can be obtained if the detrimental influences of flow

non-uniformities and stagnant zones, which are known to reduce the tray

efficiency, are eliminated. This provides further evidence for the high

efficiencies available to the design engineer if these effects can be

eliminated to improve the hydraulic behaviour of conventional circular

trays.
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106 .7
The point efficiencies measured in the modified Oldershaw Column are

lower than the point efficiencies deduced from the rectangular column

experiments. This is the result of shorter contact time between the

vapour and liquid in the smaller column (see Chapter 8). The individual

components follow similar variations in point efficiencies in both columns.

Table 10.6, compares these differences for three pairs of similar comp-
osition experiments. The more and least volatile components demonstrate
the least differences in point efficiencies. The middle components show
larger differences which are the result of the experimental errors on the
computation of point efficiencies for these components as they exhibit

either neglibidble or small volatilities. If a small column is to be used

for direct measurements of point efficiency for the design of a multi-
component distillation column, it will involve a number of experiments
covering a wide range of composition, identifying the components exhibiting

maxima in composition and measure point efficiencies for these components

on the other side of the maximum. This will reduce the possibility of

experimental errors in point efficiency measurements.

These point efficiencies were then incorporated into the eddy diffusion

model to simulate their corresponding runs, and hence predict composition

profiles across the tray. The lines are included in the composition

profile diagram (Figure 10.7) for the runs VI, VD and VC.

seems very reasonable considering the low liquid hold up and hence lower
The tray efficiencies

The prediction

point efficiencies obtained in the modified column.
predicted for individual components are also included in the Table 10.6,

together with their deviation from the original rectangular tray measure-

ments.
The improvement in the liquid hold-up, and hence the point efficiencies,

measured in the modified column (Chapter 8) may suggest that even better

results are possible with relative ease and accuracy.



Deviation between the Modified Oldershaw Column and Rectangular Column Point/Tray Efficiencies

Table 10.6
and Tray Efficiencies of the Rectangular Column Using the Modified Column Fog's
Runs E . -E . i -
%81 irecta og,Lmodif Eknv,i Modif Bnv, § recta Emv'i-modif
1 2 3 4 1 2 3 4 1 2 3 4
| VI and 268 0.1 0.23 0.04 0.13 1.03 0.61 2.52 0.83 0.32 0.21 0.01 0.%2
AN o]
(e
- VD and 250 0.13 0.27 0.29 0.09 0.92 0.53 0.95 0.83 0.35 0.34 0.47 0.23
t
VC and 249 0.05 0.18 0.14 0.03 1.1 0.64 1.08 1.06 0.16 0.34 0.30 0.04
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CHAPTER 11

EFFICIENCIES OF THE EXPANDED ALUMINIUM

TRAY (EXPAMET 607 A)




EFFICIFNCIES OF THE EXPANDED ALUMINIUM TRAY (EXPAMET 607 A)

1.1 Tntroduction

Porter and co-workers in 1972 and 1973 pointed out the existence of
flow non-uniformities on large circular sieve trays and their detrimental

effects on tray efficiencies. Although many years have passed since this

revelation little work has been carried out to actually remove the stagnant

zones and improve the liquid flow across the tray. The only flow improving

tray currently in operation is designed by the Union Carbide Co., (Smith

and Delnicki, 1975; Weiler and Lockett, 1985). This slotted tray, which

uses the vapour momentum to shift the slow moving liquid at the sides of

the tray, is reported to have improved the tray efficiency. However, this

tray is proprietary and not generally available.

The Expamet tray material tested here was chosen from a wide range

of material samples, and is believed to be the first material of its type

to have been used as a distillation tray. In this chapter the Expamet

tray is discussed in detail and the results of distillation tests under

different hydraulic conditions to measure its efficiencies are reported.
Haselden and Too (1985) used a different flattened form of the Expamet

tray for their baffled tray tests, but this was used for a different

purpose,

11.2  Expamet 607 A

This aluminium material is produced by a slitting and deforming
process which generates diamond-shaped holes and also corrugates the

sheet. The length of the sheet increases because no metal is rejected.

This corrugation forms diamond-shaped holes (see Figure 11.1 and 11.2)

at an angle to the sheet. The material has a thickness of 0.56 mm and a



Figure l1.1 A View of the Expamet( 607 A) Material,.
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Figure 11.1 A View of the Expamet( 607 A) Material.
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weight of approximately 1.37 kg/hz. The material has a free area of

approximately 51%. This was calculated from individual hole measurement

at approximately 45° to the normal using a travelling microscope. The

average dimension of a typical hole is shown in Figure 11.2. Figure 11.1

also shows a photograph of a section of this material. It is hoped that
this tray will actually direct the liquid on the tray as the vapour is

forced to change its direction by about 45°.in the direction of the biphase

flow on the tray.

11.3  Experimental

The rectangular tray (Chapter 5) was used to test this material using

the system methanol-water. The pressure drop was measured by using a

water manometer. In addition, froth heights and boil-up rates were

measured as before. The samples were analysed by using a G.L.C. technigue

(see appendix D). The samples were collected in the pre-cooled bottles.

11.4 Results

The high percentage free area available on this tray meant that increased
F-Factors were required to achieve a satisfactory biphase on the tray.
The results of all the runs including, the Murphree tray efficiencies,
F-Factors, froth heights and pressure drops are tabulated in Table 11.1.
These pressure drops are also compared with an equivelant 1.8 mm hole size
tray at the same F-Factors, calculated using the Bermett et. al. (1983)

correlation. It is evident that this tray provides much lower pressure

drops under distillation conditions compared with a standard sieve tray

due to its lower hole velocities. The composition and temperature profiles

are also presented on the Figure 11.3 and 11.4.
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11.4.1 Hydraulic Tests and Observations

Run: ZI, No Outlet Weir
At vapour F-Factors about 0.4 m/s (kg/ba)%, the first half of the tray

was bubbling irregularly, the second half was dominated by very fast

moving liquid. On lowering the F.Factor irregular bubbling increased

with some stagnant liquid present. On increasing the F-Factor fast moving

liquid was encouraged and dominated a larger proportion of the tray.

Run: 2J, 6.4 mm Outlet Weir

The reverse of the Run ZI was observed with irregular bubbling

dominating the second half of the tray from the inlet and fast moving

liquid on the first half. A larger proportion of the irregular bubbling

was dominated by fairly stagnant liquid.

Run: ZK, 12.7 mm Outlet Weir with Four Equally Spaced Intermediate Weirs

of the Same Height
The main purpose of this test was to avoid local accummulation of the

liquid. At an F-Factor of about 0.75 reasonably bubbling biphase enclosed
by the intermediate weirs was observed. That accounted for ?/Bth of the

tray. The other 2/5th of the tray was dominated by the fast moving liquid.

Runs: ZL, 7M and ZN 2/;hof the Tray Active Area was Blanked

A bubdbling area enclosed by four equally spaced 12.7 mm intermediate

weirs was left in the centre of the tray. This was to encourage higher

vapour hole velocities as low rates were thought to be the reason behind

bad bubbling on the tray. This tray has hole velocities of about 20%

of the conventional sieve trays. This change created a biphase with

better bubbling characteristics. The optimum bubbling was found for the
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Tuns ZL and ZN. Run ZM was carried out at lower P-Factors where a larger
proportion of the tray was bubbling irregularly. On increasing the F-

Factor above the conditions of the runs ZL and ZN, fast moving liquid was

encouraged at the expense of poorer bubbling.

Runs: 70, ZP and 7Q, 37.5 mm Outlet Weir

The intermediate weirs were kept at the same height as before. This

change was made to ensure a larger liquid resistance against the vapour

momentum. The fast moving liquid region was completely eliminated or

obscured as a result of this change, with much better biphagse behaviour.

The biphase also showed some recirculation of the liquid from the outlet

weir which resulted in a peaked biphase on the tray.

11.5 Discussion

1. Although the biphase stability on the tray was successfully improved

a lot of work still remains to be done to find the best loading conditions

under which this tray may operate. One of the limitations of using the

rectangular column was operation at total reflux, where there

is no control over finding the best liquid and vapour ratios. In addition

higher boil up rates were not possible.

2. The observation of the biphase, especially when low outlet weir
was used, showed that the liquid on the tray was moving very fast from
inlet to outlet as a result of vapour being deflected at an angle. This

is the main objective of using this tray. However, the fast forward

movement of the liquid meant a very short contact time between the liquid

and the gas in the tray as a result of smaller biphase residence time on

the tray.
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3. In order to reduce the fast forward movement of the liquid on the

tray intermediate weirs were used with subsequent partial blanking of the

tray. This improved the gas and liquid contact on the tray as the inter-

mediate trays reduced the fast movement of the liquid. In addition the

liquid hold up on the tray also seemed to have increased, which presumably

helped to reduce the fast liquid movement.
4., In further increasing the outlet weir the fast forward movement
of the liquid disappeared as a result of the further increase in the

liquid hold up, or was obscured. The biphase also seemed to be recir-

culating after hitting the outlet weir. This observation is in agreement

with composition profiles shown on the figure 11.3, as a negligible change

in composition is observed. We may also note that the sharp reduction

in composition from the inlet downcomer to the tray is due to its long
path before entering the tray, as a result of blanking the first part of

the tray, and also some liquid from the tray was recirculating back on

the blanked part.
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Expanded Aluminium Tray (607 A)

Table 11.1
Efficiency Tests by the Rectangular Column

RUN X  EaV F-Factor Froth Height ho{cm liquid)

m/%(kg/h3)0'5 (cm) measured) Bennett

21 0.63 0.74 0.40 2.5 2.4 4.2
ZJ 0.63 0.70 0.67 2.5 2.4 4.3
ZK  0.25 0.70 0.76 2.5 2.2 4.1
2L 0.63 0.70 0.93 3.0 2.2 3.7
ZM 0.63 0.69 0.78 3.0 2.4 4.6
ZN  0.54 0.69 0.83 3.0 2.4 4.8
Z0  0.53 0.82 1,01 4.5 3.1 6.5
ZP  0.45 0.82 1.00 4.5 3.8 6.3
Z0 0.20 0.91 1.10 4.5 4.1 7.6
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CHAPTER 12

CONCLUSIONS AND RECOMMENDATIONS
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CONCLUSIONS AND RECOMMENDATIONS

12.1 Conclusions

a) A series of experiments was conducted to study the effect of the

outlet weir height and hole size on tray and point efficiencies under

similar hydrodynamic conditions. Composition and temperature profiles

were measured in the absence of stagnant zones, flow non uniformities and

problems of wall supported froth. The composition profiles were then

matched against the predictions by an eddy diffusion model taking into
account the effect of the liquid back mixing on the tray, to infer point

efficiencies. The measurements indicate that there is an increase in the

tray/point efficiencies with increasing outlet weir height from 2 to 12.6

mm. The study of the effect of hole size on tray/point efficiencies

included a 1 mm perforated tray for the first time. It was found that

there was an increase in tray/boint efficiencies, with decreasing perforation

size. This difference was however narrowed at high methanol concentrations.

It is suggested that the slight increase in tray liquid hold-up and froth

heights accompanied by a marked increase in the initial bubble formation

rate which provides extra interfacial area are responsible. These effects

are magnified by the steep slope of the equilibrium line and Marangoni

surface renewal effects at the lower methanol concentrations. The pressure drop

and liquid hold-up were also measured under these conditions. There is an

increase in pressure drop on decreasing the perforation size due to the

surface tension forces. Economic considerations will dictate the hole

size used in tray design.

b) The modified column designed and developed here appears to be suitable
for point efficiency measurements for any distillation system, including

high surface tension positive and negative systems. It eliminates the

surface tension induced "wall supported froth", and minimises the wetted
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wall effects. The column appears to provide steady operating conditions.
This development is a useful step in the simulation of conditions i.e.

mixed flow regime of liquid, froth and spray, on a large tray.

¢) In order to improve the contact between the gas and liquid on the
modified column tray, its outlet weir height was increased from 2 mm to

12.7 mm. This increased the biphase height, and consequently the point

efficiencies, without encouraging wall effects to occur. These efficiencies

were about 10 per cent lower than the point efficiencies measured on a

similar large rectangular tray under similar hydrodynamic conditions. TUsing

the recent model of Dribika and Biddulph (1986), the modified column point

efficiencies were scaled-up. This led to a marked improvement in predicted

tray efficiencies to within 2 to 4% of actual measurements. This means that

the modified Oldershaw column, with a 12,7 mm outlet weir height, can actually

measure point efficiencies very similar to those on a larger tray operating
under similar hydrodynamic conditions.

d) The surface tension study of the positive, neutral and negative
systems suggests that highly surface tension positive systems exhibit

higher point efficiencies due to Marangoni effect.

e) An important feature of this work is the high point and tray efficiencies

obtained for different hole size, large rectangular trays. Point efficiencies

of 85 to 95% indicate that there is only very narrow room for improvement.
This provides further evidence for the higher tray efficiencies available

to the design engineer, if the detrimental effects of stagnant zones and

flow non-uniformities were eliminated.

f) Two highly non-ideal ternary systems and a quatéhary system were
~
studied using the modified Oldershaw and the large rectangular tray

columns. Considerable differences between the individual component point
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efficiencies were obtained, either by direct measurement using the modified

column, or by matching the composition profiles obtained from the rectang-

ular tray column with an eddy diffusion model. The differences between

the component point efficiencies are probably caused by the interactive

nature of mass transfer in these systems. These systems also exhibited

equal component point efficiencies in some composition ranges. The point

efficiencies were composition dependent.

g) Significant differences between component tray efficiencies were

also observed, even when equal component point efficiencies existed across

the tray. The eddy diffusion model, taking into account the extent of

the liquid back mixing, simulated these differences in individual component

tray efficiencies confirming previous theoretical expectations.
h) The composition profiles for the system MeOHyh.PrOH/HZO were predicted

across the rectangular tray column using three methods derived from the

Maxwell and Stephen mass transfer equation. The composition profiles were

in good agreement with the measurements. However, as the comparison is

only based on a one metre flow path, the actual design of a distillation

column using these methods is conservative. The prediction of the

composition profiles using the point efficiencies measured in the original

version of the modified Oldershaw column also gave similar observations

for both of the ternaries and the quaternary system.

i) The preliminary work on the expamet 607 A tray showed its main
characteristic of directing the liquid flow using the vapour momentum.
This tray has low pressure drop characteristics due to its high free area.

The narrow diamond shaped holes also avoid weepage despite high free area

due to the capillary surface tension forces.
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12.2 Recommendations

a) The improved form of the modified column was shown to provide experi-

mental point efficiencies for the system MeOH/H2O very close to those

operating across the large rectangular distillation tray. Further work is

required to test other systems and seek further improvement of the liquid

and the gas in the biphase.

b) It was shown in the original version of the modified Oldershaw column

that multicomponent point efficiencies can be measured using this arrange-

ment. Further work is required using the improved form of the modified

column to measure multicomponent point efficiencies more confidently.
This is a very important step forward as there is no prediction method
available to predict point efficiencies for the systems comprising more

than 3 components, and the methods for ternary systems are restrictive
and complex.

c) It was shown that multicomponent systems can exhibit different comp-

onent point efficiencies, possibly due to interaction effects. It was

also shown that the individual component tray efficiencies are also

different, due to the effect of the limited liquid back mixing, with or

without equal point efficiencies operating acress the tray. This casts

serious doubts on the validity of the normal design approach of constant

tray efficiencies. New measured data must be taken to incorporate unequal

point and tray efficiencies into the design procedure for multicomponent
systems.

d) The study of the effect of the hole size in point efficiencies of
the system MeOH/HQO revealed a rather small increase in point efficiencies

as a result of the decrease in perforation size. The tray pressure drop

increased. For clean and low liquid rate operations, a 3.2 mm hole size
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tray seems to be more economical than smaller perforation sigze trays, as
its point efficiencies are comparable with the 1.8 mm hole size tray and

they can provide lower pressure drops than do 1.8 mm and 1.0 mm trays.

Further work into the economical aspects of using these trays is required
for a clearer picture.

e) Another feature of the results obtained, using the rectangular tray

column, is the high tray efficiencies in virtually all the systems studied.

This provides evidence for the higher tray efficiencies available to a

design engineer, if the effects of the flow non-uniformities and stagnant

zones which are known to reduce the tray efficiencies of larger circular

trays. Thus studies of the hydraulics of circular trays should be extended.

f) The work on the expamet 607 A tray was introduced in Chapter 11.

Further hydraulic tests are required to find the hydraulic condition
It

under which a more hydrodynamically stable biphase can be obtained.

would also be worthwhile to look at other Expamet material to consider

as possible tray material, in particular numbers 801 4, 604 A, 605 A and

606 A,
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APPENDIX A

of the 0Oldershaw and Modified Column.
of EtOH/H,0, n.PrOH/H,0 runs with rectangular column.

of hydranlic studies.

of the improved modified column,
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MeOH/H.0 Experimental Results using the Standard

Oldershaw Column

¥*
RUN NO. XB XT YB P (atm) Hf Eog1
(cm)
73 .9841 G.9909 0.9932 0.9921 5.0 0.75
74 C.9662 ¢.92841 0.9856 0.9939 7.0 0.92
7 0.9457 C.9771 0.9768 0.9971 10.0 1.01
76 0.9263 2.9700 0.9686 0.99870 12.0 1.03
77 2.9088 0.9637 0.9612 0.9900 13.0 1.05
78 0.8807 0.9537 0.9492 0.9890 4.0 1.07
7 0.8560 0.9388 0.9388 0.9736 13.5 0.99
80 0.8393 0.9355 0.9317 0.9736 14.0 1.02
81 0.7687 0.9161 0.9012 1.0110 14.0 1.11
82 0.7098 0.9072 0.8756 1.0110 14.0 1.19
83 0.6971 0.8864 0.8702 1.0020 14.0 1.09
84 0.6841 0.8748 0.8645 1.0000 14.0 1.06
8% 0.5714 0.8203 0.8135 0.9997 14.0 1.03
86 C.6841 0.8748 0.8641 1.0000 14.0 1.16
87 0.5448 0.8369 0.8009 0.9997 14.0 1.14
88 0.3487 0.7499 0.6953 0.9961 14.0 1.18
89 0.2956 0.7094 0.6586 1.0105 14.0 1.24
90 0.2315 ¢.6718 0.6060 1.0105 14.0 1.18
91 0.1809 0.6418 0.5528 1.0105% 14.0 1.06
92 0.1553 0.5863 0.5195 1.0132 14.0 1.14



Table A.1.2
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EtOH/H2O Experimental Results Using Standard Oldershaw

Column
¥*

RUN X1B X7 Y1B P(atm) Hf(cm) Eog
39 0.9968 0.9601 0.9641 1.0150 6.0 1.12
40 0.9386 0.9379 0.9330 1.0150 7.0 0.13
41 0.9195 0.9092 0.9144 1.0037 7.5 1.95
42 0.8742 0.8030 0.8737 1.0037 7.5 0.89
43 0.8296 0.8520 0.8379 0.9807 9.5 2.70
45 0.8117 0.8291 0.8246 0.9914 10.0 1.35
46 0.7867 0.8410 0.8070 1.0013 1.5 2.67
47 0.7649 0.7853 0.7922 1.0039 1%.0 0.75
48 0.7224 0.7902 0.7653 0.5934 13.5 1.60
49 0.7007 0.7596 0.7524 0.9908 15.0 1.14
50 0.6700 0.7334 0.7351 0.9849 15.0 0.97
51 0.6554 0.7247 0.7272 0.9848 15.5 0.97
52 0.6296 0.7207 0.7135 1.0016 15.5 1.09
53 0.6095 0.7116 0.7032 1.0095 15.5 1.09
54 0.6108 0.7083 0.7039 1.0082 15.5 1.05
55 0.5884 0.6878 0.6928 1.0111 14.5 0.95
56 0.5826 0.6967 0.6900 1.0076 13.5 1.06
57 0.5694 0.6829 0.6838 1.0076 14.0 1.00
58 0.0776 0.4134 0.3770 1.0076 2.0 1.12
59 0.1476 0.5456 0.4719 1.0076 11.0 1.23
60 0.2212 0.5676 0.5254 1.0020 12.0 1.14
61 0.2581 0.5725 0.5456 1.0014 12.0 1.09
62 0.2667 0.5871 0.5500 0.9971 12.0 1.14
63 0.3470 0.6030 0.5870 0.9922 12.0 1,07
64 0.3948 0.6072 0.6073 0.9940 12.0 1.00
65 0.3987 0.6078 0.6087 1,0092 12.0 1.00
66 0.4257 0.6107 0.6205 0.9895 12.5 0.95
67 0.4240 0.6229 0.6198 0.9882 12.5 1.02
68 0.4652 0.6380 0.6371 0.9974 12.5 1.01
69 0.4913 0.6409 0.6484 0.9974 12.5 0.95
70 0.5033 0.6574 0.6546 0.9975 13.0 1.02
71 0.5422 0.6633 0.6712 0.9892 13.0 0.975
72 0.5382 0.6737 0.6694 0.9892 13.0 1.03
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Table A.1.3 n.PrOH/HZO Experimental Results Using the Standard

Oldershaw Column.

RUN NO. XB Y8~ XT P(atm) Hr(cm) Eog,
1 0.0 0.3124 0.243%3  1.0147 2.5 0.74
2 o.oggg 0.32609 0.2515 1,015 3.0 0.59
3 0.0686 0.3396 0.3135  1.0084 3.0 0.90
4 0.0819 0.3518 0.3365  1.0080 5.0 o.9g
5 0.0733  0.3438 0.3318  1.0085 2.5 8.92
7 0.0985  0.3617 0.340%  1.0131 .5 O.92
8 0.1179  0.3704 0.3504 1.0131 7.2 O.9
9 0.1365 0.3769 0.3635  1.0107 8.5 0.24

10 0.1789  0.3883 0.3655  1.0066 9.8 1.12
1 0.2048  0.3940 0.4192  1.0066 13.0 0.97
12 0.2044 0.3939 0.2299 0.9993 :2.0 0'96
13 0.1926  0.3916 0.3835 0.9992 13.0 0.90
14 0.2291  0.3%989 0.3818 1.002 13.0 0096
15 0.2076  0.3946 0.3866  1.0067 15.0 0.92
16 0.2414 0.4014  0.3%890  1.0033 15.O 0%
17 7.2031  0.3936 0.3923  1.0033 15.0 0.91
19 SO222 0.3997 0.3846 0.9998 13.0 0.83
20 0..941  0.4116 0.3918  0.9998 12.0 0:82
21 0.3%254 0.4178 0.4010 1.0019 2.8 5.5
22 0.8531  0.6778 0.7656 0.9295 2-5 0.4
23 0.7546  0.5807 0.6431 0.9852 2:5 024
24 0.6825 0.533%5 0.5680 0.9823 22 o1t
25 0.5930  0.4908 0.5147 0.9 ¢ 2.5 0:3
26 0.5513  0.4760 0.4872 0.9803 2:5 0.6
27 0.5186  0.4653 0.4672 0.9908 52 0.59
28 0.5034  0.4607 0.4672 ?-8855 .z 114
29 0.4829  0.4549 0.4509 1-0055 22 0.91
30 0.4656  0.4502 0.4519 1-0122 ¥ 2102
29 0.4597 0.4487 0.4373 1'0142 0 e
22 0.4403  0.4437 0.4479 1-0132 o5 -3.95
> 0.4455  0.4444 0470 1.0152 8.0 -4.65
34 0.4424  0.4442 0.4321 1.0147 o e
35 0.4407  0.4435 0.4467 1-0197 110 -0.167
36 0.4359 0.4425 0.4348 o1 150 -0.17
37 0.4331  0.4419 0.4316  1.0197 .
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MeOH/HZO Experimental Results Using the Modified

Table A. 2.1
Oldershaw Column
*

RUN NO. Xg X YB P(atm) Eog1
393 0.4159 0.6147 0.7344 1.0178 0.62
94 0.4647 0.6666 0.7607 1.0151 .58
95 0.4957 0.6887 0.7764 1.0151 .58
96 0.5140 0.7003 0.7857 1.0151 C.68
97 0.3742 0.5856 0.7105 1.0095 0.62
98 0.2766 0.4924 0.6444 1.0072 0.58
99 0.2479 0.4519 0.6213 0.9986 0.54

100 0.2113 0.3923 0.5870 0.9980 0.48
101 0.2267 0.4739 0.6021 0.9964 0.65
102 0.1608 0.3852 0.5282 0.9922 0.61
103 0.3936 0.6057 0.7226 0.9922 0.64
104 0.6772 0.8174 0.8614 1.0029 0.76
105 0.6557 0.8027 0.8518 1.0046 0.74
106 0.6182 0.7893 0.8350 1.0046 0.78
107 0.9169 0.9822 0.9856 1.0072 0.81
108 0.9529 0.9€82 0.9799 1.0072 0.56
109 0.9272 0.95%591 0.9689 1.0073 0.76
110 0.8909 0.9422 0.9535 1.0073 0.81
111 0.8554 0.9225 0.9383 1.0133 0.81
1122 0.8356 0.9084 0.9299 1.0133 0.74
*112b 0.8268 0.9267 0.9261 1.0211 1.0
113 0.7950 0.8942 0.9124 1.0211 0.84
114 0.7728 0.8746 0.9029 1.0211 0.78
115 0.7395 0.8548 0.8885 1.0211 0.77
116 0.7153 0.7153 0.8779 1.0211 0.81

* 112b, by Standard Oldershaw Column.

NOTE: Froth height was about 2 cm throughout all the experiments with the

modified column.
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Table A.2.2 EtOH/HZO Experimental Results Using Modified Oldershaw

Column
*
RUN X1B X1T Y1B P(atm) Eog
159 0.1590 0.4001 0.4819 1.0105 0.75
160 0.2140 0.3689 0.5209 1.0105 0.51
161 0.2190 0.3735 0.5244 0.9947 0.51
162 0.2439 0.4192 0.5383 0.9947 0.60
163 0.2620 0.4492 0.5472 1.0145 0.66
164 0.2816 0.4515 0.5483 1.0145 0.64
165 0.3469 0.4936 0.5864 1.0184 0.61
166 0.3701 0.5144 0.5964 1.0184 0.64
0

167 0.3933 0.5351 .6063 1.0171 0.67

4373 0.5709 0.6246 1.0%28 0.71

168 0

169 0.4703 0.5989 0.6388 1,0328 0.76
170 0.4897 0.6127 0.6473 1.025 0.78
171 0.4981 0.6187 0.6510 1.025 0.79
172 0.8641 0.8685 0.8654 1,016 3.51

174 0.83%66 0.8478 0.843%4 1.0065 1.65
175 0.7786 0.8026 0.8013 1.0040 1.06

176 0.7455 0.7738 0.7296 0.9986 0.83
0.7595 1.0128 0.84

177 0.7128 0.7520

178 0.6834 0.7308 0.7425 1.0128 0.80
179 0.6602 0.7168 0.7297 1.0026 0.81
180 0.6408 0.7055 0.7194 1.000 0.82
181 0.6150 0.6891 0.7061 0.9921 0.81

182 0.5933 0.6756 0.6954 0.9927 0.81
183 0.5787 0.6686 0.6884 0.9796 0.82
184 0.542 0.6472 0.6711 0.9895 0.81
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Table A.2.3 n.PrOH/H20 Experimental Results Using the Modified

QOldershaw Column

*

RUN X1B X1T Y1B P (atm) Eog,
17 0.1540 0.2768 0.3820 0.9927 0.54
118+ 0.11898 0.2401 0.3708 0.9947 0.48
119+ 0.1785 0.2580 0.3882 0.9868 0.38
120- 0.1410 0.2639 0.3784 0.9829 0.52
121+ 0.2342 0.3011 0.3%999 0.9895 0.40
122 0.2179 0.2940 0.3967 0.9934 0.43
123+ 0.2894 0.3462 0.4107 1.0019 0.47
124 0.2731 0.3593 0.4975 1.0019 0.64
125+ 0.3369 0.3693 0.4202 1.0105 0.39
126 0.3285 0.3966 0.4185 1.0105 0.68
127+ 0.3595 0.3935 0.4190 1.0029 0.61
128 0.3487 0.3840 0.4221 1.0053% 0.48
129+ 0.3856 0.4056 0.4306 1.0053 0.45
130 0.3724 0.4086 0.4278 1.0131 0.65
131+ 0.3887 0.4073 0.4314 1.0112 0.44
132 0.4005 0.4075 0.4340 1,0112 0.21
1324 0.3926 0.4024 0.4322 1.0092 0.25
134 0.3934 0.4164 0.4329 1.0092 0.59
135+ 0.3957 -.4201 0.4329 1.0105 0.59
136 0.4057 0.4184 0.4348 1.0105 0.35
141+ 0.8720 0.7795 0.7040 1.0000 0.55
142 0.8695 0.7809 0.7005 1.0000 0.52
143+ 0.7849 0.6854 0.6050 1.,0092 0.44
144 0.7918 0.6969 0.6114 1.0092 0.53
145+ 0.7231 0.6343 0.5593 1.0197 0.54
146 0.7207 0.6363 0.5576 1.,0197 0.52
147+ 0.6816 0.5976 0.5340 1,0227 0.57
148 0.6898 0.6080 0.5387 1.,0227 0.54
149+ 0.6445 0.5801 0.5148 1.0229 0.50
150 0.6479 0.5704 0.5164 1.0229 0.59
151+ 0.6098 0.5504 0.4991 1.0226 0.53
152 0.6138 0.5593 0.5008 1.0226 0.48
153+ 0.5808 0.5094 0.4872 1.0132 0.76
154 0.5869 0.5105 0.4894 1.0132 0.78
155+ 0.5424 0.5206 0.4734 1.0145 0.32
156 0.5448 0.5194 0.4792 1.0145 0.36
157+ 0.5293 0.5237 0.4748 1.0186 0.19
158 0.5314 0.5031 0.4686 1.0186 0.45

+ F.,Factor = 0.4 (ms'1 (Kg/m5)0'5 )
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Table A.2.4 MeOH/n.PrOH Experimental Results Using the Modified

0ldershaw Column

RUN NO.  XB Y8 X7 P Fog
(cm)
188 0.8788 0.9573 0.9342 1.0053 2.0 0.71
189 0.8593 0.9501 0.924% 1.0053 2.0 0.72
190 0.8081 0.9%305 0.8953 1.0079 2.0 0,71
191 0.7706 0.9155 0.8711 1.0079 2.0 0.69
192 0.6887 0.8807 0.8211 0.9947 2.0 0.69
193 0.6209 0.8484 0.7768 0.9921 2,0 0.69
194 0.5576 0.8146 0.7307 0.9921 2.0 0.67
195 0.4776 0.7656 0.6648 0.9763 2.0 0.65
196 0.4095 0.7160 0.6007 0.9763 2,0 0.62
197 0.3616 0.6742 0.5548 1.000 2.0 0.62
198 0.3122 0.6251 0.5040 1.0138 2,0 0.61
199 0.2785 0.5876 0.4599 1.0138 2.0 0.58
200 0.2273 0.5226 0.3991 1.0151 2.0 0.58
201 0.202 0.4851 0.3628 1.0151 2,0 0.57
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Table A.3.1 Results of 1.8 mm Hole Size Tray Experiments:
System MeOH/HZO

Env
RUN X Measured Model Eog Hf(cm)
MRA  0.6569 1.07 1.03 0.85 8.5
MRB 0.6887 1.14 1.08 0.89 8.0
MRC 0.6801 1.16 1.13 0.92 6.0
MRD 0.6500 1.16 1.13 0.92 6.0
MRE 0.5668 1.19 1.14 0.90 5.5
MRP 0.4960 1.21 1.19 0.90 5.0
MRG 0.3720 1.33 1.29 0.87 4.5
MRH 0.2607 1.64 1.62 0.87 4.5
MRI 0.2256 1.66 1.62 0.84 4.5
MV 0.5048 1.25 1.21 0.92 5.0
MW 0.1981 1.56 1.61 0.78 4.5

Table A.3.2 Results of 1.8 mm Hole Size Tray at an Outlet Weir Height

of 2 mm Experiments: System MeOH/H,0

Emv
Run X Measured Model Eog Hf(cm)
ML 0.3926 1.05 1.05 0.79 4.0
MM  0.2420 1.15 1.10  0.72 3.0
MN  0.291 1.12 1.08 0.74 3.5
MO 0.1326 1,71 - 0.60 2.5
MP 0.8300 1.10 1,08  0.92 6.5
MQ  0.7735 1,03 1,09 0.2 6.0
MR 0.7148 1.02 1.07  0.90 6.0
MS 0.6459 1,15 1.03 0.86 6.0
MT 0.5785 1.09 1.04 0.85 5.5
MU 0.4532 1,02 1.03 0.79 5.0
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Table A.3.3 Results of 1 mm Hole Size Tray Experiments:
System MeOH/H20

BEov
RUN X Measured Model Eog Hf(cm)
BOA  0.5345 1.21 .22 0.94 7.0
BOB  0.4950 1.22 1.27 0.93 6.0
BOC  0.3660 1.36 1.46 0.94 6.0
BOD  0.2355 1.36 1.59  0.92 5.0
BOE 0.6040 1.14 1.17 0.93 7.0
BOF  0.4878 1.27 1.30 0.94 5.0
BOG  0.3090 1.48 1.50 0.92 4.0
BOH  0.0867 1.26 1,31 0.65 4.0

Results of 3.2 mm Hole Size Tray Experiments:

System MeOH/H,0

Table A.3.4

Emv
RUN X Measured Model Eog Hf(cm)
SA  0.6840 1.07 1.05 0.88 6.0
SB 0.3870 1.30 1.25 0.88 4.5
SC 0.5693 1.09 1.09 0.89 4.5
SD 0.0875 1.39 - 0.3%5 4.5
SE 0.2515 1.44 1.45 0.85 4.5
SF 0.0284 1.77 - 0.25 4.5
SG  0.7940 1.15 1,07 0.91 7.0
SH 0.7770 1.13 1,06 0.91 6.5
SI 0.7650 1.11 1,02 0.87 6.5
SJ 0.5%50 1.13 1.14 0.89 4.5
SK 0.0101 1.31 - 0.3 4.5
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Results of 6.4 mm Hole Size Tray Experiments:

System MeOH/H,0

Table 4.3.5

Emv
RUN X Measured Model Eog H f( cm)
RA 0.7036 1.13 1,07 0.88 6.0
RB 0.6378 1,08 1.08 0.88 5.5
RC 0.5642 1.08 1.04 0.84 5.0
RD 0.5111 1.07 1.09 0.86 5.0
RE 0.3898 1.15 1.15 0.82 5.0
RF 0.2920 1.31 1.46 0.86 5.0
RG 0.0760 1.38 - 0.34 5.0
RH 0.1495 1.37 - 0.50 4.5
RJ 0.8020 1,11 1.06 0.89 7.5
RK 0.7414 1.13 1.07 0.89 7.0
RL 0.6754 1.10 1.03 0.85 6.5
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Table A.3.6  Pressure Drop and Liquid Hold-up for 1,8 mm Diameter Hole
Size Tray with 12.7 mm Outlet Weir Height: System MeOH/HéO

L em liquid h, cm -liquid hé(cm liquid)

Measured BENNETT Measured BENNETT BENNETT

Test x

Al 0.81 2.2 3.16 1.6 1.34 1.16

A2 0.75 2.4 2.19 1.6 1.34 1.6

A3 0.71 2.0 3.18 1.6 1.34 1.14

A4 0.60 2.3 3,19 1.5 1.33 1.113
A5 0.50 2.3 2,23 1.6 1.32 1.11

MV 0.36 2.3 3,3 1.6 1.29 1.10

MW 0.23 - 3.5 - 1.27 1.10
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Table A.3.7  Pressure Drop and liquid Hold-up for 1.8 mm Hole Size Tray
with 2 mm Outlet Weir Height: System MeOH/HzO

hn (em liquid) hp (cm liquid) h 5 (em liquid)
Test X Measured BENNETT Measured BENNETT BENNETT

MX 0.59 2.39 2.46 1.20 0.57 1.12
MY 0.53 2435 2.47 1.41 0.57 1.12
A6 0.78 2.635 2.40 1.26 0.58 1.15
A8 0.63 2.41 2.43 1.21 0.58 1.13
A9 0.59 2.39 2.45 1.31 0.57 1.12
- 0.37 - 2.58 - 0.9 1.12

- 0.24 - 2.74 - 1.00 1.13
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Table A.3.8  Pressure Drop and Liquid Hold-up for 1.8 mm Hole Size Tray
with 25.4 mm Outlet Weir Height: System MeOH/HZO

hq, (cm liquid) hp (em liquid) h, (cm liquid)
Test x Measured BENNETT Measured BENNETT BENNETT
T1 0.87 2.95 4.1 1.93 2.30 1.20
T2 0.77 3.00 4.11 2.00 2.28 1.15
T3 0.71 2.83 4.11 1.85 2.28 1.14
T4 0.61 2.80 4.12 1.95 2.26 1.13
T5 0.67 2.58 4.14 1.83 2.26 1.13
T6 0.51 2.69 4.15 1.87 2.23 1.11

T7 0.34 2.57 4.20 1.79 2.18 1.1
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Table A.3.9 Pressure Drop/Liquid Hold-up for 1 mm Hole Size Tray with
12,7 mm Outlet Weir Height: System MeOH/HéO

hy, (em liquid) hy (cm liquid h, (cm liquid)

8
Measured BENNETT Measured BENNETT BENNETT

Test X

1 0.71 2.96 3.42 - 1.34 1.39
2 0.49 3,14 3.48 - 1.38 1.35
3 0.44 3.60 3.49 - 1.30 1.34
4 0.27 3.70 2,62 - 1.27 1.40
5 0.09 4.7 3.92 - 1.23 1.36
BOA 0.53 - 3.45 2.0 1.32 1.35
BOB 0.49 - 3.47 1.97 1.30 1.34
BOC 0.37 - 3.55 1.93 1.29 1.34
BOD 0.24 - 3,68 1.96 1.26 1.37
BOE 0.60 - 3.45 2.20 1.33 1.35
BOF 0.48 2.44 3,48 1.86 1.31 1.33
BOG 0.31 2.24 3,60 1.57 1.28 1.33

BOH 0.09 3.49 3.94 1.60 1.23 1.41
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Pressure Drop/quuid Hold-up for 3.2 mm Hole Size Tray

Table A.3.10
with 12.7 mm Outlet Weir Height: System MeOH/H2O

hy, (cm liquid) hy (cm 1liquid) h6 (cm 1liquid)
Test x Measured BENNETT Measured BENNETT BENNETT
SA 0.68 2.20 2.97 1.83 1.34 0.94
SB 0.38 2.49 3,09 1.70 1.3%1 0.91
SC 0.57 2425 3,01 1.78 1.33 0.92
SD 0.08 2.86 3.50 1.59 1.25 0.95
SE  0.25 - 3,20 - 1.30 0.91
SF  0.03 - 3,70 - 1.24 1.05
SG 0.79 3.02 2.96 1.76 1.40 0.95
SH 0.78 2.51 2.96 1.75 1.40 0.95
SI 0.77 2.37 2.98 1.87 1.34 -
sJ  0.54 2.35 3,03 1.76 1.33 0.95
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Table A.3.11  Pressure Drop/Liquid Hold-up for 6.4 mm Hole Size Tray
with 12.7 mm Outlet Weir Height: System MeOH/H2O

. hy, (cm liquid) h (cm 1liquid) h5 (cm liquid)
Test X Measured BENNETT Measured BENNETT BENNETT
RA  C.70 3,07 2.78 1.96 1.34 0.70
RB  C.64 2.55 2.8 1.70 1.33 0.74
RC  0.56  2.96 2.8 1,78 1.33 0.74
RD 0.5 2,81 2.85 1.64 1.32 0.73
RE 0.38 2.73 2.9 1.59 1.30 0.72
RF 0.29 2.88 3,00 1.64 1.29 0.77
RG 0.07 - 3.3 - 1.23 0.73
RH 0.14 - 3.1 - 1.24 0.74
RJ 0.80 3.41 3.1 1.89 1.25 0.75
RX 0.74 3.70 2.78 1.97 1.34 0.75
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Table A.4.1 Point Efficiencies of the Modified Oldershaw Column with

6.5 mm., Outlet Weir Height, System: Methanol-Water

*

RUN x1 yl Eog He (cm)
320 0.5541 0.8054 0.73 2.5
321 0.5381 0.7978 0.74 2.5
322 0.5339 0.7956 0.76 2.5
323 0.5128 0.7853 0.72 2.2
324 0.4938 0.7759 0.71 2.2
325 0.4653 0.7613 .74 2.2
326 0.4397 0.7483 0.75 2.2
327 0.3741 0.7112 0.74 2.1
328 0.3559 0.7001 0.73 2.1
329 0.3157 0.6738 0.75 2.1
330 0.2882 0.6519 0.76 2.0
331 0.2429 0.6174 0.75 2.0
332 0.8013 0.9153 0.75 2.6
333 0.7838 0.9079 0.81 2.5
334 0.7593 0.8973 0.80 2.5
335 0.7269 0.8833 0.81 2.5
336 0.7186 0.8796 0.77 2.5
337 0.6839 0.8644 0.78 2.5
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Table A.4.2 Point Efficiencies of the Modified Qldershaw Column with

12.7 mm Outlet Weir Height System: MeOH/H29

RUN XB YT* Eog Scaled He
Measured {cm)
338 0.6289 0.8395 0.81 0.92 3.5
339 0.6129 0.8325 0.83 0.92 3.5
340 0.5952 0.8244 0.83 0.92 3.5
341 0.5641 0.8100 0.79 0.91 3.5
342 0.5381 0.7972 0.87 0.91 3.5
343 0.5100 0.7835 0.81 0.91 3.5
344 0.5339 0.7952 0.79 0.91 3.5
345 0.4917 0.7744 0.84 0.91 3.3
348 0.3877 0.7184 0.79 0.91 3.2
349 0.4078 0.7300 0.84 0.91 3.0
350 0.3964 0.7235 0.82 0.91 3.0
351 0.3610 0.7023 0.82 0.91 3.0
352 0.3312 0.6833 0.83 0.91 3.0
353 0.3049 0.6652 0.82 0.96 3.5
355 0.8491 0.9359 0.87 0.96 3.5
356 0.8325 0.9286 0.87 0.95 3.5
357 0.8176 0.9223 0.87 0.94 3.5
358 0.7864 0.9088 0.87 0.94 3.5
359 0.7691 0.9013 0.85 0.94 3.5
360 0.7426 0.8899 0.84 0.93 3.5
361 0.7215 0.8807 0.84 0.93 3.5
362 0.6934 0.8686 0.84 0.93 3.5
363 0.6661 0.8565 0.82 0.92 3.5
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APPENDIX B

B.1 Calculation of Vapour-Liquid-Equilibria and Volumetric Properties

The computer programme was provided by Prausnitz et. al. (1967), in
Fortran language and applied previously by Dribika (1986). The programme
using accurately the thermodynamic non-idealities in the vapour and the
liquid phases, was capable of computing the bubble point and volumetric
properties for n components. It involved the following steps:-

For two phases which are at the same temperature, the equation of

equilibrium for any component i, is

* OL B1

This is the key equation for the calculation of n. component vapour-
liquid Equilibria (VLE).

a) Computation of vapour phase fugacity coefficient ..

n
2
o = < - B2
1n ¢ v Py Yi Bij n 2

mix B3

(Second Virial Coefficient)
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Method of the computation of Bij’ was the only modification to this

computer programme. It was calculated using the correlation of Tsonopouls

(1974) for polar-polar systems.

RT.. .
Ci
;5 5;;;l [ F{0) ZR-+w.F‘(1) Ty + F(2) Th_] B5

I

- 2 5
F(0)Tp = 0.1445 o.;;o/TR ~ O.1585/TR - 0.0121/TR

[

F(1)TR = 0,073 + o.46/’rpR - O.SO/TRZ - o.o97/'TR3 - 0.0073/TH8 BY

F(2)TR = ij/TR - B i s

The values of a and g , the parameters polar contribution term to

F(2)TR in equation B8 were provided by the author as given in Table Bt.

Table B1 Parameters of Polar Contribution

Comp. H20 MeOH BEtOH n.PrOH
@;*  0,0279  0.0878  0.0878  0.0878
B 0.0229  0.0560  0.0572  0.0447

The cross coefficient Bi' is calculated using the equation B5 by

making the following simplifying assumptions:-
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Cij

B10

€
1
o
\n
N
[
e
+
€
<.
~—

id

*d
|

P.. v . P.. v .
_ Ci ~ ci Cj “cj % 3.3
cij = 4 Toiy [ + o ] /v + v ¢;) B

B12

R

[}

o
N
—
R

*

+
8
~—

ij i J

B13

w
1
o
L]
N
~
w
ok
+
w
g

ij —

critical temperature
eritical pressure

. acentric factor for polar components

and T reduce temperature = ?AT
C

R'

The critical properties and physical chemical quantities of pure components

are given by Reid et. al. (1977) and tabulated in the Table B2.

Critical properties and physical-chemical quantities of pure

Table B2
components

Property MeOH EtOH n.PrOH HZO

T, e 512.06 516.2 536.7 647.%

P, atm 79.9 63.0 51.0 217.6

Vo cc/mole 118.0 167.0 218.5 56.0
Z4 0.2240 0.248 0.253 0.229
0.557 0.635 0.624 0.344
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b) Computation of Liquid Phase Fugacity

The fugacity of any component i in the liquid phase Ff (right hand

side of the equation B1), is given by:-

oL
Fos vy % B14
L
(PO) P,
_ Y 0 i B1
or  Fy = Y x F EXP (g7 4
where 1 S
Py = HRPE¥ AT

Substitute B15 in B14

L _ o Sop S i i B16
Foo= Y x 9T FTEXP RT

ws , is calculated using equation B2, PiS from Antoine equation:

C
2 B17

The values of Antoine constants were provided by Boublik et. al. (1973)

as given in Table B3:-
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Table B3 Antoine Equation Constants

Component c1 c2 C3

MeOH 8.08097 1582, 71 239.726
EtOH 8.11220 1592.866 226.184
n.PrOH 7.74416 1437 .686 198.463
H,0 8.07131 1730.630 233.426

Liquid molar volumes v 5 at three different temperatures were correlated

from the following equation:-

v iL = 1+ 8D + 477 B18
Where:
L
(7,-1,) ( vE- v By <(v Eo v Dy (o)
= 2 2 2 2
(T2 -T, ) (TB—T1) - )T3 -T, ) (T2—T1)
L L 2 2
(Y%7 =- Y7 -1, -1,°)
s = 2 % 7 2 L B20
27 ™
r = "1L—ST1—tT2 B21
1

The molar volume data were provided by Prausnitz et. al. (1967) as

tabulated in Table B4.
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Table B4 Molar Volume Data

Component T v T
1 1 2 Voo T3 V3
MeOH 273.15 29,556 373.15  44.874 473.15  57.939
EtOH 273.15  57.141 323.15  60.356 373.15  64.371
n.PrOH 293.15  74.785 343,15  78.962 393.15 84.515
H20 277.13  18.06 323.15  18.278 373,15  18.844

B.1.b.1  Computation of Activity Coefficient, Yi

The activity coefficient was calculated using the Wilson equation:-

n n K
n Yi = 1‘111[2 X. A ..] - 2 [_)_(_I_{_____j:_____ B22
‘21 i ij _ n
J K=1 s X A K.
j=1 ’
where L
\V] s
) i (V.. - ¥.,)
Aij = T EXP ,j_ ij ii B23
i RT

and v i3 are the Wilson parameters given in Chapters 4 and 9.

Vii

B.2 V.L.E. Measurements for the Quaternary System MeOH/EtOH/n.PrOH/H,0

The V.L.E. measurements were carried out using an Ellis Froom (1954)

still. The experimental details of the measurements are given by the

authors. The main purpose of this investigation was to study the feasa-

bility of using the binary Wilson parameters (see Chapters 4 and 9) to
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predict quaternary V.L.E. The details of analysis of the samples were

given in appendix D. The details of using the Wilson model was given

earlier in this appendix. Table B5 shows the maximum and minimum absolute

deviations between the prediction and measurements of the vapour equil-

ibrium values. Within experimental accuracy these deviations seem

reasonable. Further details of the V.L.E., and bubble point measurements

and predictions are given in Table B6.

Statistical analysis of measured and predicted equilibrium data

Table B5
Component No. (Xi - Xip)/h xim;xxip Xim;nxip
1 + 0.0115 0.0284 0.0003
2 + 0.00587 0.0342 0.0019
3 + 0.0117 0.0171 0.0008
4 + 0.0109 0.0199 0.0004
-1 /n = + 0.8%
T-T mx = 2.1°C
P
-1 min = 0.0°C
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Table B6 Quaternary V.L.E. Measurements/Predictions
RUN X1 Y1 MEAS Y1 BUB X2 Y2 MEAS Y2 BUB
Q2 0.0515 0.1124 0.1186 0.2170 0.2920 0.2882
Q4 0.0204 0.0402 0.0394 0.2073 0.2640 0.2595
Q6 0.2960 0.4547 0.4725 C.1448 0.1549 0.1423
Q8 0.3104 0.5016 0.4846 0.1244 0.1320 0.1279
Q10 0.3168 0.5089 0.5007 0.1008 0.1053 0.0995
Q12  0.4399 0.6378 0.6301 0.1103 0.1006 0.0972
Q13 0.4982 0.6950 0.6852 0.09388 0.0858 0.083%8
Q14 0.5073 0.7029 0.6G22 0.1203 0.1005 0.0986
Q15 0.5007 0.6989 0.6867 0.,1209 0.1022 0.0996
Q16 0.5358 0.7278 0.7171 0.1131 0.0928 0.0906
Q17 0.5201 0.7052 0.6959 0.1676 0.1364 0.133%6
Q18 0.4817 0.6619 0.6663 0.1610 0.1370 0.1355
Q19 0.4874 0.6671 0.6649 0.13%90 0.1228 0.1189
Q20 0.2651 0.7432 0.7331 0.,1193 0.0972 0.0957
Q22 0.4200 0.6111 0.60%35 0.1444 0.1416 0.1397
Q25 0.3749 0.6209 0.5925 0.0894 0.0982 0.0982
Q26 0.3610 0.5952 0.5700 0.0865 0.1025 0.0992
Q217 0.2301 0.4677 0.4614 0.0569 0.0990 0.,0958
Q28  0.2645 0.5202  0.5074 0.0536 0.0890  0.0847
Q29 0.23%89 0.442% 0.43%311 0.1310 0.1916 0.1882
Q30 0.2852 0.5137 0.4989 0.1127 0.1617 0.1552
Q31 0.23%83 0.4886 0.4592 0.0964 0.1590 0.1548
Q32 0.2813 0.5285 0.5166 0.0872 0.1372 0.1305
953  0.2596 0.4719  0.4552 0.0833 0.1160  0.1110
Q34 0.2435 0.4165 0.4168 0.1296 0.1998 0.1656
Q35 0.2284 0.3891  0.3775 0.1995 0.2368  0.2395
Q36 0.2112 0.3481 0.3415 0.2627 0.3084 0.3%012

Contd.
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RUN X3 Y3 MEAS Y3 BUB X4 YA MEAS Y4 BUB MEAS BUB

Q2 0.6489  0.4362 0.4464 0.0825 0.1594 0.1469 86.5 86.5
3365 0.3443 0.2989 0.3767 0.3568 84.9 84.8

.0736 0.0840 0.1867 0.1274
Q19  0.1489 .0666 0.0768 0.2247 0.1435 0.1394 73.6 713.1
Q20 0.1252  0.0493 0.0601 0.1904 0.1103 0.1111  72.0 71.5
Q22 0.0981  0.0517 0.0608 0.3374 0.1956 0.1980 T4.5 T4.2
Q25 0.0606 0.0438 0.0499 0.4751  0.2370 0.25%2 T4.0 T73.1
Q26 0.0918  0.0635 0.0732 0.4607 0.2388 2577 76.9 T75.4
Q27 0.0602 0.0796 0.0818 0.6528  0.3537 .3610  77.8  T6.1
0.0559 0,0691 0.0699 0.6259  0.3217 .33719 78.9 79.3
Q29 0.0518 0.0516 0.0553 0.5786  0.3135 .3255 78.0  78.3
Q30 0.0526 0.0526 0.0436 0.5593 0.2836 .3025 79.2 78.1
Q31 0.0361 0.042 0.0452 0.6292 0.3183 .3407 78.4 8.1
Q32 0.0326 0.0346 0.0375 0.5989 0.2996 .3154  78.6 773
Q33 0.1151  0.0941 0.1112 0.5420 0.3173 .3225 80.0 78.3
Q34 0.1151  0.0883 0.1032 0.5112  0.2948 .3144  79.5 7843
Q35 0.1070 0.0758 0.0867 0.4552 0.2983 .2912 71.8 18.0
Q36 0.1010 0.0639 0.0759  0.4251 0.2796 2814 171.8 17.

Q18  0.1706

Q4 0.4735 0.
Q6 0.3%3310 0.1636 0.1899 0.2282 0.2268 0.1953 78.0 78.0
Q8 0.2301  0.1241 0.1482 0.3351  0.2422 0.2394 17.2 T7.6
Q10  0.3195 0.1609 0.1881 0.2629  0.2249 0.2177 718.0 TT7.34
Q12  0.2240 0.1052 0.1225 0.1564  0.1941 0.1502 75.2 T4.4
Q13 0.2079 0.0877 0.1034 0.1941  0.1315 0.1276 T4.4 73.2
Q14 0.2110  0.0851 0.1006 0.1115 0.1626 0.1082 74.0 T73.0
Q15 0.2158 0.0866 0.1034 0.1125 0.1518 0.1103 74.0 73.1
Q16 0.1993  0.0792 0.0929 0.1518 0.1002 0.0993 73.2 T72.4
Q17 0.1798 0.0682 0.0822 0.1%326  0.0902 0.0884 73.2 72.4
0 0.1142 7%.8 13.0
0

OO OO0 OO0 O

[oNeoNoNe)
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APPENDIX C

PHYSICAL PROPERTIES

The derivation of the Chapman or Enskog equation as described by

Reid et. al. (1977) was used to calculate Qgij'

2
3 (M, +M,)/M.M, )~
D, = 1.8 x 073 xp /e L 4 %QJ)
& P F,, D
1)
where, T = temperature %k
P = Pressure atm
F - Characteristic length, A°
QD = Diffusion collision integral
M = Molecular weight
Dyiy = Binary Diffusion coefficient (m%/Sec)
And
F.. = F, +F,
ij i j
2
AD CD ED GD
+ + s
9] = *BD * ¥*
D T EXPDIT EXPFDT EXPHDT
*
T = KT/
i3
3
= *
Eij (Ei Ej)
where

E

= Characteristic Energy

C1

Cc2

c3

C4

c5
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From Reid et. al. (1977):-

CD = 0.1930

FD = 1.52996

E/k

AD = 1.06036 BD = 0.15610
DD = 0.4764 CD = 1.03589
GD = 1.76474 HD = 3.89411
F
MeORH 2,626
Et0H 4.53
n.PrOH 4.549
H,0 2.641

481.8
362.6

576.7
809.1

The calculated diffusion coefficients for the binary combination of

the above components were calculated using equation C1 as shown in the

Figure 9.1, Chapter 9.

C.2 Calculation of the Vapour and Liquid Enthalpies

The heat of vapourisation of a pure component at normal boiling point

can be estimated with an average error of 2.2 per cent using the Riedel

equation as given by Chopey Hicks, (1984).

b.T

x 1 (Pc - 1)

T
AR . = 1.093 R T lj =
vb c 0.93 Tb.r

] .

The critical properties were given in appendix B. With Tb.r = BUB/TC’

reduced temperature at boiling point.

The heats of vapourisation at reduced temperatures are calculated

using the Wilson correlation:-
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0.38
AH b, : T-Tp.o -
AH T =T 4

Where AHV1 and AH&Q are the heats of vapourisation at reduced temperatures
and TR.1 and TR.2 are the reduced temperatures.

The heat of vapourisation is:-

HV - HL c8

L
<ZI:
o
]

As Hv’ the vapour enthalpy and HL liquid enthalpy are arbitrary values,
suitable values describing the change of the heat of vapourisation at
different temperatures were chosen by trial and error. For water the

vapour and liquid enthalpies were provided by the standard steam tables.

These values are tabulated in the Table C1 and C2.

Table C1 Vapour Enthalpies

H; BTU/1b.mole

Temp °C MeOH EtOH n.PrOH H 0
66.0 18918 18189 20081, 2 20289 .0
75.0 19050 19220 20150. 3 20413.0

100.0 19148 20482 20200.8 20730.0
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Table C2 Liquid Enthalpies

H.  BTJ/1b.mole
Temp °C MeOH EtOH n.PrOH H,0
66.0 2518.0 2100.0 1200.,0 2138.0
75.0 3620.0 2340.0 1600.,0 2432.0
100.0 4095 3000.0 2627.0 3247.0

C.3 Liguid Densities

Pure compcnent liquid densities at different temperatures were

provided by TRC tables (1981) for the alcohols and water as follows:-

L (g/cn’)

Temperature MeOH EtOH n.Proy H20
60 0.7546 0.7550 0.7704 0.9832
70 0.7448 0.7459 0.7614 0.9778
80 0.7347 0.73%62 0.7522 0.9718
90 0.7242 0.7260 0.7426 0.9653

100 0.7132 0.7151 0.7326 0.9584

These data were subject to a least mean square polynomial fitting for

suitable equations of the following form:

P = -
i EXP (Hi 9; 'n T) C9



Hi q3
MeOH 0.1704 0.1098
EtCH 0.1446 0.103%
n.PrOH 0.1421 0.0979
H,0 0.1884  0.0499

The mixture density P y Vas calculated using the following equation:~

Cc10

where Wi is the weight fraction of the component, i in the mixture.
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APPENDIX D

ANALYSIS OF THE SAMPLES

D.1 Gas~Liquid-Chromatography

The samples containing up to four components at times were analysed
by gas-liquid-chromatography technique. A Varian Vesta chromatographer
with an automatic injection equiped with a thermal conductivity detector
(7CD) was used. The column ready packed with "Porapak Q" was 290 cm long,
operated isothermally at 150°C for the samples containing methanol, other-

wise 160°C and 3 bar pressure. The TCD detector and the injector

temperatures were at 200°C. These conditions were found to provide an

excellent reproducibility, with non-overlapping peaks. Each sample was

analysed twice and saved for further re-analysis, if required. 1l

of the sample was injected each time with nitrogen as carrier gas at a rate

of 30 ml/Min. Figure D.1 shows the peaks and details of a typical quart-

ernary and binary analysis.

D.2 Calibration

20, 30 and 40 samples were made for the binary, termary and quarternary

calibrations respectively, covering a wide range of composition. Each

sample was weighed up on a balance with 5D accuracy. Fisons AR grade
alcohols and distilled deionised water were used to make up these samples.
The samples were then analysed by G-1~C technique described in D.1. The
area ratios AR., and weight ratios wﬁ were correlated by a least square

method to yield a calibration equation of the form:-

D.1
wj = mP (— e + f 1n ARj)
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Where w& and ARj are the ratios of the component i to the standard

component. These weight ratios were then translated in terms of the mole

fraction.

The accuracy of each calibration was calculated by the following

equation:—~
n
ACC = f(xiMEAs *iCALIB ) D.2
n
Where X 0ALB is the mole fraction calculated by the equation D.1, and n

is the number of calibration samples. Table D.1 summarises the coefficients

of the equation D1 and its accuracy ACC for the systems used in this work.

Note: these calibrations were subject to regular checks, and were repeated

if necessary.
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Coefficients and Precision of the Equation D.1

Table D
System Wj e f ACC
n.PrOH/MeOH w1 0.9342 1.,1032  + 0.0020
MeOH/H,,0 w1l 0.7284 1.3081 + 0.0038
EtOH/H,0 w1 0.7291  1.4089 + 0.0028
n. PrOH/H,0 w1 0.4930 1.3987 + 0.0034
MeOH/EtOH/HQO w2  0.2370 1.4611  + 0.0043

W3 0.6946 1.3130 "
MeOH/n.PrOH/H,0 W2  0.6069 1.4789 + 0.0053

W3 0.7924 1.3648 "
MeOH/EtOH/ W2 0.2016  1.377 4 0.0045
n.PrOH/H,ZO

W3 0.6406  1.429 "

W4 0.6713  1.3067 "
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